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Development of a High-Throughput Capillary
Electrophoresis Protocol for DNA Fragment Analysis

H. Michael Wenz, David Dailey, and Martin D. Johnson

1. Introduction
Since the first descriptions of electrophoresis in small diameter tubes in the 1970s and

1980s (1,2), capillary electrophoresis (CE) has been recognized for its potential to replace
slab-gel electrophoresis for the analysis of nucleic acids (3,4). In particular, the availability
of commercial instrumentation for CE over the last several years has made both the size
determination and quantitation of DNA restriction fragments or polymerase chain reaction
(PCR) products amenable to automation. Due to the same charge-to-mass ratio, the elec-
trophoretic mobility of nucleic acid molecules in free solution is largely independent of
their molecular size (5). Therefore, a sieving medium is required for the electrophoretic
analysis of DNA fragments based on their size. Typically, two different principal types of
separation matrix are used. The first type of matrix is of high viscosity polymer (e.g.,
polyacrylamide) with a well-defined crosslinked gel in regard to the structure and size of
its pores. The second type of matrix is a noncrosslinked linear polymer network of materi-
als such as, linear polyacrylamide, agarose, cellulose, dextran, poly(ethylene oxide), with
lower viscosity than the former type and with a more dynamic pore structure. Although the
first type of matrix is attached covalently to the capillary wall and may provide better
separation for small (sequencing) fragments, the second matrix format has the advantage
of being able to be replenished after each electrophoretic cycle. This typically extends the
lifetime of a capillary, prevents contamination of the system, avoids sample carryover and
allows the use of temperatures well above room temperature. Most matrices used in both
systems are tolerant to the addition of DNA denaturants. Many different media useful for
the separation of DNA have now become commercially available (6).

In summary, the application of CE for DNA related research is attractive for
numerous reasons:

1. The high degree of automation avoids cumbersome gel pouring and sample loading.
2. High mass sensitivity eliminates the need to label DNA with carcinogenic stains, or with

radioactive DNA precursors.
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3. Very reproducible size information is achieved through the use of an internal size stan-
dard, which compensates for run-to-run variations.

4. Quantitative information is obtained after on-line detection.
5. Differences in fragment length as small as one base can be visualized by utilizing appro-

priate separation conditions.

1.1. Fast-Cycle CE
Typical DNA separations by CE are considered fast, ranging from 10 to 60 min.

However, single capillary instruments do not achieve the same productivity as slab
gels, which have longer run times, but have higher throughput owing to a multitude of
simultaneously addressable lanes. Attempts have been made to substantially decrease
the run times in capillaries by using very short effective lengths and high electric field
strength (7,8,9). These approaches considerably shorten the electrophoresis times to
3 min or less. However, none of these protocols has been implemented on a commer-
cially available instrument.

We have developed a “fast-cycle capillary electrophoresis protocol” to address the
need for high throughput and to make it amenable for commercially available instru-
mentation. This protocol allows the electrophoretic separation of DNA fragments up
to 500 bp in length in less than 5 min with a total cycle time from one sample injection
to the next of approx 7 min.

Analyses are performed on the ABI PRISM® 310 Genetic Analyzer that allows the
simultaneous analysis of fragments that are tagged with different fluorophors. In order
to achieve fast analysis times, several conventional electrophoresis factors are
modified:

1. Both the separation polymer (2%) and electrophoresis buffer (60 mM) are at low concen-
tration to accelerate electro-migration.

2. Electrophoresis run temperature is elevated to 60°C, with DNA molecules separated as
single-strands.

3. The capillary length is shortened (effective separation length of 30 cm).

We show that typically 306 consecutive injections can be performed under these
conditions without the need to change either the capillary or the electrophoresis buffer.
This protocol can be used for applications that require the resolution of fragments that
differ by at least 5 bp in length with a sizing precision of 0.4 bp. We present data that
demonstrate the use of this protocol for the sizing and quantification of PCR frag-
ments, the analysis of minisequencing reactions, the analysis of DNA fragments that
are the product of an oligonucleotide ligation assay (OLA), and the quality control of
phosphorylated short synthetic oligonucleotides.

2. Materials
2.1. Instrumentation and Electrophoresis

1. The ABI PRISM® 310 Genetic Analyzer (PE Biosystems, Foster City, CA), a laser-based
CE instrument, is used for all experiments. This instrument uses a multi-line argon-ion
laser, adjustable to 10 mW, which excites multiple fluorophores at 488 and 514 nm.

2. Fluorescence emission is recorded between 525 and 650 nm on a cooled CCD camera.
This configuration currently allows the multiplexing and sizing of samples that overlap in
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size by using three different fluorophors, plus an additional fluorophore that is attached to
an internal size standard.

3. The instrument controls temperature between ambient and 60°C with an accuracy of
± 1°C.

4. Electrophoresis voltage is controlled between 100 and 15,000 V.
5. A sample tray holds 48 or 96 samples for unattended operation.
6. Data are collected and automatically analyzed, using an instrument specific collection

software and GeneScan analysis software (PE Biosystems, Foster City, CA).
7. The separation medium in the capillary is automatically replaced after each sample run.

Samples are introduced by electrokinetic injection, typically for 5–10 s at 7–15 kV.
8. The features that allow the use of this high throughput protocol are implemented in the

PRISM 310® Collection Software, version 1.2 (see Note 1).

3. Methods
3.1. Polymer Preparation

1. GeneScan polymer (PE Biosystems, Foster City, CA) is a hydrophilic polymer that pro-
vides molecular sieving and noncovalent wall coating, when used in uncoated fused silica
capillaries (PE Biosystems, Foster City, CA) (see Note 2).

2. GeneScan polymer is provided as a 7% stock solution in water that can be diluted and
mixed with different additives, such as urea or glycerol. The polymer is most commonly
diluted in Genetic Analyzer Buffer containing EDTA (PE Biosystems, Foster City, CA),
but is also compatible with other buffers (10).

3. To prepare a 2% solution of GeneScan polymer, combine 14.3 mL of the polymer and
3 mL Genetic Analyzer buffer with EDTA in a 50-mL polypropylene tube, bring to
50 mL with deionized water and mix thoroughly. For the preparation of the 0.6X electro-
phoresis buffer, combine 3 mL of the Genetic Analyzer buffer with EDTA with 47 mL of
distilled water. Both solutions are stable for at least 4 wk refrigerated at 4°C. Before use,
the solutions have to be warmed up to room temperature.

3.2. Sample Preparations
3.2.1. PCR Samples

1. To evaluate the robustness of the fast protocol, five short tandem repeat (STR) markers
with repeat units of 4 bp are individually amplified by PCR. Samples are labeled with 6-Fam
(blue), Hex (green), and Ned (yellow). Markers are pooled in a ratio to provide compa-
rable intensities when injected into the capillary.

2. Four µL of the pool are added to 15 µL of deionized formamide and 0.25 µL of GeneScan
500 size standard, labeled with Rox (red). Up to 16 injections are performed from each
sample tube. Samples are injected for 30 s at 15 kV.

3. It is critical to dilute the oligonucleotide sample into high-quality deionized formamide
for loading onto the CE instrument. To deionize formamide, mix 50 mL of formamide
and 5 g of AG501 X8 mixed bed resin and stir for at least 30 min at room temperature.
Check if the pH of formamide is greater than 7.0. If it is not, repeat above step. When the
pH is greater than 7.0, dispense the deionized formamide into aliquots of 500 µL and
store for up to 3 mo at –15 to –25°C. Usually, there is no need to purify the DNA sample
before diluting it into deionized formamide. Should a signal, even with extended injec-
tion time/voltage prove to be insufficient, purifying the sample, and thereby removing
salt anions that might compete with the DNA sample during electrokinetic injection, might
increase the DNA signal.
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3.2.2. Minisequencing Samples
1. Minisequencing reactions are generated in a single tube using 5 µL of the SNaPshot

minisequencing reaction premix (PE Biosystems, Foster City, CA) along with 0.15 pmol
of primer for the A, C, and T reaction and 0.75 pmol primer for the G reaction. pGEM
(0.4 µg) is used as template.

2. Following primer extension, reactions are treated with 0.5 U shrimp alkaline phosphatase
(SAP) (USB, Cleveland, OH) to modify the mobility of the unincorporated fluorescently
labeled ddNTPs.

3. One µL of the SAP treated sample is diluted into 10 µL of deionized formamide. Samples
are injected for 5 s at 15 kV.

3.2.3. Oligonucleotide Ligation Assay (OLA)
1. For the OLA reaction, a DNA sample heterozygous for locus 621+1 G/T of the CFTR

gene is interrogated with two allele specific probes and one common probe (11).
2. The allele specific oligo (ASO) detecting wild-type is 17 nt long and labeled with 6-Fam,

the ASO detecting the mutation is 18 nt long and labeled with Vic (green); the common
probe is 41 nt long (including a 24-nt modifier sequence).

3. OLA conditions are essentially as described in ref. 11, with the exception that 80 OLA
cycles are used. Typically, 0.5 µL of the sample is diluted into 9 µL of deionized
formamide. Samples are injected for 5 s at 15 kV.

3.2.4. Oligonucleotide Probes
1. Seven-mer oligonucleotides are synthesized in 50-nmol scale on a DNA synthesizer

Model 3984 (PE Biosystems, Foster City, CA) using standard amidite chemistry. Oligo-
nucleotides are labeled on the 3'-end with 6-Fam, followed by two random mixed base
sequences. The terminal 5'-nt is chemically phosphorylated through PhosphoLink reac-
tion (PE Biosystems, Foster City, CA). Unpurified oligonucleotides are analyzed by ion-
exchange high performance liquid chromatography (HPLC) and oligonucleotides with
less than 70% purity are discarded. Typically, 1 µL of a sample is diluted into 9 µL of
deionized formamide, and is then injected for 5 s at 15 kV.

3.3. Protocol Optimization
1. Our goal was to develop a CE protocol that provides at least 5-bp resolution between

DNA fragments as well as a fast-analysis time to detect DNA fragments in the size range
between 75 and 500 bp, the typical size range for PCR products. This protocol is useful to
confirm the presence or absence of an expected amplification product, provide informa-
tion about the quality of the amplification, and if necessary, allow the determination of
the ratio in peak height or area of adjacent DNA peaks (see Note 3).

2. We started with a protocol that was previously recommended for the analysis of dsDNA
in the size range between 50 and approx 5000 bp under nondenaturing electrophoresis
conditions (12). This protocol uses a hydrophilic polymer (GeneScan polymer) of low
viscosity, that accomplishes both the separation of DNA fragments and the dynamic coat-
ing of the capillary walls when used together with uncoated fused silica glass capillaries
(see Table 1, #1). To monitor the effect of the described changes from the initial proto-
col, we injected a DNA ladder (GeneScan 500-size standard) into the capillary. This lad-
der consists of DNA fragments ranging in size from 50 to 500 bp; one of the strands is
labeled with the fluorophore Tamra (red). We determined the electrophoresis time for the
100-, 300-, and 500-bp fragments and calculated the resolution in the 150- and 500-bp
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Table 1
Calculation of Electrophoresis Time and Resolution Relative
to Changes in Electrophoresis Conditionsa

Et (min) Et (min) Et (min) 160 bp 500 bp
# Conditions 100 bp 300 bp 500 bp Rs 1/5 bp Rs 1/5 bp

1 L=47 cm 8.30 9.45 10.49 0.33/1.65 0.20/1.00
E=277 V/cm

2 L=47 cm 6.93 7.89 8.71 0.27/1.35 0.18/0.89
E=319 V/cm

3 L=41 cm 4.85 6.02 6.49 0.24/1.20 0.13/0.66
E=366 V/cm

4 Temperature 4.81 5.44 5.98 0.31/1.54 0.16/0.80
30°C

5 35°C 4.50 5.12 5.62 0.31/1.54 0.16/0.79
6 40°C 4.25 4.83 5.31 0.32/1.59 0.16/0.78
7 45°C 4.04 4.58 5.05 0.35/1.74 0.14/0.71
8 50°C 3.87 4.39 4.84 0.23/1.14 0.14/0.71
9 55°C 3.77 4.26 4.68 NA NA
10 60°C 3.64 4.11 4.52 NA NA
11 Temperature 4.46 5.72 6.73 0.46/2.28 0.10/0.5

45°C
12 50°C 4.29 5.51 6.44 0.46/2.28 0.09/0.45
13 55°C 4.14 5.33 6.19 0.46/2.28 0.08/0.39
14 60°C 4.00 4.64 5.95 0.44/2.21 0.07/0.33
15 GSP 3.98 5.10 5.85 0.49/2.43 0.10/0.48

3%
16 2.5% 3.75 4.67 5.28 0.40/1.99 0.10/0.51
17 2.0% 3.43 4.08 4.51 0.29/1.47 0.09/0.45
18 Buffer 3.73 4.44 4.89 0.29/1.45 0.09/0.47

1X
19 0.8X 3.69 4.42 4.88 0.33/1.64 0.11/0.55
20 0.6X 3.63 4.36 4.82 0.36/1.80 0.15/0.77
21 0.4X 3.47 4.20 4.63 0.35/1.77 0.12/0.60

aElectrophoresis times (Et) for the 100-, 300-, and 500-bp fragments of the GeneScan 500-size
ladder as they relate to the applied condition are listed. Resolution (Rs) in the 160- and 500-bp size
ranges were calculated. Values both for single-base and five-base resolution are displayed. As peak
widths approach the peak interval, individual adjacent peaks become more difficult to distinguish.
A resolution value of 0.5 represents the resolution limit, where peaks share significant area, but can
still be discriminated; at values below 0.5 adjacent peaks have merged and cannot be further dis-
criminated. Each table entry represents the average of four injections. Conditions in addition to the
listed are for: #1–3: 3% GSP in 1X buffer at 30°C, sample buffer: water; #4–10: 3% GSP in 1X
buffer, L = 41 cm, E = 366 V/cm, sample buffer: water; #11–14: 3% GSP in 1X buffer, L = 41 cm,
E = 366 V/cm, sample buffer: distilled formamide; #15–17: 1X buffer, L = 41 cm, E = 366 V/cm at
60°C, sample buffer: distilled formamide; #18–21: in 2% GSP, L = 41 cm, E = 366 V/cm at 60°C,
sample buffer: distilled formamide.
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size range. We report values both for single nucleotide and 5-nt resolution, assuming that
a value of 0.5 represents the limit of resolution between adjacent peaks (see Note 4).

3. We initially raised the electric field strength (E) to the maximum supported by this instru-
ment, 15 kV (Table 1, #2). In the second set of experiments, we cut the capillary to the
shortest length possible for use on this instrument, 41 cm, which represents an effective
length (l) of 30 cm (Table 1, #3). For these experiments, the samples were diluted in
distilled water before electrokinetic injection into the capillary. With these changes in the
running conditions, the electrophoresis time decreased for the 100-bp fragment from 8.3
to 4.85 min and for the 500-bp fragment from 10.49 to 6.49 min.

4. Next, we examined the effect of raising the electrophoresis temperature from 30°C, in
increments of 5, to 60°C (Table 1, #4–10). The effects on overall electrophoresis time are
probably due to a decrease in polymer viscosity which reduces the capillary fill time and
increases the speed by which DNA fragments migrate through the polymer mesh. The
electrophoresis time for the 100-bp fragment decreased from 4.81 to 3.64 min and for the
500-bp fragment from 5.98 to 4.52 min.

5. Peaks became increasingly broad at elevated run temperatures (above 50°C), which could
have been caused by a partial denaturation of the dsDNA injected from water. Therefore,
we resuspended the DNA in deionized formamide and repeated the experiment (Table 1,
#11–14). Between 30 and 40°C the peak pattern was not discernible. We speculate that
the reason for this observation is that the denatured single-stranded fragments partially
reannealed or formed single-stranded conformations as they entered the neutral polymer,
causing them to migrate independent from their respective size (13).

6. At temperatures at and above 45°C, the expected peak pattern is observed. It should be
noted that the 250-bp and 340-bp fragments did not completely run according to their
size. This is similar to what has been previously noted under highly denaturing conditions
(14). The total electrophoresis time for same sized DNA fragments is greater for DNA
injected out of formamide than out of water, indicating the single-stranded nature of the
molecules in formamide, compared to DNA in water where it is thought to be (usually)
double-stranded.

7. Next, as the polymer concentration is reduced from 3% to 2% (Table 1, #15–17), the
electrophoresis time decreases from 3.98 to 3.43 min for the 100-bp fragment, and from
5.85 to 4.51 min for the 500-bp fragment.

8. The final set of experiments examines the effect of reducing the ionic strength of the
electrophoresis buffer from 1X to 0.4X (Table 1, #18–21). Although the effect of buffer
dilution on electrophoresis times is modest, the resolution of DNA fragments in the
selected size ranges increased significantly between 1X and 0.6X buffer concentration.

3.4. Separation of Simple Repeat Alleles

1. In order to visualize separation between closely spaced, rapidly migrating DNA frag-
ments, we had to change the frequency and time that the system-specific software samples
the fluorescence emission of peaks passing the detector. Using the default peak integra-
tion time of 200 ms, microsatellite markers were minimally resolved. Increasing the sam-
pling frequency by decreasing the integration time to 65 ms yielded significant
improvements in resolution (Fig. 1).

2. The final conditions for the fast electrophoresis protocol consisted of a capillary of 41 cm
total length, an electrophoresis voltage of 15 kV and 2% GeneScan polymer in 0.6X
electrophoresis buffer and 60°C electrophoresis temperature. The samples were injected
out of formamide (Table 1, #20). Figure 2 shows the electropherogram for the GeneScan
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500-size ladder run under these conditions. The 490- and 500-bp fragments are base line
resolved, indicating that under these conditions fragments differing in size by 5 bp can be
resolved. The electrophoresis time for the 500-bp fragment is 4.42 min. The run time is
then 4.42 min plus an additional 150 s that are needed for filling the capillary with fresh
polymer, injecting a sample into the capillary and other instrument related functions. This

Fig. 1. Effect of change in sampling rate on resolution of DNA fragments. The CCD integra-
tion time in the system specific firmware is changed from the default value of 200 ms (top) to
100 ms (middle) to 65 ms (bottom). The changes in resolution for peaks of two microsatellite
markers are shown. The highlighted peaks indicate the resolution that the GeneScan software
can recognize with the provided data points.

Fig. 2. Electropherogram of the GeneScan 500 size ladder run with the fast electrophoresis
protocol. The size ladder is injected out of formamide and electrophoresed under the conditions
described in the text (see also Table 1, #20).
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results in a total cycle time from one sample injection to the next of approx 7 min for the
detection for fragments up to 500 bp in length. With this protocol, a full autosampler tray
of 96 samples can be analyzed in less than 12 h.

3.5. PCR Product Analysis

1. To evaluate the above protocol for consistency of performance, a sample is injected
repeatedly into the same capillary. The sample contains five different overlapping
microsatellite markers, labeled with three different fluorophores. On each of three consecu-
tive days, the same sample is therefore injected 102 times. Using the ABI PRISM 310®, the
syringe pump needs to be refilled with polymer after each set of experiments, however, the
reservoir of electrophoresis buffer was sufficient for use throughout the 306 injections.

2. Figure 3A shows the electropherograms for injection number: 1, 100, 200, and 300 of
this sample. The listed electrophoresis times for the 100- and 500-bp fragments indicate

Fig. 3. Reproducibility of the fast electrophoresis protocol. A sample containing GeneScan
500-size standard and five different microsatellite markers were injected a total of 306 times
into the same capillary. The microsatellite markers and size standard can be discriminated by
the color. Electropherograms for injections 1, 100, 200, and 300 are shown: (A), The 100- and
500-bp peaks of the size standard are highlighted and their respective electrophoresis time displayed
in the table. In (B), the four microsatellites used for the determination of sizing and quantitation
precision are shown magnified. Their respective position within the sample is indicated in (A).
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the high reproducibility in mobility achieved with this protocol and convey no obvious
change in peak appearance over repeated use of the capillary.

3. We determined the sizing precision for four of the microsatellite markers (Fig. 3B) for all
306 injections. The sizing for all eight fragments across the three sets is very reproducible
(Table 2A). The highest standard deviation encountered (for the 180-bp fragment) was
0.49 bp. This allows the accurate sizing of DNA fragments that differ in size by 4 bp. The
DNA fragment sizing could be reproduced with 99.7% precision.

4. As a further measure of reproducibility using these fast run conditions, we determined the
ratio of both peak height and peak area for two adjacent peaks (Table 2B). The ratios
between peak area or peak height within one set and across the three sets consisting of
306 injections are comparable and very reproducible with standard deviations ranging
from 0.01 to 0.10.

3.6. Minisequencing Product Analysis

1. Single nucleotide polymorphisms (SNPs) are used both as direct measures of mutations
(e.g., sickle cell anemia) and as genetic markers in linkage analysis studies. A variety of
techniques are currently employed to examine specific nucleotide compositions at defined
positions in DNA (15). One of these techniques, minisequencing (16), or single nucle-
otide extension, employs template directed primer extension by a single fluorescently
labeled nucleotide to interrogate individual loci.

2. The peaks highlighted in Fig. 4 represent a set of four single nucleotide extension prod-
ucts. The pGEM plasmid is used as a template for extension and is interrogated by four
different primers that should end in a fluorescently labeled A, G, C, or T respectively,
after single nucleotide extension. The extension products are 30 nt (A reaction), 35 nt
(T reaction), 39 nt (G reaction), and 46 nt (C reaction) in length. The two blue doublets
flanking the highlighted peaks represent dichlororhodamine R110 labeled custom synthe-
sized oligonucleotides that are 15, 19, 65, and 70 nt in length respectively, and are used as
sizing standards for this run. Detection of the extension products could be accomplished
within an electrophoresis time of less then 3 min. This protocol allows the rapid assess-
ment of the quality and fidelity of an extension reaction during reaction optimization
experiments, and should also be useful for the rapid typing of SNPs.

3.7. OLA Product Analysis

The OLA is used to detect DNA polymorphisms (SNPs) with high specificity. We
use the fast electrophoresis protocol to quickly evaluate the fidelity of an OLA reaction.

1. Figure 5 shows the individual detection of sample 621+1 G/T of the CFTR gene (11) for
homozygous wild-type (top panel), mutation (middle panel), and heterozygous alleles
(bottom panel). The allele specific probes are designed to detect the wild-type and muta-
tion, and are labeled with two different fluorophors for better discrimination. The total
lengths for the ligation products are 58 nt for the wild-type and 59 nt for the mutant
ligation product.

2. The size difference of 1 nt between wild-type and mutation can be resolved (Fig. 5, bot-
tom), probably aided by fluorophore-induced mobility differences. Electrophoresis times
for both fragments are approx 3 min. This protocol allows for a fast assessment of perfor-
mance of newly designed probes in an OLA reaction and for the determination of equal
peak sizes in a multiplex OLA experiment (18).
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Table 2
Sizing and Quantitation Reproducibility
for 306 Consecutive Injections with the Fast Electrophoresis Protocola

Fam Fam Fam Fam Hex Hex Ned Ned
A Size 180 bp 184 bp 312 bp 340 bp 290 bp 316 bp 173 bp 188 bp

Injections 1–102 Average 180.06 184.13 311.60 339.18 290.27 316.87 173.02 188.06
SD 0.49 0.28 0.31 0.25 0.30 0.31 0.26 0.23

Injections 103–204 Average 180.20 184.19 311.67 339.24 290.17 316.89 173.19 188.03
SD 0.30 0.29 0.37 0.30 0.28 0.42 0.32 0.27

Injections 205–306 Average 180.18 184.12 311.71 339.24 290.23 316.80 173.19 188.04
SD 0.23 0.20 0.29 0.25 0.26 0.23 0.22 0.23

Fam 180 bp/184 bp Fam 312 bp/340 bp Hex 290 bp/316 bp Ned 173 bp/188 bp

B Peak ratio Height Area Height Area Height Area Height Area

Injections 1–102 Average 1.71 1.80 1.02 0.99 1.23 1.21 1.11 1.09
SD 0.10 0.09 0.04 0.04 0.07 0.07 0.05 0.03

Injections 103–204 Average 1.72 1.75 1.05 0.98 1.26 1.20 1.13 1.09
SD 0.07 0.10 0.05 0.03 0.04 0.05 0.04 0.02

Injections 205–306 Average 1.73 1.79 1.01 0.99 1.24 1.18 1.14 1.09
SD 0.06 0.05 0.02 0.02 0.03 0.05 0.04 0.01

aA DNA sample containing five microsatellite markers is injected 102 times each on three consecutive days. For the indicated markers (see Fig. 3) the
average size (A) and peak ratio (B) is determined. Three out of the 306 injections did not provide sizing information for the 180/184-bp fragments due to
insufficient resolution. Eleven injections could not be used for the quantification of the 170/195-bp fragments, because the peak size was below the
threshold of 75 fluorescent units; overall 3 out of 306 injections could not be used due to insufficient peak resolution.

12



Rapid DNA Fragment Analysis by CE 13

3.8. Assessment of Oligonucleotide Probe Quality
During ligation assays, the downstream probe requires a phosphate group attached

to the 5'-end for the enzymatic ligation to an upstream probe to occur. The 5'-end
phosphorylation can be accomplished either by polynucleotide kinase, or chemically
by using a phospholink during the probe synthesis.

1. We used the fast electrophoresis protocol to routinely assess the completeness of
phosphorylation of probes of 7 nt in length. The phosphate group provides additional
charge to similar sized probes, which results in a higher mobility to the phosphorylated
molecule, allowing the discrimination between phosphorylated and nonphosphorylated
oligonucleotides (Fig. 6).

2. To prove the usefulness of this protocol, probes are synthesized that were not phosphory-
lated (Fig. 6, top), phosphorylated (Fig. 6, middle), or a mix of both (Fig. 6, bottom). In
order to compensate for run-to-run variations that might interfere with the interpretation
of results (Fig. 6A), we included an internal size standard consisting of a 6-Fam or Tamra
labeled dinucleotide (AT) for normalization between runs (not shown). Although this fast
electrophoresis protocol does not provide single nucleotide resolution, it can be used to
assess the overall quality of an oligonucleotide synthesis (see Fig. 6A vs B). The electro-
phoresis times for short oligonucleotide probes are less than 3 min.

Fig. 4. Separation of minisequencing reactions with the fast electrophoresis protocol. Single
nucleotide extension products ending in A (green), T (red), G (blue), or C (black) are shown.
Separations are performed as described in the text.
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3.9. The Fast Electrophoresis Protocol

We have developed a fast electrophoresis protocol for a commercially available CE
system that allows the analysis of DNA fragments ranging in length from short oligo-
nucleotide probes to PCR products of up to 500 bp in length.

1. The cycle time for each sample is at maximum 7 min. This protocol is robust in our hands,
allowing the analysis of 300 samples with a single capillary.

2. Simply diluting a commercially available polymer solution can easily produce the sepa-
ration polymer.

3. This protocol is routinely used to assess the quality of PCR products during the develop-
ment of assays for multiplexed genotyping assays, or gene expression profiling prior to
the actual high precision analyses that require up to 30 min run times (14).

4. Moreover, this protocol has been invaluable to quickly optimize and fine tune OLA and
minisequencing reactions during the development of new chemistries and products.

5. The effectiveness of the protocol is evident in its application for rapid analysis of more
than 1000 oligonucleotides as the Quality Control (QC) assay for the completion of the
chemical phosphorylation step during probe synthesis operations.

4. Notes
1. Software features that allow this fast-cycle protocol to run on the ABI PRISM 310® are

implemented in the PRISM 310® Collection Software, version 1.2. This software version

Fig. 5. Analysis of products of the OLA with the fast electrophoresis protocol. The 621+1 G/T
locus of the CFTR gene is interrogated with two allele specific oligos designed to detect the
wild-type (labeled with 6-Fam, blue) and mutant (labeled with Vic, green) genotype. Ligation
assays are performed to detect only the wild type (top), mutant (middle), or heterozygous
(bottom) genotype.
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can be down loaded from the PE Biosystems web site. The protocol is described in detail
in the ABI PRISM 310® Genetic Analyzer User Bulletin “A Fast Native Protocol for the
Analysis of PCR Products.”

2. The hydrophilic and low-viscous GeneScan polymer (GSP) is versatile. It has also been
used after mixing with glycerol for the analysis of single-strand conformation polymor-
phisms (SSCP) (10,20,21). It is also the basis for the polymer preparations POP-4 and
POP-6 that are used for high-precision genotyping (14) and for DNA-sequencing operations.

3. The fast-cycle capillary electrophoresis protocol constitutes a tool that allows for a rapid
analysis of DNA fragments as they are encountered often during routine DNA-based
assays. It should be noted that although this protocol is valuable for the sizing and quan-
tification of DNA fragments that differ in size by at least 5 bp, other protocols are recom-
mended if higher resolution and precision is required (14).

4. The sizing of unknown DNA fragments on the fast-cycle platform is achieved by utilizing
an internal size standard that is labeled with a different fluorophore than the fluorophore
label(s) used for the fragment(s) in the sample. After assigning the appropriate size val-
ues to the size standard peaks, the GeneScan Analysis software uses a sizing algorithm

Fig. 6. Discrimination of phosphorylated from non-phosphorylated oligonucleotides with
the fast electrophoresis protocol. Seven-mer oligonucleotides are synthesized with a 6-Fam
label on the 3-end either not phosphorylated (top) or phosphorylated (middle) during the syn-
thesis. The bottom panel represents a mixture of both. The samples in: (A) represent a typical
“good” synthesis, whereas (B) represents a “bad” synthesis.
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(usually the Local Southern algorithm) to automatically size the unknown sample. It is
good practice, once all samples are sized, to overlay the electropherograms of the internal
size standards for each run. Anomalies that may occur during a run are indicated by a
misalignment of the fragments of the internal size standard of this run, relative to the
mobility of the internal size standard seen in other runs with the same system. The anoma-
lous sample then has to be run again. Alternatively, the sizes for the internal standard
have to be reassigned, and the sizing for this run has to be repeated.
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Ultra-Fast DNA Separations
Using Capillary Electrophoresis

Karel Klepárník, Odilo M. Mueller, and František Foret

1. Introduction
For decades electrophoresis, together with chromatography and centrifugation, has

been one of the most important tools in biochemistry and biology. Size selective sepa-
rations using synthetic polyacrylamide sieving gels (SDS-PAGE) (1), development of
the two dimensional electrophoresis (2D-PAGE) (2) together with the use of the poly-
acrylamide gels for DNA sequencing (3,4) revolutionized the field of bio-separations
(5–7). At present, slab-gel electrophoresis is the most frequently used technique for
analysis of proteins and DNA. At the same time, it is also laborious and relatively slow
since only low electric field strength can be applied without excessive Joule heating.
Numerous efforts to increase the separation speed have been taken, typically applying
very thin gel slabs, allowing higher electric field strength during the separation.

Alternative approach for fast electrophoresis utilized a narrow capillary as the sepa-
ration column. This technique was pioneered by Hjertén (8) and Virtanen (9) and
refined by Mikkers (10) and Jorgenson (11). Although capillary electrophoresis (CE)
first emerged as a free solution technique, sieving media for size selective separations
have been developed soon after (12). It is worth mentioning that the first papers on
electrophoresis in gel-filled capillaries had been published in the early 1960s when the
term “capillary gel electrophoresis” had also been used for the first time (13–14).
Although the potential of capillary gel electrophoresis has clearly been demonstrated
in these early works and even instrumentation for multiple CE was developed, the lack
of a suitable detector prevented any practical success and the works have been forgot-
ten for the next two decades.

At present, CE is a mature technique routinely applied for inorganic, organic, envi-
ronmental, pharmaceutical, and biological analyses. The potential for very high sepa-
ration speed and multiplexing, together with sensitive laser-induced fluorescence (LIF)
detection make the technique ideal for a number of applications in DNA analysis. The
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development of replaceable sieving matrices (12) allows reusing the separation col-
umn for hundreds of consecutive runs. This enables the use of completely automated
systems that were previously impossible with the slab gels. The separation of DNA
fragments by capillary array electrophoresis (CAE) is currently having an increasing
impact on the speedy completion of the Human Genome Project.

Most CE separations are performed using columns of 25–50 cm long with typical
analysis time on the order of tens of minutes. However, in many cases, the analysis
time can be substantially shortened simply be decreasing the separation distance,
increasing the electric field strength, or both. The reduction of the separation time,
resulting in increased analysis throughput, is of great importance. Much shorter analy-
sis times can be achieved easily with miniaturized instrumentation, using either stan-
dard capillary columns, or micro fabricated chips. This chapter aims at reviewing the
principles and limitations of CE for ultra-fast DNA separations using replaceable
sieving matrices.

1.2. Practical Considerations for Fast DNA Separations
A series of experimental factors have to be considered for fast DNA separations,

where the goal is to achieve resolution of two consecutive zones in a minimum amount
of time. From the definition of migration time t (Eq. 1), it is evident that effective
capillary length and electrical field strength are two key parameters which influence
the speed of a separation.

t = 
leff

µ · E
(1)

The symbols in equation 1 are: leff = effective capillary length, E = electric field
strength, and µ = electrophoretic mobility of the analyte.

Decreasing the separation distance (effective capillary length) and increasing the
applied electrical field strength will result in a decrease in the separation time. Clearly,
there are fundamental limitations as to how fast a DNA separation can be. First, the
production of Joule heat is the restrictive factor that limits the electric field strength.
For any given applied electrical field strength, the smaller the dimensions of the sepa-
ration system, the lower the electric current generated. This dictates the application to
systems with a minimal cross-sectional area of the separation channel.

Another factor limiting the speed of analysis is the zone dispersion during the separa-
tion. For practical description, it is useful to relate the zone width (in the form of a variance
of the zone concentration distribution σ2) to the length of the separation column l2 as the
separation efficiency, N. The separation efficiency scales with the capillary length as:

N = 
l eff
 2

σ tot
2

 = 
leff
2

σ ext
2  + σ diff

2  + σ therm
2  + σ other

2
(2)

where σtot
2 is the total peak variance, σext

2 is the extra column dispersion, σdiff
2 is the

diffusion dispersion, σtherm
2 is the thermal dispersion, and σother

2 is dispersion caused
by other factors. Clearly, if short separation distances are to be used, each source of
dispersion has to be minimized to achieve high separation efficiencies.
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To characterize the practical consequence of zone dispersion, one can follow elec-
trophoretic separation of two DNA species with the zone resolution, Rs, defined in
terms of selectivity, α, and separation efficiency, N:

Rs = 1
4

 · 
∆ µ

µ
 · N  = 1

4
 · α · N (3)

in which ∆µ= µ2 – µ1 is the difference in the electrophoretic mobilities of the separated
DNA species, and µ is the average mobility of the two species. In Eq. 2, the selectivity
term is independent from the capillary length. However, because of the dynamic nature
of DNA molecules (changes in DNA conformation), the selectivity is a function of the
applied electric field strength (15). In general, selectivity can decrease significantly by
increasing the applied electric field strength to more than few hundred V/cm.

1.2.1. Extra-Column Dispersion

The extra-column effects due to the original size of the injected sample, σinj
2 , and

the finite size of the detection spot, σ det
 2 , are independent of the electric field strength

and the separation time. In miniaturized systems, where the contribution of time
dependent dispersions is minimized by the short analysis time, the extra-column dis-
persion effects can be dominant (16). The contribution of LIF to the extra-column
dispersion can also be minimized by use of a detection spot size of 10–50 µm. On the
other hand, sample injection varies greatly and can have a significant impact on the
resolution. It is, therefore, important to inject only a very narrow injection plug, if
high-speed DNA separations are to be achieved with sufficient resolution. Since the
DNA sample is typically introduced by electromigration, a narrow injection plug can
be generated by use of a short injection time. Injecting from a desalted solution can
further help to sharpen the injected band by sample stacking (17). In microfabricated
channels, where the starting zone dimensions are given by the shape of the injection
loop, a narrow injection plug can be achieved by a proper microdevice design (18).

The effect of injection length and size of the detection window on the minimum
migration path X needed for the total separation of two zones is schematically shown
in Fig. 1. Here, the separation of a faster moving component 2 from a slower moving
species 1 is depicted in the distance-time scheme. If all other sources of dispersion are
neglected, the total width of a separating zone is given by the length of a sample plug
injected into the separation capillary. It would seem that both components injected as
a zone of a length LS1, are completely separated at a separation distance A. However,
the distance-time record of a detector response (shaded areas) at this region shows that
the zones are not resolved completely in time dimension. It is evident that the length of
a detection window, LD, contributes to the total width of the zone detected at a given
position in time. Therefore, a longer separation path XB is needed for the total time-
separation of both zones. This situation is depicted in region B. Here, the rear bound-
ary of the faster migrating zone 2 is leaving, and the front boundary of slower migrating
zone 1 is entering the detection window at the same time. If the lengths of a detection
window and an injection plug are reduced to lower values of LD2 and LS2 (region C),
the minimum separation path XC and the migration time tC are reduced as well. The
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minimum separation distance can be evaluated using the above mentioned equality
between the times t2l and t1e, at which zones 2 and 1 are leaving and entering the
detection window, respectively.

t2l = t1e (4)

Both times can be expressed as ratios of the migration paths and the respective
velocities. The distances between the injection point of the capillary and the rear
boundaries of the zones are taken as the migration paths. Then, with respect to Eq. 1,
we can write:

X
Eµ 2

 = 
X  – (LD + LS)

Eµ 1

(5)

This relationship can be rearranged to:

X = (LD + LS)/α (6)

Hence, the minimum migration path needed for complete separation of two com-
pounds with similar mobility values is proportional to the sum of the lengths of injec-

Fig. 1. Effect of lengths of injection zone and detection window on the minimum migration
path, space-time scheme of the separation. li, ld injection zone and detection window length,
respectively.
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tion plug and the detection window, and is inversely proportional to the separation
selectivity.

1.3. Diffusion Dispersion
Since the contribution of diffusion is directly proportional to the time of analysis,

faster separation will result in a lower longitudinal diffusion and, consequently, in
higher separation efficiencies. The faster the separation times, the less important the
effects of diffusion are on the separation efficiencies.

1.4. Thermal Dispersion
In analogy to the diffusion dispersion, the thermal dispersion is also a function of

the analysis time. But, in contrast to the diffusion dispersion, thermal dispersion scales
with the 6th power of the applied electrical field strength, (19). Thus, when increasing
the separation speed by higher electric field strength, two opposing forces are at work.
As the applied field strength increases, the diffusion band broadening decreases; how-
ever, the thermal dispersion increases. When the separation efficiency is plotted against
the applied electric field strength an optimum region of the separation field strength
can be found. This is shown in Fig. 2. In practice, depending on the size of the DNA

Fig. 2. The dependence of the separation efficiency N on the applied electric field strength E
for the 603-bp fragment of the ΦX174/HaeIII digest. Experimental conditions: 50 µm id × 3-cm
capillary (DB-1, J&W Scientific, CA), 1% methyl cellulose in a background electrolyte of
40 mM Tris-HCl, 40 mM TAPS, pH 8.4. Capillary temperature is 22°C.
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fragments and the conductivity of the separation matrix this optimum will typically be
between 300 and 800 V/cm. It should be noted, that in separations with high selectiv-
ity (large differences in sizes of the separated DNA fragments), higher field strength
can be used to further increase the separation speed.

1.5. Other Sources of Dispersion
Other sources of dispersion relate to adsorption of the analyte onto the capillary

wall, to electroosmotic mixing, to nonhomogeneity of the electric field strength due to
the sample matrix ions, or to insufficient speed of the acquisition of data. Fortunately,
the negatively charged DNA molecules mostly do not adsorb significantly on the col-
umn walls, and most of the hydrophilic surface coatings developed for CE (20) will
eliminate the adsorption completely. The surface coating and the use of viscous sepa-
ration media also eliminate electroosmosis. Electromigration dispersion is typically
minimized by sample cleanup and by short injection times. Data acquisition with more
than 100 data points per second is adequate for recording peak widths down to 0.1 s,
with a total analysis time of few seconds. Most of the standard A/D boards will be
sufficient for the data collection.

1.6. Dynamic Structure of DNA
For argument, the DNA fragment is assumed to be a static molecule. However, its

molecular orientation under the influence of high electric field in entangled polymer
solution can change its diffusion coefficient and its electrophoretic mobility. This
effect can be significant especially in case of larger DNA fragments (15). In practice,
optimum conditions for fast separations can easily be determined experimentally.
Table 1 lists the parameters, which can be optimized to achieve high-speed DNA
separations in entangled polymer solutions.

2. Materials

2.1. Capillary Electrophoresis
1. Fast capillary, fused silica (effective length): 3 cm × 50 µm (id), (DB-1, J&W Scien-

tific, CA).
2. Capillary 6.3: 12.1 cm × 50 µm id.
3. Constant denaturant capillary electrophoresis (CDCE): Capillary, 7 cm × 50 µm (id),

coated with poly(vinyl alcohol) (PVA).

Table 1
System Optimization Parameters

Parameter Optimization

Focus light to have small detection spot

σ inj
 2 Inject narrow sample plug (inject for short time/use sample stacking)

σ therm
 2 Use of short effective capillary length (1–10 cm, depending on resolution needed)

σ diff
 2 Application of optimum electric field strength (300–800 V/cm)

σ other
 2 High frequency data acquisition system, use of coated capillaries

σ det
 2
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4. 1% methylcellulose in 40 mM Tris-base, 40 mM TAPS, pH 8.4 background electrolyte.
5. Electrophoresis buffer: 40 mM Tris-base, 40 mM TAPS, pH 8.4, 1 µg/mL ethidium

bromide (EtBr).
6. Standard DNA: ΦX174/HaeIII digest.
7. DNA size standard (Boehringer VIII).
8. (CA)–18 microsatelite repeat polymorphism in the FcERIβ gene.
9. Mitochondrial DNA.

10. Agarose sieving medium: 4% solution of Agarose BRE (FMC Rockland, ME) in 0.1 M
Tris-base, 0.1 M TAPS, pH 8.4 and 7 M urea.

11. LPA Separation matrix: 4% linear polyacrylamide (LPA) in 50 mM Tris-base, 50 mM
TAPS, pH 8.4.

12. SYBR Green II dye.
13. Fluorescein at a concentration of 10–8 M.
14. 1X TBE buffer: 89 mM Tris-base, 89 mM boric acid, 1 mM EDTA, pH 8.8.

2.2. Chip Electrophoresis
1. Electrophoresis chip with integrated electrochemical detection.
2. Sieving medium: 0.75% (w/v) hydroxyethyl cellulose in 1X TBE buffer, pH 8.8 with

1 µM EtBr.
3. DNA: RsaI-digested HFE amplicons.
4. Standard DNA: ΦX174/HaeIII digest.
5. Salmonella PCR product.

3. Methods
3.1. Examples of Fast DNA Separations

1. This section illustrates the potential of CE for ultra-fast separations. CE decreases the
analysis time typically by ten times compared to standard slab-gel electrophoresis.
Depending on the application, the miniaturized CE and microfabricated electrophoresis
systems can further decrease the analysis time to tens of seconds or less (16).

3.2. Double-Stranded DNA
1. Figure 3 shows the separation of the DNA size standard ΦX 174/HaeIII, which contains

11 DNA fragments ranging from 72 to 1352 bp. In this example, a coated capillary was
used to prevent band broadening by DNA-wall interactions. A high frequency data acqui-
sition system allowed a sampling rate of 100 Hz, ensuring a sufficient number of points to
define the bands, which are 0.1–0.2 s wide. In order to achieve resolution of the closest
migrating fragments (271 bp/281 bp) on a 3-cm long column, a very narrow sample plug
is injected with the aid of a fast switching high-voltage power supply (16). A sample plug
width of less than 100 µm can be injected into the capillary during a 100-ms electromigration
injection. Under these conditions, baseline resolution of the 271-bp/281-bp bands is
achieved in less than 30 s. The insert of Fig. 3 shows the deleterious effect of a longer
injection time on the peak resolution.

2. The speed of CE can be applied to the development of DNA diagnostic methods for
molecular identification of hereditary diseases or cancer. The ultra-fast CE systems uti-
lizing short electrophoresis columns (length of several centimeters or less) will allow for
a variety of high-throughput DNA diagnostics methodologies (21–23).

3. An example of the application of short capillaries in clinical diagnostics is shown in Fig. 4.
FcERIβ is a high affinity glycoprotein receptor for IgE located on chromosome 11
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(11q13), and variability of FcERIβ gene causes differences in excess of IgE responses,
which is a typical feature of atopies such as allergic rhinitis, bronchial asthma, dermatitis,
and food allergies. One of the genetic variants identified in the FcERIβ locus is a (CA)–18

microsatelite repeat polymorphism in intron 5 of the gene. The analysis of the short tan-
dem repeat polymorphism in the FcERIβ gene of an heterozygous individual is presented
here, covering the (CA)–18 repeat which ranges from 112 to 132 bp. The analysis is per-
formed at an electric field strength of 256 V/cm, in a capillary with an effective length of

Fig. 3. Separation of ΦX174/HaeIII digest with 3-s and a 100-ms electrokinetic injection.
Experimental conditions: 50-µm id capillary (DB-1, J&W Scientific, CA). Separation distance:
3 cm. Separation matrix: 1% methyl cellulose in 40 mM Tris-base, 40 mM TAPS, pH 8.4, 1 µg/mL
EtBr. Field strength 800 V/cm. LIF detection (excitation 543 nm/emission 600 nm).
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6.3 cm in less than 2 min. The respective polymerase chain reaction (PCR) products of
sizes 118–130 bp (record A) are identified using an addition of DNA size standard
(Boehringer marker VIII) (record B).

3.3. Partially Melted DNA

1. Although there is a difference in the migration behavior of dsDNA, partially melted DNA
and ssDNA, most of the system optimization procedures apply to all three types of sepa-
rations. One application, which takes advantage of differential melting of DNA and is
used for the detection of point mutations, is CDCE (24). DNA fragments which contain a
mutation usually melt more readily under the influence of a denaturant (heat or urea).
Partially melted fragments exhibit a different structure, and therefore, a different migra-
tion behavior through an entangled polymer solution.

2. Figure 5 illustrates the method of screening for an appropriate temperature for the CDCE
analysis of a point mutation in a mitochondrial DNA fragment. The sample contains wild-
type DNA, mutant DNA, and the two heteroduplex combinations created by boiling-

Fig. 4. Detection of (CA)–18 microsatelite repeat polymorphism in FcERIβ gene of a
heterozygous individual. LIF detection at 580 nm with fluorescein as an intercalator at a
concentration of 10–8 M. The separation conditions are 2% Agarose BRE (FMC) in 0.1 M
Tris-base, 0.1 M TAPS, pH 8.4. The electrophoresis is at room temperature; injection time is 3 s at
289 V/cm; electrophoresis is at 256 V/cm; capillary 6.3 (12.1) cm, 50 µm id. The sizes of PCR
specific products of the sample (A) were evaluated using an addition of DNA size standard
(Boehringer VIII) (B).
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reannealing steps between the two molecules. The CDCE analysis can be performed in
less than 80 s using a 7-cm long capillary and high electric field strength (E = 600 V/cm).
In this example, the temperature screening tests yielded a temperature at which all four
different species were separated. The short analysis times helps to rapidly find the opti-
mum temperature for CDCE analysis.

3.4. Single-Stranded DNA
1. DNA sequencing is one area of DNA electrophoresis where the shortening of the analysis

time is of key importance. The capillary length cannot be shortened as much as in the
previous examples, as extremely high-fragment resolution is required. Figure 6 shows
that up to 300 bases can be separated at 600 V/cm in less than 190 s in a 7-cm long
capillary, under optimized separation conditions.

Fig. 5. CDCE of mitochondrial DNA. Capillary 50 µm id × 7 cm coated with PVA. Separa-
tion matrix: 4% LPA in 50 mM Tris-TAPS, pH 8.4. Field strength 600 V/cm (I = 12 µA). LIF
detection (excitation 488 nm/emission 520 nm).
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2. Polymorphism in the short tandem repeats, consisting from three adjacent repeat regions
of CT, CA, and GC and situated between 979 and 1039 position of Endothelin 1 gene,
seems to play a role in transcription regulation. Even though polymorphism does not
exactly change the amino acid sequence of the encoded protein, it may have effects on the
dynamics of gene expression. Endothelin is a potent vasoconstrictor and, therefore, its
gene variability probably impacts the origin of hypertension. The effect of an increased
selectivity on the minimum migration path is demonstrated in Figs. 7 and 8. These
show fast separations under denaturing conditions of DNA fragments amplified from
Endothelin 1 gene of heterozygous individuals.

3. The higher separation selectivity of ssDNA fragments enables the use of a capillary with
an effective length of 2.5 cm (total length 5 cm), without a loss of resolution. As a result,

Fig. 6. Fast separation of a sequencing reaction mixture (M13mp18 template). Capillary 50 µm
id (PVA coating) × 7 cm. Separation matrix: 3% LPA, 50 mM Tris-TAPS, pH 8.4. Field strength
600 V/cm, (I = 7 µA). LIF detection at (excitation 488 nm/emission 520 nm and 560 nm).
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the resolution needed for the analysis of the dinucleotide repeat polymorphism, can be
completed in 42 s. The fragments of lengths of 203 and 213 (panel A) and 193 and 201 nt
(panel B) are mixed (panel C) to confirm the resolution between fragments differing by
two nucleotides occurs. Heterozygous alleles with the repeats that differ by a single
dinucleotide unit were not available (Fig. 7).

4. To increase the speed and resolution yet further, the capillary is held at a temperature of
60°C. This lowers the viscosity of the separation medium and increases its denaturing
ability, whereas the thermal energy protects DNA molecules to be stretched under the
effect of electric field. Thus, electric field strengths of up to 600 V/cm can be applied.
The elevated temperature is conveniently controlled by a 1-cm long heater made of elec-
trically conductive rubber, which also serves as the capillary holder.

5. It is very difficult to achieve denaturation of the DNA fragment carrying the short tandem
repeat region of the Endothelin 1 gene, as the gene has 55% GC pairs. The complemen-
tary fragments easily recombine to form heteroduplexes.

Fig. 7. Detection of CT, CA, GC dinucleotide short tandem repeats polymorphism in
Endothelin 1 gene. Panels (A) and (B): separation of fragments amplified from genomes of
heterozygous individuals. Panel (C): mixture of samples A and B. Electrophoresis at 600 V/cm
and 60°C in a capillary of 2.5 (5) cm long, 50 µm id, PVA coated. Sieving medium: 4% sol of
Agarose BRE (FMC Rockland, ME) in 0.1 M Tris-base, 0.1 M TAPS, pH 8.4, 7 M urea. Sample
is denatured in 0.01 M NaOH at room temperature and stained with SYBR Green II. Injection is
for 5 s at 600 V/cm. LIF detection: excitation with argon-ion laser at 488 nm, collected emission
is 520 nm.



Ultra-Fast DNA Separations by CE 31

6. Dimethylsulfoxide or dimethylformamide, which are generally used for DNA denatur-
ation, are not sufficient for the disruption of short tandem repeats in GC rich regions, and
a stronger denaturing agent such as NaOH is used. A solution of 0.01 M NaOH proved to
denature the fragments satisfactorily at room temperature. Another advantage of the pres-
ence of NaOH in the sample solution is the possibility to use the electrophoretic stacking
technique for the injection of a very sharp zone onto the capillary. Based on the
isotachophoretic principle, the slower migrating DNA fragments are stacked behind the
zone of highly mobile and conductive OH– anions, and form a much narrower zone than
it would for corresponding to the injection times without the ions (25). Thus, as shown in
Figs. 7 and 8, even with an injection time of 5 s at the same electric field strength as
during the electrophoretic run, the separation window of all fragments is only 2 s.

7. The DNA size-standards are not suitable for calibration, since the migration of fragments
amplified from Endothelin 1 gene is strongly affected by their sequence. Even using strong
denaturing conditions, GC rich ssDNA fragments migrate anomalously. Therefore, it is
necessary to use known sequence fragments amplified from the Endothelin 1 genes as size
markers for the calibration of unknown samples. In Fig. 8, the size of a homozygous
fragment is determined to be 203 nt, by using two heterozygous samples with fragments
of sizes 207, 217, and 201, 211 nt, respectively.

Fig. 8. Fast sizing of a homozygous fragment (203 nt) by using two heterozygous fragments
of sizes 207, 217 and 201, 211 nt, respectively. All other conditions are as described in Fig. 7.
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8. The use of denaturing electrophoresis in short capillaries with LIF detection resulted in
20-fold reduction in analysis time, when compared to commercially available CE systems.

3.5. DNA Separations on Microfabricated Devices
1. All previous examples utilize a short piece of a fused silica capillary as the separation

column. Microfabrication technologies common in electronics are becoming increasingly
important for a new generation of analytical instrumentation. Although the first
microfabricated instrument (gas chromatograph) was developed some two decades ago
(26), it is the current advancement in protein and DNA research that command the devel-
opment of adequate analytical instrumentation capable of high-throughput analysis of
minute amounts of complex samples. Attempts to integrate several of the sample prepara-
tion/analysis steps led to the establishment of a new an analytical field, that of the micro
Total Analytical Systems – “µTAS” (27). Mass production of such integrated systems
may lead to disposable devices made of inexpensive plastic materials, simplifying routine
operation and eliminating sample carry-over or sample cross contamination. In addition,
multiple channels on a chip open up the possibility for high-throughput analysis on a
microscale. Although the term microdevice (chip, microchip) implies miniaturized size
of the separation channel, it should be stressed that since the separation principle remains

Fig. 9. (A) Schematic of a microchip used for sizing of PCR products with a DNA marker.
(B) (a) Electropherogram of the sizing ladder; (b) Electropherogram of PCR products; (c)
Electropherogram of the PCR product mixed equally with the sizing ladder. The microchip was
filled with 3% (v/v) linear PDMA, the separation length was 2.5 cm. Field strength: 127 V/cm.
The numbers denote fragment sizes in base pairs. Adapted with permission from ref. 28.
Copyright (1998) American Chemical Society (continued on opposite page).
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the same, the speed of analysis will be the same, regardless of the type of the separation
channel used (capillary or chip).

2. The main advantage of the chip technology is the ease of fabrication of a large number of
channels. In comparison to standard instrumentation where all the connections between
the different fluid paths are typically made with fluid fittings, zero dead volume channel
junctions can easily be microfabricated. For example, precisely defined amounts of the
sample can easily be introduced using a simple double T structure microfabricated as an
integral part of the separation channel. The resulting significant size reduction will lower
analysis cost by increased analysis speed and reduce the consumption of both the sample
and separation media. Moreover in principle, sample preparation procedures can also be
integrated on the same chip. This is illustrated in Fig. 9. Figure 9A shows a monolithic
microchip device where the steps of cell lysis, multiplex PCR amplification, and electro-
phoretic analysis are executed sequentially (28). Figure 9B shows the separation of a
500-bp region of bacteriophage lambda DNA and 154-, 264-, 346-, 410-, and 550-bp
regions of E. coli genomic and plasmid DNAs, amplified using a standard PCR protocol.

Fig. 9. (continued) (B).
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The electrophoretic analysis of the products is executed in <3 min following completion
of the amplification steps, and the product sizing is demonstrated by proportioning the
amplified product with a DNA sizing ladder.

3. Since the microfabrication in glass may not be the most cost effective approach for mass
production, there is much interest in alternative materials and fabrication procedures.
One promising direction is injection-molding using inexpensive plastic materials (29).
The strategy for producing the devices involves solution-phase etching of a master tem-
plate onto a silicon wafer. Then for the consecutive step, a nickel injection mold insert is
made from the silicon master by electroforming in nickel. High-resolution separations of
dsDNA fragments with total run times of less than 3 min are demonstrated with good run-
to-run and chip-to-chip reproducibility. It is expected that injection molded devices could
lead to the production of low-cost, single-use electrophoretic chips, suitable for a variety
of separation applications including DNA sizing, DNA sequencing, random primary
library screening, and/or rapid immunoassay testing. Figure 10A shows the complete
separation chip with electrodes, electrical connectors, and buffer reservoirs. Figure 10B
shows the separation of the fragments of a HaeIII digest of ΦX174 DNA in less than 2.5 min
in such a sealed plastic chip.

4. Although the development of microfabricated CE systems is mainly focused on the sepa-
ration “chip” itself, it is clear that substantial changes to the external parts of the instru-
mentation will be also necessary, especially changes to the detector. Current advances in
solid-state lasers will bring substantial miniaturization of LIF detection. The recently
described electrochemical detector, which can be microfabricated as an integral part of
the chip itself, is also a promising development (30).

5. Photolithographic placement of the working electrode just outside the exit of the electro-
phoresis channel provides high-sensitivity electrochemical detection with minimal interfer-
ence from the separation electric field. Indirect electrochemical detection is used for
high-sensitivity DNA restriction fragment and PCR product sizing. These microdevices
match the size of the detector to that of the microfabricated separation and reaction devices,
bringing to reality the “lab-on-a-chip” concept. Figure 11 shows the electrophoresis chip
with integrated electrochemical detection and corresponding separation of Salmonella PCR
product (shaded) with 500 pg/mL ΦX174/HaeIII restriction digest obtained on this chip.

6. As previously mentioned, one of the advantages of the microfabrication is the possibility
to make a large number of channels of a variety of shapes with zero dead volume connec-
tions. Typical application of this potential may be a CAE microplate that can analyze 96
samples in less than 8 min (31). This CAE chip has been produced by the bonding of 10-cm
diameter micromachined glass wafers to form a glass sandwich structure. The microplate
with 96 sample wells and 48 separation channels permitted the serial analysis of two
different samples on each capillary. Individual samples are addressed with an electrode
array positioned above the microplate.

7. The detection of all lanes with high temporal resolution is achieved by using a laser-
excited confocal fluorescence scanner. Figure 12 shows the microdevice used for elec-
trophoretic separation with fluorescence detection for the diagnosis of hereditary
hemochromatosis. Electropherograms represent two sequential separations of RsaI-
digested HFE amplicons. The three genotypes are characterized by a single peak at 140 bp
corresponding to the 845G type, a single peak at 111 bp corresponding to the 845A type,
and the heterozygote type that exhibits both the 140- and 111-bp peaks.

8. Electrophoretic separation in a short narrow capillary allows extremely fast separations
with resolution comparable to, or better than standard slab gel or CE. On the top of the
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Fig. 10. (A) Completed separation chip with electrodes, electric connectors and buffer res-
ervoirs. (B) Separation of a HaeIII digest of ΦX174 RF DNA fragments in a sealed plastic
chip. Adapted with permission from ref. 29. Copyright (1997) American Chemical Society.
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analysis speed, the current technology also provides sensitive LIF detection for all criti-
cal applications. The maturity of the CE has currently been confirmed by its application
for the accelerated completion of the Human Genome Project. It can be also anticipated

Fig. 11. (A) Diagram of an electrophoresis chip with integrated electrochemical detection.
(B) Separation obtained on this chip of a Salmonella PCR product (shaded) along with 500 pg/mL
of ΦX174/HaeIII restriction digest. Adapted with permission from ref. 30. Copyright (1998)
American Chemical Society.
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Fig. 12. ACE separations of two sequential “48-samples” of RsaI-digested HFE amplicons. The
three genotypes correspond to a single peak at 140 bp (845G type), 111 bp (845A type) and two
peaks at 140 bp and 111 bp (heterozygote). Samples were separated in 10-cm long channels using
0.75% (w/v) hydroxyethyl cellulose in 1X TBE buffer with 1 µM EtBr. Field strength 300 V/cm.
Adapted with permission from ref. 31. Copyright (1998) American Chemical Society.
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that future development of these microfabricated devices will enable extremely rapid ana-
lytical and diagnostic tools, integrating the fast electrophoretic separation methods with
microscale sample processing.
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Fast DNA Fragment Sizing in a Short Capillary Column

Haleem J. Issaq and King C. Chan

1. Introduction
Capillary electrophoresis (CE) is an efficient and fast microseparation technique

that is well suited for the separation of nucleic acids. CE is routinely used for the
separation of double-stranded DNA fragments; single-stranded DNA fragments and
polymerase chain reaction (PCR) products in our laboratory. CE is a versatile tool for
separating nucleic acids in molecular biology (1). CE has the advantages of automa-
tion, small sample requirement, fast and efficient separation, real-time detection, and
negligible buffer waste in comparison to slab-gel electrophoresis. However, the major
drawback of CE is low amount of sample throughput because samples are analyzed
sequentially. This problem is resolved by using a capillary array electrophoresis (CAE)
(2,3). Since conventional CE systems are equipped with a single capillary, a practical
way to increase throughput is to minimize the analysis time per sample. This has been
accomplished by using a range of an effective length capillary as short as 7 cm and field
strength as high as 2000 V/cm for the separations of small ions, drugs, and proteins (4–7).

Recently, we were able to achieve fast separation of the wild-type and mutant PCR
products of the TGF-β1 gene in 60 s using a 7-cm effective length capillary and 560 V/cm
(8). However, high field strength degraded the resolution of large DNA fragments (9)
and may cause migration anomalies (10). Alternatively, one can use a shorter capillary
length with low field strength. We describe here the fast sizing of DNA fragments using
1-, 2-, and 7-cm effective length capillaries (11). Fast DNA separation can be achieved
with capillaries with an effective length of only 1–2 cm. The low electric field associated
with such short capillaries extends the range of DNA fragment sizes that may be sepa-
rated by this means, which is useful if the analysis of large DNA fragments is required.

2. Materials
2.1. Apparatus

1. All experiments are performed with a home-built CE laser-induced fluorescence (LIF)
system, similar in design to that used previously (12). See Fig. 1 for a detailed diagram.
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The CE system comprises: High-voltage power supply (Glassman, Whitehouse Station,
NJ, USA); Photomultiplier tube (PMT) (Oriel, Stratford, CT, USA); Picoammeter
(Keithley, Cleveland, OH, USA); Data collection by the Beckman 406 data acquisition
module; argon-ion laser (ILT, Salt Lake City, UT, USA).

2. DB-17 coated fused silica capillaries, 50 µm id, are purchased from J&W (Folsom, CA,
USA) and are cut to size.

3. DNA separation buffer is from Sigma (St. Louis, MO, USA).
4. YO-PRO-1 dye is from Molecular Probe (Eugene, OR, USA).
5. 20- and 100-bp DNA ladders are from Gensura (Del-Mar, CA, USA).
6. Buffers are from Fisher Scientific (Pittsburgh, PA, USA). Sigma DNA separation buffer

is used undiluted, or diluted with 40% water to 60% separation buffer.

3. Methods
3.1. Capillary Preparation

1. A 15–20-cm DB-17 capillary is cut and a narrow window is made at 1, 2, or 7 cm from
one end to form the detection window of the 1-, 2-, and 7-cm effective length capillaries.

2. A detection window is created in the capillary by burning the polyimide coating with a
gentle flame, then washing the area with methanol.

3. Each capillary is then rinsed with water for 5 min, with buffer for 2 min, and then filled
with the replaceable gel solution.

3.2. Fast CE
1. The DNA separation buffer is diluted with deionized-distilled water to 60%, after which

Yo-Pro-1 is added to 1 µM.
2. The concentrations of the 20- and 100-bp ladders are 0.5 and 0.25 ng/µL, respectively.

Fig. 1. A sketch of the LIF-CE system. Reprinted from ref. 12, pp. 1877–1890, by courtesy
of Marcel Dekker.
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3. The samples are injected electrokinetically, typically for 5 s, at 0.01 kV/cm for the 1 or 2 cm
separation capillary and at 0.04 kV/cm for the 7-cm separation capillary.

4. The capillary is flushed after a few injections with the gel buffer.
5. The capillary is mounted on a x-y translational stage for precise movement.
6. The argon-ion laser beam is focused onto the capillary with a bi-convex lens. Fluores-

cence is collected at 90° from the excitation beam with a 10X microscopy objective.
7. After passing through a 488-nm interference filter, the fluorescence is detected by a PMT. The

PMT current is monitored by the picoammeter. The output from the picoammeter is fed to a
Beckman 406 data acquisition module. The rate of data sampling is 20 Hz with a rise time of 0.1 s.

8. The electric field for CE separation is up to 30 kV.

3.3. Results
3.3.1. DNA Separation

1. A mixture of DNA fragments in a 20–1000-bp ladder can be resolved on the three differ-
ent effective length capillaries, 7, 2, and 1 cm (total capillary length 20 cm each), using
the 60% diluted DNA separation buffer.

Fig. 2. Separations of a 20–1000-bp ladder using: (A), a 7-cm effective length capillary at
556 V/cm; and (B), a 2-cm effective length capillary at 185 V/cm. Reprinted from Chan, K. C.,
Muschik, G. M., and Issaq, H. J. High-speed electrophoretic separation of DNA fragments
using a short capillary. Copyright (1997), pp. 113–115, with permission of Elsevier Science.
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2. The 7-cm capillary is run at 556 V/cm and allows the separation of the 20–1000-bp ladder
in about 1 min (Fig. 2A).

3. However, the 2-cm effective length capillary is run at 185 V/cm and provides both a
similar speed of migration and a better resolution of the larger DNA fragments (Fig. 2B).
This is because larger fragments are stretched in electric fields and migrate according to a
“biased reptation” mode, in which their mobilities are less dependent on molecular sizes
at high field strength (9). In addition, column heating degrades the DNA separations at
higher fields, as our home-built system does not have capillary cooling.

Fig. 3. Electropherogram of the separation of a 20-bp and 100-bp DNA standard solution in
10 mM Tris-borate buffer containing 0.1 mM EDTA, pH 8.0, and 1 µL/mL YO-PRO-1
intercalting fluorescent dye (1 mM in DMSO). Detection was achieved via an argon-ion laser
λex = 488-nm and a 520-nm interference filter. A 50 µm id DB-17 coated fused silica capillary
of 7-, 2-, and 1-cm length filled with Sigma DNA replaceable gel buffer was used with an
applied voltage of 180 V/cm. Reprinted from ref. 11.
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4. The 1-cm effective length capillary is run at 180 V/cm and is also able to separate the
DNA ladder standards (Fig. 3). However, the peak resolution is not as good as when 7- and
2-cm capillaries are used, but it is expected to improve if the duration and field used for
sample injection phase and the separation phase of the run are optimized.
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Detection of DNA Polymorphisms Using PCR-RFLP
and Capillary Electrophoresis

John M. Butler and Dennis J. Reeder

1. Introduction
The most fundamental difference between two individuals is DNA variation at the

nucleotide level. This DNA variation, often referred to as a single nucleotide polymor-
phism or SNP, can occur approximately once every several hundred base pairs. The
ability to accurately determine the DNA sequence at specific sites throughout an
organism’s genome is important in a variety of applications including disease detec-
tion, differentiation of microorganisms, agricultural genetics and molecular breeding,
and human identification (i.e., forensic and paternity testing). A number of laboratory
techniques have been developed in recent years to analyze DNA rapidly and reliably
for the purpose of mutation detection. One of these methods involves the use of DNA
restriction enzymes to generate DNA molecules of varying length depending on the
presence or absence of restriction sites. The length variations in DNA molecules caused
when the restriction enzymes do their cutting are called restriction fragment-length
polymorphisms (RFLP). Another molecular procedure that allows one to work with
small amounts of DNA is the polymerase chain reaction (PCR), a method for amplify-
ing and enriching the sample within a targeted region of a DNA sequence. When the
two procedures are combined, the method is referred to as PCR-RFLP. A separation
step is required to resolve and measure the length of the restriction fragments from one
another after the enzymatic reactions (Fig. 1), and this essential step is where capillary
electrophoresis (CE) offers a number of advantages.

Traditionally, PCR-RFLP fragments are separated using polyacrylamide gel elec-
trophoresis (PAGE). In recent years, CE has matured into a reliable technique that
offers many advantages over PAGE including speed, sensitivity, high resolution, and
automation. Using pumpable polymer solutions and intercalating dyes combined with
laser-induced fluorescence (LIF), CE has proven effective for separating and detect-
ing PCR-RFLP fragments (1). CE methods have been reported for separating PCR-RFLP
fragments from mRNA (2), DNA from bacteriophages (3), and oncogenes (4), as well
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as to differentiate plasmids which have been digested with various restriction enzymes
(5). In addition, apoE genotyping (6), bacterial identification (7,8), disease diagnosis
(9,10), and mitochondrial DNA typing (1) have each been performed using CE separa-
tion of the PCR-RFLP fragments.

A PCR-RFLP sample has a limited number of peaks compared to a sequencing reaction
and typically does not require single-base resolution, and often resolution of approx
10–20 bp is more than sufficient. The goal with PCR-RFLP samples is to make compari-
sons of the peak pattern and to differentiate between samples that have generated different
sized restriction fragments because of their polymorphisms at one or more nucleotide posi-
tions at the enzyme cutting site. PCR-RFLP serves as a screening/confirmation method,
rather than a primary method of polymorphism discovery, such as DNA sequencing.

Prior to performing any laboratory work, “in silico” studies may be accomplished
using programs such as GeneRunner or Mac Vector to predict the location of restric-
tion sites within the sequence of interest. These computer programs will typically test
a DNA sequence against 200–300-restriction endonuclease recognition sequences.

Fig. 1. Diagram showing the steps in processing of a PCR-RFLP sample, using the restric-
tion enzyme RsaI as an example.
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Most restriction enzyme recognition sites are 4, 6, or 8 nt in length. If the polymorphic
SNP site of interest creates or eliminates a restriction site, then an appropriate restric-
tion enzyme may be used to generate a series of DNA fragments with a pattern that can
be distinguished between wild-type and mutant DNA sequences. Several hundred dif-
ferent restriction enzymes are commercially available from a variety of sources, often
at costs of only a few cents per reaction (see Note 1).

One example of a nucleotide variation of diagnostic value that can be detected with
PCR-RFLP is a test for hemochromatosis. Hemochromatosis is a common hereditary
iron regulation disorder that causes iron overload in tissues and leads to liver disease,
diabetes, and other clinical complications. This genetic disease is easy to treat by rou-
tine blood donation. Many individuals who have a family history of this disorder desire
to know if they are homozygous for the gene, and thus susceptible to the deleterious
effects that usually appear in the fifth or sixth decade of life. However, because of
uncertainties about the prevalence and extent of penetrance of the mutations, genetic
testing on a massive scale is not recommended at this time (11). The hemochromatosis
gene is 348 amino acids in length and a simple cysteine-to-tyrosine mutation at amino
acid 282 (C282Y) is thought to cause the onset of the disease (12). The recognition
site of the restriction enzyme RsaI (GT/AC) is altered by a single G-to-A base change
at nucleotide position 845 in the hemochromatosis gene on chromosome 6. With a
307-bp PCR product, RsaI digestion of a normal allele results in two fragments of 167 bp
and 140 bp. A mutant allele, on the other hand, yields three fragments (167, 111, and
29 bp) whereas heterozygous individuals have four fragments (167, 140, 111, and 29
bp). Thus, a PCR-RFLP test involving RsaI can provide an effective diagnostic test for
hemochromatosis (10,13).

The PCR-RFLP method described in this chapter was recently demonstrated as an
effective tool for differentiating various mitochondrial DNA (mtDNA) types (1).
Human mitochondrial DNA contains a highly polymorphic control region, also called
the D-loop, which is used in identity testing (14). Samples are typically sequenced to
compare the variation across approx 600 bases of the control region. Dozens of SNP
sites exist in the mtDNA control region (see Note 2). Screening methods, such as
PCR-RFLP, have the advantage of being less expensive and rapid (see Note 3), and
reduce the need to fully sequence differing samples in order to allow exclusion (see
Notes 4 and 5).

2. Materials
2.1. Equipment

1. CE is performed on a Beckman P/ACE® 5500 CE instrument with a Laser Module 488 nm
argon-ion laser (Beckman Instruments, Fullerton, CA). P/ACE Station software version
1.0 is used for instrument control and data collection.

2. Heat block (set at 37°C).
3. Thermal cycler PE9700 (PE Applied Biosystems) for PCR amplification steps. The cycler

may also be used for isothermal restriction enzyme digestion steps.

2.2. Reagents and Accessories
1. Capillary: 27 cm × 50 µm id CElect-N coated capillary (Supelco, Bellefonte, PA), or a 27 cm

× 50 µm id DB-17 coated capillary (J&W Scientific, Folsom, CA). The distance from
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injection to detection is 20 cm because the detection window is located 7 cm from the
outlet end of the capillary in a Beckman capillary cartridge.

2. Sieving buffer: 1% w/v hydroxyethyl cellulose (2% HEC = 80–125 mPa.s) (Aldrich, Mil-
waukee, WI) in 100 mM Tris-base, 100 mM borate, 1 mM EDTA pH 8.3 (Tris-borate-
EDTA) solution. The HEC (5 g) is typically dissolved by stirring overnight at room
temperature in 500 mL of the Tris-borate-EDTA solution.

3. Intercalating dye: 500 ng/mL YO-PRO-1 (Molecular Probes, Eugene, OR) (see Note 6).
A 12-µL aliquot of 1 mM YO-PRO-1 is added to 15 mL of the HEC polymer solution in
an aluminum foil covered tube. The dye is light sensitive and a possible carcinogen and
should be treated appropriately.

4. Methanol, high performance liquid chromatography (HPLC) grade.
5. CE vials: 4-mL wide-mouth vials with threads for CE instrument.
6. Beckman sample caps: silicon rubber caps for the 4-mL vials.
7. Sample vials: 0.2 mL MicroAmp® Reaction tubes (Perkin-Elmer, Norwalk, CT).
8. Float dialysis membranes, 0.025 µm VSWP (Millipore, Medford, MA).
9. Deionized water.

2.3. Molecular Biology Materials
1. Restriction enzymes: A variety of enzymes are available from New England Biolabs as

well as other molecular biology supply houses (see Note 1). For example, RsaI, which
cuts between GT/AC, is available from 18 different suppliers.

2. PCR reagents: buffers, polymerase, dNTPs, MgCl2, and tubes (available from a variety of
sources, including PE Applied Biosystems, Promega Corporation, etc.).

3. PCR primers: synthetic oligonucleotides specific to the DNA target region of interest.
4. DNA size standards: 20-bp ladder (GenSura Laboratories, Inc., Del Mar, CA) or a φX174

HaeIII DNA restriction digest (Sigma, St. Louis, MO)
5. Internal DNA standard to be mixed with sample: a 200-bp DNA fragment (QS-200) at a

concentration of 100 ng/µL (GenSura, Del Mar, CA). Alternatively, a 150-bp DNA frag-
ment from BioVentures (Murfreesboro, TN) may be used.

2.4. Software and Sequence Information
1. GeneRunner® (version 3.03; Hastings Software, Inc., Hastings, NY) is used to view the

DNA sequence information and perform “in silico” studies with the 287 commercially
available restriction enzymes listed in the default restriction search table.

2. DNA sequence information may be downloaded into GeneRunner from GenBank (http://
www2.ncbi.nlm.nih.gov/cgi-bin/genbank). The Anderson reference sequence for the
16,569-bp mtDNA genome may be accessed via the accession number M63933.

3. Previously observed sequence polymorphisms are inserted into the appropriate location
in the reference sequence and stored as separate mtDNA types. In the case of other genetic
loci, wild-type and mutant alleles may be saved as separate sequence files for testing
against the GeneRunner restriction enzyme search table.

3. Methods
1. Identify the potential restriction site(s) within the sequence of interest and choose the

restriction enzyme(s). Use GeneRunner or some other DNA sequence evaluation soft-
ware to locate the restriction enzyme cut sites and to predict the expected fragment sizes.

2. Amplify DNA using PCR: In the example used here, the hypervariable region I (HV1)
from the control region of mtDNA is amplified via the PCR using the L15997 and H16395
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primers and PCR conditions as previously described (14). These primers result in a 436-bp
PCR product spanning positions 15978–16413 of the human mtDNA genome.

3. Digest PCR products with restriction enzyme(s): Take a portion of the PCR product and
dilute into the restriction enzyme buffer along with the appropriate enzyme. A 1–5-µL
aliquot of the PCR product works well with 5–10 U of restriction enzyme depending on
the quantity of target material produced by the PCR reaction. Reaction volumes of 10 µL
are effective. Heat the sample at 37°C for 30 min to perform the digestion.

4. Prepare sample for CE: A 1:50 dilution of the sample in deionized water is an effective
means of sample preparation with LIF detection (15,16).

5. Float dialysis is also useful for removing PCR buffer salts from the sample if a weak
signal is observed in the CE (17). Add a 1-µL aliquot of the digestion mixture to 49 µL
deionized water. An internal standard, such as a 150-bp DNA product, may be added for
use in adjusting migration times between samples provided that it does not interfere with
the analysis and can be resolved from any restriction fragments of interest (Fig. 2). Mix
the sample well by drawing it into and out of the pipet tip several times to ensure a uni-
form DNA concentration. Place the sample vial (0.2-mL tube) on a spring inside a 4-mL
wide-mouth vial. Screw a silicon rubber cap on the 4-mL vial (to prevent evaporation)
and load the samples into the auto-sampler.

6. Prepare the CE capillary and buffers: Prepare the capillary by cutting it to the desired
length and removing approx 5 mm of the polyamide coating for the detection window.
Place the capillary in an LIF capillary cartridge (Beckman). The cartridge will allow liquid
coolant to flow around the capillary and maintain a constant temperature environment.

7. Fill three 4-mL vials with the HEC buffer containing the intercalating dye. Two buffer
vials are used as the inlet and outlet vials during electrophoresis, whereas the third vial is
used to fill the capillary with fresh separation media between each run. Rinse the capillary
with methanol for 1 min between each run helps increase the longevity of the capillary.

8. Separate digestion products on CE: Enter the sample names in the collection software
spreadsheet corresponding to the samples and their positions in the auto-sampler tray.
Program the method for CE analysis. Inject each sample at 2 kV for 5 s.

9. Apply a separation voltage of 5 kV (185 V/cm) if a high-resolution separation is desired
or 15 kV (556 V/cm) if a more rapid separation with lower resolution is more desirable
(see Note 7).

10. A 20-bp ladder should be analyzed prior to running samples in order to determine the
resolution over the size range of interest as well as to correlate the migration times to
DNA sizes.

11. Perform data analysis: Compare the CE electropherograms for each sample to assess peak
patterns (see Note 8). The Beckman P/ACE Station software has a “Supercompare” pro-
gram that permits multiple electropherograms to be overlaid and viewed together.

4. Notes
1. A valuable source of information on restriction enzymes is REBASE: The Restriction

Enzyme Database, which is maintained by New England Biolabs. REBASE may be
found on the World Wide Web at http://rebase.neb.com/rebase/. This database contains a com-
prehensive list of over 3000 known restriction enzymes along with their recognition sequences.
However, only ~500 restriction enzymes are available from the 20 suppliers listed in REBASE.

2. The example used to illustrate the technique is for mtDNA, but the technique is much
more general and may be applied to any SNP where a restriction site is either eliminated
or created provided that the restriction fragments may be resolved in the CE.
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3. The recent advent of microchannel CE in the form of microchips and capillary array
microfabricated devices suggests that PCR-RFLP analysis will be able to be performed at a
much faster rate using shorter separation distances than conventional CE instruments (10).

4. Although sequence analysis is the most comprehensive method of detecting DNA poly-
morphisms, it is relatively time consuming and expensive. Sequencing is also inefficient
if one is only trying to evaluate a single nucleotide or even a limited number of nucleotide
positions out of a 500-nt sequencing read. More rapid tests, such as the PCR-RFLP tech-
nique described here, the dot blot assay (18), or minisequencing (19) assays, provide
alternative methods for screening samples (at a fixed number of polymorphisms defined
by assay probes) and can reduce the cost and time of analysis compared to DNA sequencing.

Fig. 2. CE electropherograms comparing two mtDNA PCR products from the HV1 region.
The numbers refer to expected DNA fragment sizes in bp. Restriction enzyme digestion is with
RsaI for 30 min at 37°C. An internal standard of 150 bp is added to the samples to align the two
electropherograms. The 19-, 26-, 47-, 52-, 72-, and 84-bp peaks remain constant between the
two samples. Variation between these two samples is observed with the 29-bp fragment in the
upper electropherogram, and the 34-bp fragment in the lower one, as well as a 102-bp fragment
in the upper electropherogram and a 95-bp fragment in the lower one. The smallest peaks of
5 bp and 7 bp are not detected (see Note 6).
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5. Multiple restriction enzymes may be used sequentially or in combination to distinguish a
greater number of DNA types than a single restriction enzyme.

6. Intercalating dyes work well for detecting DNA restriction fragments over a wide range
of sizes. A lower sensitivity limit of ~20 bp exists due to a limited number of intercalating
sites in short DNA molecules. However, the inability to see the smaller fragments does
not adversely impact the PCR-RFLP assay as variation in larger fragments also can be
seen. Other fluorescent labeling techniques, such as incorporation of fluorescent dye-
labeled primers, are not as effective for PCR-RFLP since only the variation in a single
fragment (i.e., the one closest to the end) may be seen.

7. Rapid CE results are possible for separating restriction fragments with widely differing
sizes (1). The resolution can be tailored to the minimum size difference requirement
between DNA fragments. For example, if the expected fragment sizes after digestion are
100 and 150 bp, then the time of separation can be reduced by increasing the CE voltage,
since a resolution of only 50 bp is needed to distinguish between the two fragments.

8. DNA sizing information is not always a necessity with PCR-RFLP. Pattern recognition
(i.e., 2 peaks vs 3 peaks) can often be more important than the measured DNA size in base
pairs. An internal DNA sizing standard, such as a 150-bp fragment, may be added to
samples to adjust for migration time differences between CE runs over time if accurate
sizing information is desired.
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High Resolution Analysis of Point Mutations
by Constant Denaturant Capillary Electrophoresis (CDCE)
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Paulo C. André, and William G. Thilly

1. Introduction
1.1. Purpose and Main Features of CDCE

In recent years, the need for techniques capable of detecting and identifying point
mutants has increased dramatically in the fields of genomics, cancer research, and
molecular diagnostics. The large arsenal of methods for mutation detection ranges
from direct sequencing and array hybridization to allele-specific polymerase chain
reaction (PCR). CDCE (1) holds a unique position within this list of techniques due to
its high flexibility. Having set up a CDCE system, one can use it to solve a wide range
of tasks. At one extreme, CDCE is capable of detecting mutants at very low frequen-
cies (as low as 10–6) (2,3), in which it rivals the high sensitivity mutation detection
methods like allele specific PCR. At the other extreme, CDCE is capable of identify-
ing mutants with precision comparable to that of direct sequencing (4). In addition, the
instrument for CDCE does not need to be dedicated to one purpose. In fact, most
capillary DNA electrophoresis systems, such as DNA sequencing capillary instru-
ments, can be adapted for CDCE separations.

1.2. Theory of CDCE: Principle of Separation
Separation of point mutants by CDCE is based on the different melting behavior of

DNA fragments with different mutations. A DNA fragment suitable for separation of
mutants by CDCE should consist of two isomelting domains, one with a low and the
other with a high melting temperature. The melting of such a fragment proceeds
through an equilibrium state between the completely unmelted form and the partially
melted intermediate, in which the low melting domain is completely denatured,
whereas the high melting domain is still completely helical. This partially melted
intermediate form has a significantly reduced electrophoretic mobility compared to
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fully duplex molecules. Consequently, as the melting proceeds (e.g., with increasing
temperature), the average mobility of the fragment decreases since the equilibrium
shifts toward the partially melted intermediate and the DNA fragment spends more
time in the low-mobility state (see Note 1). It appears that the melting behavior of
such a fragment is highly sensitive to single nucleotide changes in the low melting
domain. Hence, at a given temperature, the melting equilibrium of a fragment carrying
a mutation will be shifted compared to the wild-type sequence. This, in turn, will
result in a changed electrophoretic mobility of the mutant fragment, and the two spe-
cies will be potentially separable by electrophoresis. For a comprehensive discussion
of the theory of CDCE, see ref. 5. Historically, CDCE evolved from denaturant gradi-
ent gel electrophoresis (6) and constant denaturant gel electrophoresis (7).

1.3. Overview of the Procedure
In accordance with the principle outlined above, the first step of the procedure is to

choose an appropriate target sequence with the required biphasic melting profile. The
target sequence should be either PCR amplified, or cut out of genomic DNA by
restriction enzymes. To separate mutants and wild-type molecules, the mixture of DNA
fragments is run through a polyacrylamide-coated capillary filled with replaceable
linear (noncrosslinked) polyacrylamide matrix. The actual separation of mutants takes
place in a portion of the capillary maintained by a water jacket at the temperature
appropriate for the establishment of the partial melting equilibrium. The DNA frag-
ments pass through a LIF detector and are recorded as individual peaks in a separation
profile, after being separated in the heated zone. Further, the mutant molecules may be
individually collected by fractional elution at the anode end of the capillary.

2. Materials
2.1. Selection of a Target DNA Sequence

1. MacMelt®/WinMelt® software (for Macintosh and Windows, respectively), Bio-Rad
(Hercules, CA).

2.2. PCR Amplification
1. A light-driven thermocycler (Idaho Technology, Idaho Falls, ID).
2. Pfu thermostable DNA polymerase (Stratagene, La Jolla, CA).

2.3. Capillaries and Separation Matrix
1. Fused-silica capillaries: of 75 µm id and 375 µm od (Polymicro Technologies, Phoenix,

AZ). Capillaries can be prepared in large batches and used as needed to save time and
minimize the influence of batch-to-batch variability. Approximately 12 m of fused silica
capillary coiled on a bobbin for convenience is used.

2. Dry methanol, high performance liquid chromatography (HPLC) grade.
3. [3-(methacryloyloxy)propyl]trimethoxysilane (Sigma, St Louis, MO).
4. 30% acrylamide solution: filter through a 0.2-µm filter and store at 4°C.
5. Freshly prepared, 10% ammonium persulfate, electrophoresis grade.
6. N,N,N',N'-tet TEMED, electrophoresis grade.
7. Stainless steel thin needles (#7186) and pipeting needles (#7957) (Popper & Sons, New

Hyde Park, NY).
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8. 10-mL glass syringes: clean, dry, and chilled at 4°C.
9. 100-µL high pressure-lok syringes, clean and dry: (#160025WB, VICI Precision Sam-

pling, Baton Rouge, LA).
10. Teflon tubing of 1/16" od and 0.010" id (Bodman, Aston, PA).

2.4. Instrument
1. High-voltage power supply: model CZE-1000R, (Spellman, Plainview, NY).
2. Neslab Instruments model EX-111 Constant Temperature Circulator, microprocessor-

controlled with external temperature sensor (Neslab Instruments, Portsmouth, NH).
3. Stainless steel tubing, (Small Parts, Miami Lakes, FL have a wide collection of steel

tubing and will cut it to specifications). Steel tubing with the inner diameter slightly larger
than the outer diameter of the capillary is necessary. For example, 22-gauge tubing for
375-µm capillary.

4. MP100 data acquisition system, (Biopack Systems, Goleta, CA).

2.5. Electrophoresis
1. Electrophoresis buffer (1X TBE): 89 mM Tris-base, 89 mM borate, pH 8.4, 1 mM EDTA,

filter through a 0.2-µm filter.

3. Methods
3.1. Selection of a Target DNA Sequence

1. The goal of this step is to find or create a suitable CDCE target sequence, i.e., a DNA
fragment with an appropriate biphasic melting profile, which can be successfully used to
detect mutations.

2. The melting profile of any given sequence can be calculated using MacMelt/WinMelt
software (Bio-Rad), which is based on the original program developed at MIT (5). The
melting profile of a typical “good” CDCE target plotted by MacMelt is shown in Fig. 1.
The fragment consists of about 110 bp with relatively low thermal stability (the low melt-
ing domain, bp 0–110) adjacent to a stretch with a higher thermal stability (the high melt-
ing domain, bp 111–199). It is desirable that the melting profile of the low melting domain

Fig. 1. A typical melting profile of a DNA fragment suitable for CDCE separation. A fragment
of human mitochondrial genome (base pair 1 corresponds to the genomic position 10,011).
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remains flat or descends gently and monotonically outward, away from the high melting
domain. “Humps” and “pits” on the low melting domain profile should be avoided
(see Note 2).

3. If a high melting domain does not naturally occur adjacent to the target sequence of inter-
est, it can be artificially attached during PCR by the choice of appropriate primers. For
example, one primer contains an additional non-monotonous 5' GC-rich sequence region
in addition to the actual genomic annealing priming sequence at the 3' end of the primer.
The additional GC region is then incorporated into the extended PCR product to create an
artificial high melting domain (clamp). Alternatively, the clamp domain can be ligated to
the target sequence using specially designed adapters (1). The commonly used 40-bp
clamp sequence is d(CGC CCG CCG CGC CCC GCG CCC GTC CCG CCG CCC CCG
CCC G). In general, the addition of the clamp to a sequence makes its melting profile
much flatter than that of the sequence without a clamp. In fact, many sequences, which
alone do not look at all as an isomelting domain, will be turned into an isomelting domain
upon the addition of a clamp.

3.2. PCR Amplification

1. In most situations, the DNA samples for CDCE are prepared by PCR amplification,
although other approaches are required in certain important cases (1).

2. The reaction conditions for PCR amplification of the DNA fragments deserve special
attention. There are two types of PCR amplification artifact, each of which create a prob-
lem for CDCE separation and the interpretation of peaks.

3. First, PCR is known to introduce DNA polymerization (misincorporation) errors into the
amplified DNA. This becomes a problem when one tries to detect mutants occurring at low
frequencies, because the PCR-generated mutants create a background that makes it impos-
sible to detect the original low-frequency mutations encoded in the genomic template (8).

4. Secondly, PCR generates significant amounts of “modified” products, which are distinct
from the classic primer-to-primer double-stranded PCR product. Examples of these
“modified” species include fragments with additional nontemplate 3'-adenosine nucle-
otides (9) and fragments with incomplete strands. Some of these “modifications” will
alter the temperature at which the low melting domain disassociates, and thus will be
separated from the main wild-type peak during CDCE and be detected, although they do not
carry any mutations. In practice, these “modified” wild-type fragments create a background
signal in those regions of the separation profile, where mutant peaks are expected to
appear. This decreases both the sensitivity of mutant detection and the efficiency of fraction
collection.

5. It is worth noting that these “modified” species usually go unnoticed because their mobil-
ity in conventional electrophoresis is very similar to that of “normal” PCR products.
Therefore, even a PCR product that appears as a perfect single band in a conventional gel
might be unsuitable for CDCE.

6. Both of the above-mentioned PCR problems can be minimized by use of thermostable
Pfu DNA polymerase, which is known to have the lowest error rate of all the thermo-
stable DNA polymerases. In addition, we found that under PCR conditions described
below (2–4-fold higher concentration of the enzyme and a particular PCR temperature
profile), Pfu is capable of producing very low levels of the “modified” PCR products.
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3.2.1. PCR Amplification Conditions

1. PCR is performed in 10-µL sealed glass capillaries.
2. A light-driven thermocycler (Idaho Technology, Idaho Falls, ID), which is capable of

extremely high ramping rates, is used in conjunction with native Pfu thermostable DNA
polymerase (Stratagene, La Jolla, CA).

3. The PCR buffer supplied by the manufacturer includes: 20 mM Tris-HCl, pH 8.0, 10 mM
KCl, 6 mM (NH4)2SO4, 2 mM MgCl2, and 0.1% Triton X-100. The reaction mix also has
added 100 µg/mL BSA, 0.2 µM of each primer, 0.1 mM dNTPs, and 0.1 U/µL of Pfu DNA
polymerase.

4. The cycle consists of a denaturation step at 95°C, an annealing step at a temperature
determined for each primer pair according to conventional protocols, and an extension
step at 72°C, 10 s each. After the desired number of cycles, the samples are incubated at
72°C for 2 min and then at 45°C for 30 min. Under such conditions it should be possible,
by applying extra PCR cycles, to “exhaust” the primers, i.e., incorporate most of the
primer molecules into the PCR product. In our hands, these conditions result in DNA
products of about 1011copies/µL.

5. The high melting domain amplification primer is labeled with a fluorescent tag, usually
fluorescein or tetramethylrhodamine (TMR). It is important that the label is incorporated
into the product via the high melting domain primer. In our hands, labeling of the low
melting domain primer with fluorescein results in a doubling of all peaks in the separa-
tion profile. Apparently, the fluorescein residue exists in two isomeric forms which dif-
ferentially affect the melting temperature of the low melting domain and, hence, the
CDCE mobility of the fragment.

3.3. Capillaries and Separation Matrix
3.3.1. Coating of the Capillaries

1. The inner surface of the capillaries must be coated with linear polyacrylamide chains to
prevent electroosmotic flow which otherwise severely limits the efficiency of separation.

2. The coating procedure is adapted from the method of Hjertén (10). During the procedure,
the inner surface of the capillary is first activated by NaOH/HCl treatment to produce free
silanol groups. The silanol groups then serve as anchors for the attachment of a silane
bearing methacryl groups, [3-(methacryloyloxy)propyl]trimethoxysilane.

3. Further, a subsequent chain reaction of acrylamide polymerization is performed inside
the capillary. The surface-attached methacryl groups are incorporated into the growing
polyacrylamide chains along with the acrylamide monomers, so that the polyacrylamide
chains become covalently bound to the inner surface of the capillary.

4. Capillaries can be prepared in large batches to minimize the influence of batch-to-batch vari-
ability. Approximately 12 m of fused silica capillary coiled on a bobbin is filled with 1 M
NaOH and incubated for 1 h. The capillary is then washed sequentially with 1 M HCl, then
with dry methanol, then rinsed once with [3-(methacryloyloxy)propyl]trimethoxysilane and
then left to react overnight with fresh [3-(methacryloyloxy)propyl]trimethoxysilane, and
finally the capillary is washed clean with methanol.

5. Immediately following the methanol rinse, the capillary is filled with a fresh, ice-cold 6%
acrylamide solution in TBE containing 0.1% TEMED and 0.025% ammonium persulphate,
and then left to polymerize for 1 h at room temperature. The coated capillary can be
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stored in a refrigerator for at least a year; and pieces of the appropriate length (about 30 cm)
can be cut and used as needed. Further information concerning coating of capillaries is
described in ref. 11.

3.3.2. Fluidics: Syringes and Fittings
1. The replacement of the reagents during capillary coating procedures and the replacement

of the separation matrix between electrophoresis runs (see Subheading 3.3.3.) requires
relatively high pressures.

2. We use 100-µL syringes with teflon-lined plungers and blunt needles equipped with cus-
tom fittings to attach the syringes to the capillaries. The fittings are made of Teflon tubing
(Bodman, Aston, PA) with an inner bore diameter that is smaller than the outer diameter
of the capillary to be attached. For example, a 1/16 in. od, 0.01 in. id tubing is appropriate
for the commonly used 375-µm od capillary.

3. A piece of tubing (5 cm long) is heated on a weak flame until tender and the syringe
needle is quickly inserted about 2 cm deep into the bore of the tubing. Then the other end
of the tubing is heated and a spare piece of capillary is inserted into it about 1 cm deep.
After the tubing cools, the capillary piece is pulled out. The expanded bore enables the
capillaries to be inserted and attached to the syringe.

3.3.3. Separation Matrix
1. The capillaries are filled with a fluid polyacrylamide matrix, which must be replaced

before each run. It has been determined that a polyacrylamide matrix with longer chains
provided a higher resolution. The goal of the following procedure is to synthesize very
long linear polyacrylamide chains.

2. To achieve this goal, the concentration of the chain initiator, ammonium persulfate, is
kept very low, so that the number of initiated chains is small. In addition, the reaction
mixture is completely deoxygenated by bubbling argon gas to prevent oxygen molecules
from terminating the growing polyacrylamide chains. These two factors, in conjunction
with low polymerization temperature, result in the synthesis of extremely long polyacry-
lamide chains. The resulting solution, although it contains only 5% polyacrylamide, is an
extremely viscous gel-like substance.

3. The matrix is prepared as follows: A 5% acrylamide solution in TBE is placed into a flask
sealed with multiple layers of parafilm and placed on an ice-bath. The solution is deoxygen-
ated for 10 min by intense argon bubbling via a long needle inserted through the parafilm. The
flask is kept at positive argon pressure thereafter to avoid any contact of the solution with air.

4. The TEMED and ammonium persulfate are added to 0.03% and 0.003%, respectively, by
inserting pipets through parafilm.

5. The solution is thoroughly mixed and is immediately dispensed into 10-mL glass syringes
(flushed with argon) by sucking with long needles inserted through the parafilm.

6. The syringes are left overnight at 4°C to allow acrylamide to polymerase. This basic
matrix polymer can be stored in the 10-mL syringes at 4°C for at least a year.

7. The matrix is dispensed as needed from the 10-mL syringes into 100-µL U6K syringes,
which are used to replace the matrix in capillaries.

8. The recipe above describes a basic matrix containing only 1X TBE. Components such as sodium
borate can be added to improve resolution (see Note 3), or urea/formamide can be included to
decrease the optimal separation temperature (see Subheading 3.5.4.). The additives should
be added to the cocktail prior to the polymerization step.

9. If denaturants are present in the matrix polymer, it should be stored at a temperature just
above its freezing point (e.g., –15°C for 20% urea, 20% formamide). The low tempera-
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ture decreases the rate of degradation of the denaturants. The accumulation of degraded
denaturants would cause a gradual increase in the ion concentration and in the conductiv-
ity of the matrix, and therefore would raise the optimal separation temperature as ions
stabilize DNA structure (see Note 4).

3.4. Capillary Electrophoresis Instrumentation
A CDCE instrument consists of a CE apparatus, a constant temperature circuit, and

a detector, all assembled on an optical breadboard. The all-inclusive cost of parts
required for the assembly is below $25,000. A full description of the instrument is
beyond the limits of this communication. Anyone interested in using our setup is wel-
come to contact the corresponding author for detailed building instructions.

3.4.1. Capillary Electrophoresis

1. The capillary is positioned horizontally 3–4 in. above the breadboard and held by the
water jacket and the detector. The grip is loose and the capillary can be easily removed
and replaced when it is worn out (see Subheading 3.5.3.).

2. The ends of the capillary are bathed in two buffer reservoirs filled with the electrophore-
sis buffer. Each buffer reservoir (Weaton) is a short glass tube with threads for septa caps
on each end. One septum is permanently pierced with a short piece of a pipet tip, which
facilitates removal of the capillary from the reservoir to inject a sample or elute a fraction.

3. The buffer reservoir is quite an unusual vessel: something like a bottle with two caps on
the opposite ends. The ends of the capillary are bathed in two buffer reservoirs filled with
the electrophoresis buffer (about 5 mL). The reservoir should have two entrances, one for
the capillary and one for the electrode, preferably on the opposite ends. A short glass tube
with a thread for a septum cap on each end is used. One septum is pierced with a short
piece of a pipet tip. The tip is left in the septum and is used to insert/remove the capillary
into/from the reservoir to inject a sample or collect a fraction. The electrode (a piece of
platinum wire) is inserted through the other septum. Alternatively, a primitive buffer res-
ervoir can be made by piercing opposite ends of a plastic tube.

4. The reservoirs are held by horizontal three-prong clamps attached to vertical swiveling
rods. The clamp with the reservoir can be easily rotated in the horizontal plane to expose
the tip of the capillary for sample injection, or for fraction collection.

5. The other septum of each reservoir is pierced with a short piece of platinum wire, which
serves as an electrode. The platinum wire is connected to the power supply via a crocodile
connector.

6. Persons who are seriously going to build an instrument should contact Professor W. G.
Thilly for details.

3.4.2. Water Jacket
1. As described in Subheading 1., the actual separation of mutants takes place in a por-

tion of the capillary heated by a water jacket connected to a Neslab EX-111 constant
temperature circulator.

2. To make the “jacket,” cut a rectangular polystyrene foam block to the desired length
(e.g., 15 × 5 × 1 cm3 for a 15-cm jacket). Wrap silicon tubing around the longer side and
both of the two shorter sides of the block, and fix it in place with tape. Although the
commonly used white polystyrene foam is appropriate, we prefer construction-grade
blue or pink foam to be used for thermal insulation of walls for its superior mechanical
strength.



64 Khrapko et al.

3. Take a piece of steel tubing with the inner diameter slightly larger than the outer diameter
of the capillary being used. The piece of steel tubing should be about 1 cm longer than the
foam block.

4. Pierce the silicon at one bending point, push the steel tubing inside the silicon tubing
along the long side of the block until it reaches the other bending point, and force it to
pierce the silicon again. Clamp the jacket to a firm support, insert the capillary into the
steel tubing and connect the silicon tubing to a water bath.

5. To correct for possible oscillations of the ambient temperature, the external temperature
sensor of the circulator should be inserted into the water stream inside the tubing via a
T-shaped connector as close as possible to the jacket.

3.4.3. Detector
1. The capillary is illuminated by a vertical 488-nm argon-ion laser beam. Emitted light is

collected at right angles to both the beam and the capillary by a microscope objective,
split into two equal beams by a beamsplitter, and directed into two photomultiplier tubes
through appropriate sets of filters. The beam path is closed so the instrument can be oper-
ated at ambient light.

2. A combination of a 520 ± 10-nm bandpass and a 515-nm long pass filter is used for
fluorescein, and for TMR a single 580 ± 10 nm bandpass filter is employed.

3. The signals from the photomultiplier tubes are recorded by a computerized data acquisi-
tion system (e.g., MP100 from Biopack Systems, Goleta, CA).

4. It is important that the portion of the capillary illuminated by the laser is stripped of the
outer polyimide protective coating, which otherwise absorbs laser light and creates a huge
fluorescent background. The coating can be easily removed by gently cutting it off with a
razor blade to make a short (~0.5 cm long) stretch of bare fused silica. NOTE: A capil-
lary is rather brittle without the polyimide coating, and it should be handled with extreme
care to prevent breakage.

3.5. Electrophoresis
1. A typical separation of mutants is performed in 30 cm long by 75-µm id capillaries at

about 200 V/cm.
2. A typical current is on the order of 10 µA, but it depends on several variables such as the ionic

composition of the buffer, the temperature and length of the jacket, capillary diameter, and so on.
3. During electrophoresis at a constant voltage, the current generally decreases with time,

presumably because the concentrations of ions in the capillary changes. The current is
restored to the original value after replacement of the matrix.

3.5.1. Loading the Sample
1. DNA is loaded into the capillary by electroinjection. The DNA solution (as little as a few

microliters) is put into a 0.6-mL centrifuge tube.
2. Then the cathode-side tip of the capillary is removed from its buffer reservoir and is

dipped into the DNA solution together with a short platinum wire, which is used as an
electrode. The other tip of the capillary is still in its reservoir connected to the power supply.

3. The platinum wire is clamped to the tube by the cathode crocodile connector of the power
supply and a current pulse is applied to inject the DNA.

4. NOTE: To avoid an electrical shock (not dangerous, though painful), make sure that the
“ground” output of the power supply is used for injecting and the high-voltage output is
positive and connected to the other end of the capillary.



Analysis of Point Mutations by CDCE 65

5. The amount of DNA injected is proportional, to a first approximation, to the amount of
electricity in the pulse (current × time), and to the relative concentration of DNA vs other
anions present in the solution.

6. Anions compete with DNA molecules for the injection current, thus higher anion concen-
trations result in the electrokinetic injection of proportionally smaller amounts of DNA,
even if the DNA concentration is kept constant.

7. PCR reactions can be used directly for sample injection without purification: the salt
concentration in the PCR buffer allows for the injection of a convenient amount of about
108 copies for a 30 s × 1 µA pulse. A PCR reaction contains about 1011 copies/µL, which
is much more than necessary for a single injection.

8. Alternatively, the PCR reaction solution can be diluted ~10 times with water, which will
not decrease the injection efficiency since the DNA/anion ratio does not change. Since
only a small fraction of DNA in the sample is injected into the capillary (about 0.1%)
with each injection, multiple injections can be performed from such a sample. There is
only a slight decrease in loading efficiency after several samplings, which can be com-
pensated for by increasing the duration of the loading pulse.

3.5.2. Loading of Large Amounts of DNA

1. In certain cases (e.g., loading of the TMR-labeled standard mutants, see Subheading
3.6.2.), it is necessary to load much larger amounts of DNA.

2. Desalting of the DNA sample (e.g., by ethanol precipitation and redissolving into water)
results in injections of about 1010–1011 copies of a fragment, because many fewer anions
are now competing with DNA for the injection current.

3. To precipitate DNA from a PCR reaction: Add 3 vol of ethanol to the reaction and mix
well, hold the mixture at room temperature for 10 min. Centrifuge the mixture at 12,000g
for 3 min to pellet the DNA, remove the supernatant, centrifuge the tube again briefly and
carefully remove any residual supernatant, then dissolve the pellet in 1 vol of water.

4. The desalted sample can be injected in the same way as described in Subheading 3.5.1.

3.5.2.1. LOADING OF LARGE AMOUNTS OF DNA FROM TUBING

1. However, if it is important to quantitatively load the entire DNA sample into the capil-
lary, a “loading from tubing” procedure should then be used.

2. About 1 µL of the desalted sample should be pipeted into a piece of Teflon tubing (~1 cm
long) with an id exactly matching the od of the capillary. Such a “loading tubing” can be
made by forcing a spare piece of capillary into a piece of Teflon tubing softened by heat-
ing on a weak flame. The piece of capillary is then pulled out, leaving the tubing with a
bore of exactly the required id.

3. The separation capillary is then inserted into the tubing with the sample, avoiding a bubble
between the capillary and the sample. Then the capillary is pushed inside the tubing until
the sample moves all the way to the other side of the tubing, thus displacing all the air
from the bore. The capillary with the tubing is inserted into the buffer reservoir. After an
injection pulse of about 10 µA for 30 s, the tubing is removed and the electrophoretic
separation is performed as usual.

3.5.3. Stability of the Capillary
1. A capillary normally withstands about a hundred injections. However, multiple injections

of very large amounts of DNA (over 1011 copies for a 75-µm id capillary), or the pres-
ence of some impurities in DNA samples results in the premature “wearing” of the capillary.
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2. “Failure of the capillary” manifests itself as a sudden increase in electrical resistance and
(in most cases) the appearance of bubbles inside the injection end of the capillary.

3. Although sometimes the capillary recovers from a failure after matrix replacement, the
safest option is to change the capillary once it fails. If injection of a sample repeatedly
causes a decrease in the current, the injection pulse should be decreased or wide bore
capillaries should be used (3).

3.5.4. Optimization of Separation Conditions

1. This subheading describes the procedure to determine the optimal temperature for sepa-
ration of mutants occurring in the low melting domain of a given target DNA fragment
with a biphasic melting profile.

2. The effect of temperature on a typical CDCE separation is illustrated in Fig. 2. The sample
consists of four DNA species differing in one base pair. Two of the four DNA variants are
perfect duplexes which contain either GC or AT base pair at a certain position within the

Fig. 2. Effect of temperature on a typical CDCE separation. Conditions: 1X TBE, 20% urea,
20% formamide, 10-cm jacket, 250 V/cm. DNA fragment as in Fig. 1.
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low melting domain. The other two species are heteroduplexes, which contain the mis-
matches GT or AC in the same position.

3. The melting profile of the GC fragment is also shown in Fig. 1. The GC to AT change
results in destabilization of the low melting domain. However, mismatches in the duplex
cause even more significant destabilization.

4. As shown in Fig. 2, all four species migrate as a single peak at 31°C because none of the
fragments are partially melted for any significant proportion of the time during their
migration through the heated zone. Therefore, all of the fragments migrate at a speed
characteristic of double-stranded DNA.

5. However at 35°C, the two heteroduplexes containing AC and GT mismatches are par-
tially melted, such that the mobilities of the two heteroduplexes are decreased and they
separate from the two homoduplexes which remain unmelted.

6. At 36°C, all four DNA species are at a “partial melting equilibrium” (although to differ-
ent extents) and are separated nicely from each other.

7. At 38°C, the partial melting equilibrium of the two heteroduplexes is completely shifted
toward the “partially melted” form. The mobilities of the two species are therefore very
low and are barely able to be distinguished from each other.

8. Finally at 40°C, all four species are partially melted most of the time, and all have very
similar electrophoretic mobilities, corresponding to the mobility of the partially melted
form of the DNA fragment.

9. Figure 2 also illustrates a general feature of CDCE separations. As the temperature in the
heated zone of the capillary increases, the mobility of a DNA fragment undergoes a sharp
decrease that reflects a transition from the unmelted to the partially melted form. Thus,
the optimal temperatures for the separation of any set of mutants lies within this range of
“transitional temperatures,” at which the mutants are in transition from the duplex to the
partially melted form.

10. The melting temperature of the low melting domain, as provided by the MacMelt soft-
ware, gives a fair estimate of the transitional temperature, assuming that the separation
matrix only contains TBE.

11. If separation matrix also contains denaturants, the transition temperature should be cor-
rected by decreasing approx 0.63°C/1% of added urea or formamide. For example, the
theoretical transition temperature of the GC fragment shown in Fig. 2 is about 63°C. The
matrix used for separation contained 20% urea and 20% formamide, hence the optimal
separation temperature is expected to be 63 – (0.63 × 20) – (0.63 × 20) = 38°C.

12. The estimated transition temperature is a good starting point for the optimization of the
procedure, and to refine the separation conditions. In order to determine both the tem-
perature range of the transition, and the corresponding electrophoretic mobilities of the
partially melted fragments, a series of test CDCE separations are performed at several
temperatures above and below the estimated transition temperature.

13. If mutant DNAs are available, the optimal separation temperature can be determined
directly by selecting the best separation pattern among those obtained at different tempera-
tures. For example, the optimal separation temperature for the set of mutants shown in Fig. 2
appears to be between 36°C and 38°C, i.e., about 1°C below the predicted temperature.

14. If only the wild-type DNA fragments are available for initial testing, a good approxima-
tion of the “optimal separation temperature” can be made. This is the temperature at which
the mobility of the wild-type decreases by 1/4 of the difference between the mobilities of
its unmelted and partially melted forms.
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3.5.5. Quantification and Sensitivity
1. The relative amounts of DNA molecules in each peak of a separation profile can be deter-

mined by comparing the areas under the corresponding peaks.
2. If absolute numbers of molecules per peak are required, the instrument must be calibrated

by injecting a known amount of labeled DNA using the “loading tubing” approach (see
Subheading 3.5.2.1.).

3. An aliquot of a fluorescently labeled DNA sample is subjected to gel electrophoresis,
stained (e.g., by ethidium bromide) and the copy number is quantified by comparison to
conventional DNA standards (e.g., commercially available DNA size markers).

4. Another aliquot of the same sample with a known number of DNA copies is then quanti-
tatively injected into the capillary and electrophoresed under nondenaturing conditions,
so that the DNA appears as a single peak.

5. The area under the peak is measured and the conversion coefficient from the area (in V × s)
to copy number is calculated. The coefficient can be used to calculate the copy number for
any peaks given that the DNA fragments are labeled with the same dye, and that detector
parameters are unchanged.

3.6. Identification of Mutants
1. CDCE is capable of resolving complex mixtures of mutants as shown in Fig. 3. It is

therefore essential to be able to unambiguously identify each of the multiple peaks of a
separation profile.

2. Initially, the mutant molecules are individually isolated by fraction collection, PCR
amplified, and DNA sequenced.

3. As more samples are analyzed and more mutants are isolated and sequenced, it may
become clear that the same specific mutant molecules appear in different samples. Conse-
quently, more efficient modes of identification of the mutants than isolation and sequenc-
ing are acceptable. For example, identification by comigration and by hybridization with
known standards is possible.

Fig. 3. Identification of mutants in complex separation profiles. Conditions: 15-cm jacket,
1X TBE +30 mM sodium borate pH 8, at 71°C, 150 V/cm. DNA fragment as in Fig. 1.
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3.6.1. Isolation of Mutants by Fraction Collection
1. The procedure for the collection of CE fractions is a mirror image of loading a sample

(see Subheading 3.5.1.). The anode buffer reservoir is moved away from the capillary tip and
the tip is dipped into a 0.5-mL centrifuge tube containing 5 µL of 0.1X TBE, 0.1 mg/mL BSA.

2. A platinum wire is also dipped in the tube and used as a positive electrode.
3. The wire is held in place by a crocodile connector, which grips both the tube and the wire

and represents the positive output of the power supply.
4. It is preferable to invert the polarity of the power supply so that the positive output is

grounded and the negative output is under high negative potential. The separation is
resumed for a specific time interval, then the tube is changed to a new one and another
fraction is collected, and so on.

5. To determine the timing of fraction collection, the “cold migration speed” of the DNA
fragment in the unheated portions of the capillary. This can be measured by running a
sample with the water jacket turned off. The “cold speed” is the same for all fragments
irrespective of the mutations they carry. The migration speed for a 200-bp fragment for
electrophoresis at 200 V/cm should be about 1 cm/min.

6. Using the value of the “cold speed,” the timing for a series of collections can be calcu-
lated based on the time it will take the DNA to migrate from the detector to the end of the
capillary. Usually, several sequential fractions are collected, PCR amplified, and then
analyzed by CDCE. The amplified fraction with the highest enrichment of the mutant is
then selected for further CDCE fractionation, or for direct DNA sequencing.

3.6.2. Identification by Comigration
1. Mutant DNA fragments, which have been purified and sequenced, are labeled with TMR

via the PCR primer tag and mixed together to form a “standard set” of mutants.
2. The standard set is then coinjected with a fluorescein-labeled sample under study and

both samples are independently observed on a single CDCE separation by means of a
two-wavelength detector. The mutants in the fluorescein-labeled sample are then identi-
fied, based on their comigration with the previously isolated, TMR-labeled mutants (Fig. 3).

3. If a peak in the sample does not have a counterpart in the standard set (e.g., peak “y” in
the sample profile in Fig. 3), then it may be a novel mutation. It should be isolated,
sequenced and then added to the “standard set” of mutants.

4. To create a TMR-labeled mutant, the fluorescein-labeled DNA fragment is diluted at
least 1000-fold and reamplified with a TMR-labeled primer. The detector setup (see Sub-
heading 3.4.3.) is optimized for the detection of fluorescein, so the sensitivity for TMR is
relatively low, and hence more DNA has to be injected to obtain a clear signal.

5. To increase the amount of DNA injected, the standard set is desalted by ethanol precipi-
tation and injected using the “injection tubing” procedure (see Subheading 3.5.2.1.).

6. The fluorescein-labeled sample is loaded immediately after the standard set, directly
from the PCR reaction (see Subheading 3.5.1.) and both samples are subjected to a
CDCE separation. The mobility shifts induced by the two fluorescent residues attached
to the DNA are very similar, and any two differentially labeled DNA fragments carrying
the same mutation both migrate at the same speed. This allows the identification of the
mutants by direct alignment of the peaks of the two profiles.

3.6.3. Identification by Hybridization
1. Comigration of a known peak with a known standard is not an absolute proof of identity.

Two different mutants could comigrate leading to false identification. In order to provide
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a more rigorous test of peak identity, a procedure based on on-column hybridization of
sample peaks with the mutants of the standard set must be applied.

2. For example, hybridization of the sample shown in Fig. 3 revealed that peaks x and z in
the sample profile were not identical to the comigrating standard mutants k and m,
respectively.

3. The CDCE instrument used for “identification by hybridization” includes two consecu-
tive heating jackets.

4. The sample and the standards are coseparated in the first jacket as for identification by
comigration, and the resulting set of peaks is stopped inside the second jacket. The tem-
perature in the second jacket is increased initially to denature the DNA, and then the
temperature is decreased to permit reannealing of single strands. Finally, the test sample
is coelectrophoresed through the rest of the second jacket to the detector, along with an
excess of the standard mutant set.

5. Two heteroduplexes between the “sample mutant” and the “standard mutant” will form
during the hybridization stage of the electrophoresis if a “mutant peak” in the sample is
not identical to the “standard mutant” with which it comigrates. Such heteroduplexes are
always less stable than the homoduplexes from which they were derived, and they move
to a different position during the posthybridization portion of CDCE separation. This
results in the “disappearance” of the sample peak from the spectrum. This approach is as
precise as sequencing, with an additional advantage of not requiring isolation of indi-
vidual mutants prior to identification. More details on the identification of mutants by
hybridization can be found in (4).

4. Notes
1. The factors determining separation efficiency of CDCE have been studied in detail in (5).

Figure 4 shows the dramatic decrease of separation efficiency of a triplet of mutants as
the speed of separation is increased 16 times by increasing the electric field strength.
Unexpectedly, this decrease of efficiency is not a result of Joule heating of the capillary at
higher field strengths. Instead, the physical basis for such a trade-off between the speed

Fig. 4. Performing CDCE separations involves a trade-off between efficiency and speed.
Conditions: 5-cm jacket, 0.25X TBE. DNA fragment as in Fig. 1.
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and the quality of CDCE separation is in the limiting slow kinetics of the partial melting
equilibrium. In other words, the more individual melting-reannealing events the DNA frag-
ments undergo although in the heating zone, the higher is the separation efficiency. Conse-
quently, in addition to decreasing the speed of separation, the efficiency can also be improved
by increasing the rate of melting-reannealing reaction. This can be achieved in several ways,
as discussed in Notes 2–4.

2. Nonmonotonic features of the melting profile of the low melting domain (“humps” and
“pits”) indicate that partial melting/reannealing of the fragment may be unusually slow.
We believe that melting of the DNA duplex domain is normally initiated at its free end,
and then proceeds inward as the duplex gradually “unzippers.” According to this model,
a “hump” in the melting would make a potential barrier for unzippering, and a “pit” would
make a barrier for rezippering, which would inhibit one or the other process. Fragments
bearing either of these two features are expected to form very broad peaks at the transi-
tion temperature. Some peaks are so broad that in a series of test separations performed at
increasing temperatures the peak virtually “disappears” as temperature approaches the
transition temperature of the low melting domain, and then the peak “reappears” at much
higher temperatures. If such a peak is detected, the target sequence should be redesigned.

3. The DNA renaturation rate is proportional to the cube of ionic strength (12). Hence,
the separation efficiency is observed experimentally to increase with the ionic strength
of the electrophoresis buffer. We recommend adding about 30 mM sodium borate, pH 8.0
to the separation matrix and to the electrophoresis buffer if a high resolution of mutants is
essential. Addition of sodium ions also increases the thermostability of DNA and conse-
quently requires an increase of separation temperature by about 6°C.

4. A high concentration of urea/formamide increases the microviscosity of the medium, and this
would be expected to slow the rate of DNA melting-reannealing. The efficiency of separation
in the presence of denaturants significantly decreases compared with TBE only. The addition
of 20% urea and 20% formamide results in about a 2.5-fold decrease in separation efficiency.
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Point Mutation Detection
by Temperature-Programmed Capillary Electrophoresis

Cecilia Gelfi, Laura Cremoresi, Maurizio Ferrari,
and Pier Giorgio Righetti

1. Introduction
Small alterations in DNA sequence of genomic DNA lead to many human diseases,

such as cancer, diabetes, heart disease, atherosclerosis, cystic fibrosis, Alzheimer dis-
ease, Duchenne muscular dystrophy, and various thalassemias. These alterations in
DNA sequence include many types of mutations and polymorphisms, such as substitu-
tions of one or several nucleotides, deletions or insertions of some larger sequences,
differences in variable number of tandem repeats (VNTR), and the genomic instability
of microsatellite repeat (1). The diagnosis of human diseases by DNA polymor-
phism analysis has very important applications in the fields of genetic and medical
research, clinical chemistry and forensic science. Because a large portion of
sequence variations in the human genome is caused by single base changes, any
method used to detect mutations or polymorphisms must be capable of detecting
single-base substitutions.

Until recent times, slab-gel electrophoresis has been the standard method for analy-
sis of polymerase chain reaction (PCR) products for the screening of genetic diseases,
but the technique is time consuming, labor-intensive, and too unwieldy for precise
quantitation. It is particularly vexing that many manipulations are still required to
produce the final diagnostic data following the electrophoretic step, such as gel-slab
staining (and destaining in silvering techniques), photographing, and signal densitometry.
It is for these reasons that capillary zone electrophoresis (CZE) is rapidly emerging as
a unique tool for analysis of gene defects (2). CZE represents a fully automated ver-
sion of such an electrophoresis method. CZE has additional valuable features including
the on-line detection and quantitation of analytes, minute sample requirements, auto-
matic sample injection, large analyte handling capability in the case of capillary arrays
(3), and drastically reduced analysis times in the case of microfabricated chips (4),
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and/or when using isoelectric buffers (5). This chapter discusses a method our group has
developed for precise temperature-programmed CZE runs under nonisocratic condi-
tions that identify point mutations in genomic DNA. First, we will explain two
important aspects of the technique: (a) the properties of sieving liquid polymers, as
routinely adopted in CZE for all DNA separations, and (b) the basic concepts underly-
ing denaturing gradient gel electrophoresis (DGGE), which is at the heart of our
nonisocratic methodology.

1.1. Sieving Liquid Polymers

Modern CZE technologies are based solely on the use of liquid polymers that
are prepared in the absence of any crosslinker. A variety of different polymer net-
works have been described, mainly for separation of dsDNA. Such materials
include methyl cellulose (MC), hydroxyethyl cellulose (HEC), hydroxypropyl cellulose,
hydroxypropyl methyl cellulose (HPMC), poly(ethylene glycol) (PEG), poly(ethylene
oxide) (PEO), poly(vinyl alcohol), liquid or liquid/solid agarose and glucomannan, as
reviewed in (6). These polymers are typically used at concentrations in the 0.1–1.0%
range, the lower levels (0.1–0.2%) being preferred for large DNA fragments (e.g.,
5000–50,000 bp) and the higher amounts (0.7–1.0%) being adopted for resolving
shorter DNAs (e.g., 100–500 bp). However, polyacrylamide appears to be the best
matrix by far for achieving the best separation of short DNA fragments and for DNA
sequencing. In 1990, Heiger et al. (7) first proposed the use of polyacrylamide at low
and 0% crosslinking levels for these purposes. However, liquid linearpolyacrylamide
suffers from many drawbacks. First, the 6–10% polymer solution necessary to achieve
DNA sieving is extremely viscous and is pumped into capillaries only with difficulty.
Second, polyacrylamide rapidly hydrolyses to produce polyacrylate at the pH val-
ues (pH 8.2) and at the high temperatures used for detection of DNA point muta-
tions. “Hot spots” develop along the capillary length, producing air bubbles that
cut off the electric current. Moreover, the reproducibility of analyte migration can-
not be guaranteed.

Our group has proposed several remedies: viscosity can be drastically decreased by
producing “fluidized” or “short-chain” (mol wt of ca. 250,000, Mn of ca. 55,000)
polyacrylamides, by polymerizing the monomer in presence of a chain-transfer
agent (e.g., 3% 2-propanol) at high temperatures (70°C) (8). Hydrolysis-resistant
N-substituted acrylamide monomers can eliminate degradation typical of normal
acrylamide. We synthesized a series of Ω-hydroxy, N-substituted acrylamides, nota-
bly N-acryloylaminopropanol (AAP) and N-acryloylaminobutanol (AAB) (9–11).
Additionally, we proved that the performance in DNA separations was even amelio-
rated in mixtures of these monomers, such as 5% AAP spiked with 1% AAB (12).
Moreover, in a recent report (13), we have compared the performance of our novel
polyacrylamides with that of celluloses, at both room temperature and at 60°C. Con-
trary to previously held beliefs, which attributed best separations in polyacrylamides
to small DNA fragments (typically in the 50–1000-bp size range) and in celluloses to
large DNA fragments, it was shown that celluloses can also achieve fine sieving of
short DNA sizes provided they are used at much higher concentrations than previously
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reported, e.g., in the case of HEC, typically used at 0.2–0.8% concentrations, levels of
3% produce excellent patterns, at 25°C, in the 50–600-bp size range. If separations are
conducted at 60°C, sieving is lost in most liquid polymers. However, sieving is fully
restored if the concentration of HEC is raised to 6%, and that of HPMC to above 1%.
Among all the polymers investigated, an 8% sol of poly(AAP) was found to offer the
best performance and the highest theoretical plate numbers in the 25°C–60°C interval.
Such separations at high temperatures are necessary when dealing with detection of
point mutations in temperature-programmed CZE.

1.2. The DGGE Technique
Among the different methods available for revealing DNA point mutants, DGGE,

as originally described by Myers et al. (14), has become one of the most popular tech-
niques. DGGE involves the electrophoresis of dsDNAs in a polyacrylamide gel con-
taining increasing concentrations of denaturing agents such as formamide, urea or
temperature (15), and exploits the melting properties of the DNA molecule as a sepa-
ration mechanism. DNA melts in domains at a temperature (Tm) which is dependent
on the nucleotide sequence of the fragment under study. At the point along the gradi-
ent where the DNA fragment undergoes partial denaturation, its electrophoretic
mobility will be strongly retarded as a consequence of the entanglement of branched
DNA molecules with the polyacrylamide matrix. This will permit the separation of
two dsDNA molecules differing by a single nucleotide in the domain with the lowest
Tm, owing to the fact that rather than melting in a continuous zipper-like manner, most
DNA fragments melt in a stepwise process within a very narrow range of denaturing
conditions. However, DNA segments differing by base changes within the domain
with the highest Tm cannot be resolved in this way, since reaching the highest Tm
would bring about complete strand dissociation. Complete strand dissociation can be
overcome by introducing a GC-rich domain (GC-clamp) at the 5' end of one of the two
amplification primers during PCR. The DNA from an individual heterozygous for a
mutation or polymorphism will show four bands on DGGE. The two faster migrating
bands are the homoduplexes, corresponding to the wild-type (Wt/Wt) and the mutant
(M/M) alleles. The two additional bands that migrate at a slower rate in the gel consist
of the two heteroduplexes (Wt/M) formed by reassorting of strands during PCR. As
they are electrophoresed down the length of a gel containing a denaturing gradient,
they melt differentially, so as to be resolved into the typical four-zone pattern (see
Notes 1 and 2). It should be noted that the two heteroduplexes, due to the mismatch
reverberating along a more extended domain in the double helix, are the first ones to
melt (14). The melting behavior can be predicted by using the computer algorithm
developed by Lerman and Silverstein (15). Figure 1 gives an example of the melting
profile of a point mutation in exon IIIB of the globin gene that causes thalassemia. The
lower melting region has a very flat profile (which is very advantageous from an
analytical point of view, since it means a very sharp melting point and thus the genera-
tion of a narrow electrophoretic zone) with a Tm value of 73.3°C. The high melting
region (i.e., the first 44-base region) is the G-C clamp extremity, which impedes total
dissociation into single-stranded filaments (which would result in a complete loss of
resolution).
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Fig. 1. Method for generating a temperature gradient in a capillary. (A) Input parameters
for a specific run, divided into capillary parameters (length, diameter and Biot number) and
buffer parameters (conductivity and thermal coefficient). (B) Graphs for predicting current
and temperature inside the capillary lumen corresponding to given voltage ramps. The upper
graph links a particular voltage profile to the corresponding current generated in the capil-
lary, having the parameters shown in the upper panel. The lower graph links a voltage ramp
to a precise temperature generated in the capillary lumen. The thin lines above and below the
central, thicker line represent the standard deviation. The windows to the left exemplify a
single point prediction along the curve to the right: given an outside thermostat temperature
of 56°C, at a voltage of 4 kV and at a current of 19.34 µA, the temperature inside the capillary
lumen will be 56.69°C.
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2. Materials
2.1. Polymerase Chain Reaction

1. DNA: 1 µg of human genomic DNA.
2. 2 U of DyNAzyme II DNA Polymerase (Finnzymes, OY).
3. 30 pmol/µL of each GC-clamped primer (Boehringer-Mannheim).
4. 200 µM of each of 4 dNTPs (Pharmacia).
5. PCR is performed in a final volume of 100 µL. The PCR buffer mixture contains 10 mM

Tris-HCl (pH 8.8 at 25°C), 1.5 mM MgCl2, 150 mM KCl, 0.1% Triton X-100, 200 µM
each dNTP, 30 pmol of each primer, 1 µg of genomic DNA template and 2 U of
DyNAzyme II DNA polymerase.

6. Thermal cycler (Omnigene, Hybaid).

2.2. Agarose Gel Electrophoresis
1. Agarose: 2 g/100 mL.
2. 50X TAE buffer: 242 g Tris-base, 57.1-mL glacial acetic acid, 37.2 g Na2EDTA 2H2O,

H2O to 1 L). Working solution is: 1X.
3. 10 mg/mL ethidium bromide. Working concentration: 0.5 µg/mL.
4. Loading buffer: 70% 1X TAE, 30% glycerol, 0.1% bromophenol blue, 0.1% xylene cyanol.
5. DNA molecular size standard (Boehringer-Mannheim).

2.3. Purification of PCR Products
1. Centricon 30 spin-filters (Amersham).

2.4. Capillary Zone Electrophoresis
1. Capillary: 100 µm id, 375 µm od, 50–60 cm long (Polymicro Technologies) (see Note 3).
2. TGCE buffer: 8.9 mM Tris-base, 8.9 mM borate, pH 8.3, 1 mM EDTA, 10 mM NaCl, 6 M

urea (see Notes 4 and 5). After preparation, the buffer is passed through a 0.22-µm filter
membrane (Millipore).

3. Acryloylaminopropanol (Bio-Rad): 8 g/100 mL is dissolved in filtered thermal gradient
capillary electrophoresis (TGCE) buffer.

4. HEC: 27,000 Mr (6 g/100 mL) (Polysciences) is dissolved in filtered TGCE buffer.

2.5. Computer Software
1. Dedicated computer programs are necessary to set up the thermal programmed capillary

electrophoresis (TPCE) method. The Melt-87 program of Lerman and Silverstein (15)
(Bio-Rad Laboratories) is used for calculating the melting profiles of DNAs on the basis
of their base composition (and sequence).

2. The program of Bello et al. (16) (Bio-Rad Laboratories) is used for calculating buffer
electric conductivity (λ), thermal coefficient of conductivity (α), and temperature incre-
ments in the capillary lumen is also necessary.

3. Whereas the first program can be run on any personal computer, the other program is
adapted to the CZE instrumentation available from Bio-Rad (Bio Focus 2000 or 3000
instruments), thus it might not perform well if used on other CZE equipment.

3. Methods
3.1. DNA Extraction

1. Genomic DNA is extracted from nucleated blood cells by proteinase K digestion and
phenol-chloroform extraction according to standard procedures.
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3.1.1. DNA Samples
1. DNA specimens are obtained from cystic fibrosis (CF) patients. All patients are heterozy-

gous for one of the following mutations in the CFTR gene:
2. The S1251N (G → A transition at position 3884 in exon 20) (17),
3. The 1717-1G → A (18),
4. The G542X (G → T at 1756) (19),
5. The 1784delG in exon 11 (20),
6. The polymorphism in exon 14a, T854T (C2694 T/G) (21).
7. These samples are analyzed in parallel with normal controls. The DGGE conditions,

including the GC-clamped primer sequences, the denaturant gradient, the time and the
voltage of the electrophoretic separation are as described (22).

8. For increased resolution, heteroduplexes are generated at the end of the PCR reaction.

3.1.2. Melting Profile Determination
1. This is performed using the Melt 87 program. It is essential that the specific primer pair

chosen is designed to produce a homogeneous melting domain for the entire region of the
fragment that is to be analyzed. The position of a GC clamp at the 5'-end or at the 3'-end of
the molecule is related to the melting profile, and depending in which zone the high (tem-
perature) melting sequence its presence improves the homogeneity of the melting domain.

2. In order to provide information on the reliability of the system, we suggest that practitio-
ners simulate the melting profiles generated by known or even unknown mutations,
through the use of the computer programs.

3. The simulated mutations should be located at different positions within the target frag-
ment, and should be compared to the melting profiles obtained in presence and in absence
of the base change. This also allows evaluation of the difference in melting behavior
introduced by the sequence alteration, and allows easy prediction of the temperature gra-
dient required for differentiation of the mutations.

4. Note that in general, conservative transversions (G ↔C and A ↔T) do not significantly
affect the melting profile of the mutated fragment with respect to the wild-type sequence,
since they do not alter the overall base composition of the DNA fragment. In fact, these
are the most difficult sequence alterations to identify, and very often their detection is
based solely on the presence of the different heteroduplex species.

3.1.3. Polymerase Chain Reaction
1. 1 µg of genomic DNA is amplified in a final volume of 100 µL containing 10 mM Tris-HCl

(pH 8.8 at 25°C), 1.5 mM MgCl2, 150 mM KCl, 0.1% Triton X-100, 200 µM each dNTP,
2 U of DyNAzyme II DNA polymerase and 30 pmol of each primer.

2. The standard amplification protocol consists of an initial denaturation step of 94°C for
5 min, followed by 30 rounds of thermal cycling (94°C for 1 min, 55°C for 1 min and
72°C for 1 min), and a final incubation at 72°C for 10 min. For increased resolution,
heteroduplexes are generated at the end of each PCR session by heating PCR products for
5 min at 94°C and then allowing the DNA to slowly reanneal by maintaining the tempera-
ture at 56°C for 1 h.

3.1.4. Agarose Gel Electrophoresis of PCR Products
1. In order to check amplification, 10 µL of the PCR product are loaded onto a 2% agarose

gel containing ethidium bromide. The gels are run at 50 V for 45 min in TAE buffer and
are photographed by ultraviolet (UV) transillumination.
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3.1.5. PCR Sample Purification
1. The PCR products are desalted and concentrated by ultrafiltration by centrifugation for

15 min at 3000g through an anisotropic Centricon 30 membrane. A volume of 5–10 µL is
recovered.

3.2. Capillary Zone Electrophoresis
3.2.1 Capillary Coating

1. The capillaries are precoated by a Silane coating procedure. Reagents are prepared in 1-mL
disposable vials provided with Swagelok tee which is held in place with the aid of copi-
ous amounts of Teflon tape. The side of the tee is connected with Teflon tubing to a
nitrogen cylinder and the top is connected to a 1/16 in. adapter, which is linked to the
capillary (see Note 6).

2. All the reagents are flushed through the capillary under nitrogen pressure at 20 psi. A 4–5 m
length capillary is first flushed with 0.1 M NaOH for 30 min and then with water for
another 30 min.

3. A 4% solution of γ-methacryloxypropyltrimethoxysilane in a 1:1 mixture of glacial acetic
acid and water is prepared, and the capillary is flushed with this solution for 20 min. The
reaction is allowed to proceed for 1 h. The capillary is then flushed with water for 10 min.

4. One mL of 3%T solution of AAP monomer is carefully degassed and 4 µL of freshly
prepared 10% ammonium persulphate and 1 µL of TEMED are added. The capillary is
filled with this solution by flushing for 2–3 min and allowed to react for 3 h. Water is
flushed through the capillary to replace the polymer and the coated capillary is washed
for 10 min with distilled water and then for 10 min with running buffer. Alternatively, an
AAP coated capillary is commercially available from Bio-Rad Laboratories.

3.2.2. Electroosmotic Flow (EOF) Check
1. In order to evaluate the coating of the capillary, EOF is measured by monitoring the

elution time of 20 mM acrylamide by absorbance at 214 nm. The sample is run with 20 mM
Tris-acetate, pH 8.0 running buffer, and an applied electric field of 400 V/cm. The for-
mula used for EOF evaluation is (L × Lw)/(V × T), in which: L = total capillary length,
Lw= length to the window, V = total voltage, T = elution time of acrylamide peak. A
successful coating has an EOF of at least 1 × 10–6 cm2 V–1s–1.

3.2.3. Preparation of Liquid Sieving Polymer
1. The AAP sieving liquid polymer is prepared by diluting to 8% final concentration a 50%

stock solution of AAP monomer in TGCE buffer, then the solution is carefully degassed
for 15 min.

2. TEMED (2 µL/mL) and 10% freshly prepared ammonium persulphate (4 µL/mL)
are added.

3. The capillary is filled with this solution by flushing for 2–3 min, and is allowed to poly-
merize for 1 h at 25°C.

4. The conductivity of the polymer is then tested by applying a field of 100 V/cm. This check
is made for the absence of air bubbles that can be generated during the polymerization step.

5. For those who prefer not to work with acrylamide, it is possible to replace polyacrylamides
with celluloses, especially HEC. We prefer short-chain HEC, such as the 27,000 Dalton.
Considering the high temperatures used in TGCE, 6% HEC should be used to achieve
proper sieving. This solution is very viscous however, and to facilitate capillary filling
the solution should be heated at 60°C so as to lower its viscosity prior to injection.
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6. The cellulose is dissolved in TGCE filtered buffer and is then carefully sonicated to elimi-
nate all the air bubbles formed during the dissolving step prior to use in electrophoresis.

3.3. Temperature-Programmed Capillary Electrophoresis
1. How is a temperature gradient generated inside a capillary and how is it optimized for

detection of DNA point mutations? We took advantage of a computer program (16)
developed in CZE for predicting the inner capillary temperature as a function of a number
of experimentally measured parameters.

2. The success of such a technique is dependent on the following critical parameters: the
stability of the viscous sieving polymer, the capillary length, the choice of buffers with
the correct conductivity, and the choice of thermal gradients with the right slope. We will
briefly review here the thermal theory underlying the present methodology. The tempera-
ture increments (∆T) produced inside the capillary by given voltage gradients (E, in V/cm)
can be calculated according to:

∆T = λo E2 d2/4χ (1)

where λo is the buffer specific electric conductivity at a reference temperature
(25°C), d is the capillary diameter and χ the thermal conductivity of the buffer
solution. All thermal theories assume the buffer conductivity to be linearly
dependent on temperature, where:

λ = λo[1 + α(T – To)] (2)

2. Here α is the temperature coefficient of conductivity, and T is the temperature inside the
capillary (16). It is seen from Eq. 1, that within a given experiment the most direct way
for generating a temperature gradient is via voltage ramps, as all other parameters, once
chosen, remain constant. Thus, the experimental parameters needed for predicting the
temperature increments linked to voltage ramps are the following: the capillary diameter,
its total length, the electric current values (µA) linked to a given applied voltage, the
buffer electric conductivity (λo, in mS/cm), and its thermal coefficient of conductivity
(α, in 1/°K).

3.3.1. Determination of Buffer Electric Conductivity (λ°)
1. The capillary is filled with the buffer containing 8% AAP, 8,9 mM TBE, 10 mM NaCl,

6 M urea and allowed to polymerize for 1 h as described in Subheading 3.2.3.
2. After polymerization, the external temperature is fixed at 45°C and the voltage is

increased from 4 to 20 kV to allow the electric conductivity of the buffer to be deter-
mined. At least 10 conductivity values are required for use in the thermal program for λ°
calculation. The same concept is applied to a buffer containing HEC or other sieving
liquid polymers.

3.3.2. Determination of the Thermal Coefficient of Conductivity (α)
1. Five mL of AAP dissolved in TGCE buffer is polymerized in a glass tube and equilibrated

at 20°C. A conductimeter electrode is then coupled with a thermocouple and is introduced
into the glass tube and the temperature is increased in increments of 5°C until 60°C.

2. The conductivity data are collected and inserted into the CZE.exe (Bio-Rad) for the α
calculation. One needs to calculate those parameters every time the buffer composition is
changed.

3. Total Capillary Length: Typically 60 cm, with an id of 100 µm is recommended.
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3.3.3. Generation of Thermal Gradients
1. Given the input parameters calculated above, the dedicated software allows precise deter-

mination of the capillary inner temperature (see Fig. 1, upper panel) (16). Graphs can
then be easily constructed linking first voltage ramps with electric current (in µA) and
then voltage ramps with temperature gradients (see Fig. 1, lower panel).

2. First of all, it is essential to determine the precise melting temperature of the fragment to
be analyzed using the Lerman program (15) as shown in Fig. 3. The melting temperature
represents the middle point of the gradient, which will span half degree over and half

Fig. 2. Electropherograms of a PCR-amplified sample from a CF patient exhibiting two
polymorphisms in exon 14a (V868V, T854T/other) on the same chromosome. The CZE was
run in a Water’s Quanta 4000E unit equipped with a 60 cm long, 100 µM id capillary, coated
with a covalent layer of 6% poly(AAP) and filled with an 8.9 mM TBE buffer, pH 8.3, 1 mM
EDTA, 10 mM NaCl in 6 M urea and 8% poly(AAP) as a liquid sieving polymer matrix. Lower
tracing: a constant temperature run at 45°C, and 6 kV. Upper electropherogram: temperature
gradient run, from 45 to 49°C, with increments of 0.2°C/min, obtained with a voltage ramp (6-kV
start, 22-kV end settings). Note that in the upper tracing, the expected four-peak pattern is
obtained, whereas in the lower tracing the single peak is an envelope of the four bands. The
early eluting peaks represent unpurified primers and GC-clamp fragments. Detection is by UV
absorbance at 254 nm. Reprinted from ref. 23.
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degree under the melting temperature. Then the temperature gradient is obtained by
increasing the voltage step by step to give an increment of 0.1°C in the temperature with
each step; this is usually achieved by a total voltage increment of 100 V (see Note 4).

3. The typical experimental parameters adopted for most runs are: 100 µm id, 375 µm od,
50-cm long capillaries, coated with a hydrolytically stable poly(AAP) (10) and filled with
a 8.9 mM Tris-base, 8.9 mM borate, 1 mM EDTA, 10 mM NaCl, 6 M urea buffer, pH 8.3,
containing 6% poly(AAP) as sieving liquid polymer, polymerized in situ at 25°C. The
experimentally measured physico-chemical parameters of this buffer are: α = 0.019 ±
0.00035°K–1 and λo = 0.985 ± 0.0035 S/cm.

4. A number of rules should be followed for TGCE: (a) The DNA sample should be injected
in the capillary using conditions that are maintained (by combined chemical and thermal
means) just below the expected Tm value, (b) in general, the temperature ramp should be
rather narrow (~1–1.5°C), and (c) the sweep slope should be very gentle, typically 0.05°C/min.

5. A combination of the constant denaturant concentration (6 M urea), the low ionic strength
of the buffer (8.9 mM TBE), and the correct outside temperature platform at which the
capillary is equilibrated, combine to produce a denaturant (chemical and thermal) pla-
teau. This combination of conditions serves to bring the DNA fragments very close (and
just below) their respective Tm values at the start of the run (see Note 5).

6. As soon as the voltage ramp is generated by the programmed temperature increments, it
produces a sudden decrement in the mobility of the duplexes which start unwinding, thus

Fig. 3. Melting profile of fragment IIIB (200 bp) carrying a C → T mutation (as indicated
by the black dot) in codon 39 of the β-globin gene. The melting profile is calculated with the
Lerman and Silverstein program (15). Note the sharp Tm value of 73.3 and the very flat profile
of the low-melting region. The high melting region to the left of the diagram represents the GC
clamp domain.
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allowing optimal resolution of the DNA analyte into the characteristic four-band pattern
of homoduplexes and heteroduplexes along the migration path. Contrary to what is rou-
tinely performed in gel-slab operations (where ∆T’s along the migration path as high as
15°C are typical), optimum separation is achieved in all cases within a very narrow tem-
perature range (1–1.5°C). The most frequently employed gradients of denaturants used in
DGGE have also been reproduced in the TGCE mode for the different classes of DNA
sequence: 10–60% denaturant for low-melters; 20–70% denaturant for intermediate low-
melters; 30–80% denaturant for intermediate high-melters, and 40–90% denaturant for
high-melters. The technique was successfully applied to point mutation detection in CF
(23,24,26) and in thalassemia (25).

3.6. Separation of Low-Melters to High-Melters by Nonisocratic CZE
1. Figure 2 shows the electropherograms of a PCR-amplified sample of the CFTR gene of a

CF patient exhibiting two polymorphisms (V868V, T854T/other) in exon 14a (V868V;
T854T) (21). The constant-temperature run (lower profile) gives a single peak, represent-
ing an envelope of four duplexes. The four duplexes are fully resolved in the temperature-
gradient run shown in the upper tracing. Note that in this case, the M/M has the highest
melting point, thus it is the first eluting peak because it is the last one to unwind along the
electrophoretic track. This is a typical example of resolution of a low melter, since the
upper run occurs in a temperature interval from 45° to 49°C. It should be noted, however,
that the real Tm is considerably higher because the presence of 6 M urea weakens the
hydrogen bonds of the double helix and thus the apparent Tm is lowered by as much as
12°C (2°C/U of urea molarity). This is one of the earliest experimental runs we made, and
it was performed in a naive way. As we later learned, it is not wise to perform a separation
in such a wide temperature interval, since quite often point mutants have rather minute
∆Tm, thus they can only be separated in quite shallow T gradients.

2. Figure 4 shows how important it is to optimize a TGCE run for developing the correct
four-peak pattern. Here an intermediate- to high-melter in the CFTR gene (an S1251N
mutation in exon 20) is being examined (17). Panel A shows a control run in the absence
of a temperature gradient, but at a T value (57°C) very close to the Tm: only one broad
peak is obtained, surely indicative of sample heterogeneity, but of no diagnostic value. If
a too broad T interval is adopted (e.g., panel B, 57° to 60°C) with a sweep rate which is
too steep (0.25°C/min), although embracing the Tm value the two homoduplexes are
poorly resolved. In contrast, the two heteroduplexes are clearly visible in the 68–70 min
time window. Panel C shows that when the same temperature interval (57°–60°C) is used,
but with a gentle slope (0.125°C/min), the two homoduplexes are well resolved, and now
the two heteroduplexes fuse into a single peak eluting at 67 min. If the temperature inter-
val is in the wrong range (panel D, 57–58°C interval, centered on the low side of the Tm)
partial resolution of the two homoduplexes and good resolution of the two heterodu-
plexes is achieved. When the T gradient has the inflection point just right on the Tm value
(panel E), optimum resolution of the four peaks is engendered.

3. Figure 5 shows the analysis of a set of intermediate low-melting fragments, amplified
from CF patients heterozygous for different mutations in exon 11 of the CFTR gene:
1717-1G → A (panel A); G542X (G → T at 1756; panel C) and 1784delG (panel D) with
their respective normal control (panel E). All samples of the mutated gene heteroduplexes
exhibit the characteristic four-peak profile, compared to a single band in the control. As
shown in the temperature profile of panel B, these mutated genes are intermediate-low-
melters, with Tm’s in the 56.5–57.8°C range (20).
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4. Notes
1. Among the different mutation screening methods, DGGE has not yet gained wide appli-

cation despite satisfying most of criteria for an optimal technique. DGGE is accurate,
inexpensive, easy to perform, and does not require the use of radioactively labeled mate-

Fig. 4. Results of CZE runs under suboptimal conditions, as applied to the analysis of the S1251N
mutation in exon 20 of the CFTR gene. Sample injection: electrokinetic, 3 s at 4 kV. The standard
run (58–59°C temperature gradient, 3–4 kV voltage ramp, 0.05°C/min sweep rate) is shown in
panel E. (A) Injection at a constant plateau of 57°C and run in the absence of a temperature gradient.
(B,C) 57–60°C gradient, with a sweep rate of 0.25°C/min (B) or 0.125°C/min (C), over a 3–7 kV
voltage ramp. (D) Same as (E), but in the 57–58°C interval. Reprinted from ref. 24.
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rial. The unpopularity is mostly because of the need that the denaturant slope and running
times must first be optimized for each of the different DNA fragments to be examined.
This requires more time than for other scanning techniques. Actually, although the primer
location, the electrophoresis run times, and the denaturant slopes can be predicted for

Fig. 5. CZE analysis of 3 mutants in exon 11 of the CFTR gene: 1717-1G → A (A); G542X
(C) and 1784delG (D); the normal control (NC) is in panel E. All other conditions as in Fig. 4,
except that the starting temperature plateau was 56.5°C. (B) Plot of the temperature profile
over the applied voltage ramp. Reprinted from ref. 24.
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every DNA fragment by computer modeling using algorithms developed by Lerman,
optimal conditions still need to be empirically determined.

2. Because the migration time needed to resolve the homoduplexes often greatly exceeds
the time required for separating the heteroduplexes, the latter often produce less sharp or
even blurred bands that are scarcely distinguishable from the background fluorescence
after ethidium bromide staining. The difficulty in detecting the heteroduplex peaks is
particularly crucial in permitting the detection of mutations involving conservative nucle-
otide transversions. In conservative transversion mutations, the homoduplex species often
comigrate leading to false negative results. In order to solve this problem, we developed
a modified version of conventional DGGE by introducing a second gradient of porosity
over the denaturing one (double gradient DGGE or DG-DGGE) (26). In this system, the
additional porosity gradient is able to suppress band broadening even during prolonged
time runs, while maintaining the zone-sharpening effect. We also demonstrated the
enhanced power of DG-DGGE as compared to conventional DGGE in even resolving
homoduplexes, which appear as a unique band in DGGE, and in the detection of hetero-
duplexes that are almost indistinguishable over the ethidium bromide background. Both
conventional DGGE and DG-DGGE are time-consuming (running times range from a
minimum of 4 h at high voltage to 15–17 h at low voltage) and scarcely automatable.
Moreover, a minimal gel-to-gel variability can also affect resolution, and is due to the
fact that gels are manually cast. The purity of reagents and quality of primers are crucial
for reproducibility of the DGGE technique and can seriously affect the routine applica-
tion of the method.

3. Temperature programmed CE allows fast automated molecular scanning of large num-
bers of samples. We recommend the use of large bore capillaries, which facilitate the
creation of temperature gradients in the capillary lumen, while also permitting a higher
detection sensitivity at 254 nm using the intrinsic DNA UV absorbance.

4. The addition of NaCl salt is also recommended to increase the buffer conductivity and
allow the creation of a temperature increment.

5. Urea is added so as to lower the melting point of the DNA fragments (6 M urea results in
a decrement of ca. 12°C).

6. The inner capillary coating is necessary for reproducible runs since it eliminates the
electroendoosmotic flux. Proper coating procedures require good skills in organic chem-
istry and are quite complex and laborious. We recommend the purchase of commercially
available coated capillaries.
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Single-Nucleotide Primer Extension Assay
by Capillary Electrophoresis Laser-Induced Fluorescence

Christine A. Piggee and Barry L. Karger

1. Introduction
1.1. Capillary Electrophoresis with Laser-Induced Fluorescence

One of the most sensitive methods of detection for capillary electrophoresis (CE) is
laser-induced fluorescence (LIF). The reader is referred to a recent review (1) for a
more detailed description of the technique, but in brief, laser irradiation is used to
excite the fluorescent molecule, and the emission is detected at a distinct wavelength.
Since most molecules do not exude native fluorescence, analytes can be derivatized
with one of several commercially available fluorescent dyes either before, after or
during the separation step. This leads to the major advantage of LIF, the low back-
ground and subsequent sensitivity, which affords a factor of 1000 or more improve-
ment in detection limit compared to UV absorbance. One of the most popular
applications of CE-LIF is the analysis of DNA either by specifically labeling one
or more nucleotides with a fluorescent tag (e.g., on the primer or the dideoxy-
terminator) or nonspecifically detecting DNA through intercalation or similar
binding of dyes (2).

1.2. Single Nucleotide Primer Extension (SNuPE)
With recent progress in sequencing the human genome, the important link between

genetic polymorphism and disease has been conclusively demonstrated. The most com-
mon variation found in the human genome is the single nucleotide polymorphism or
point mutation. Currently, a considerable effort is underway to identify these muta-
tions for use in further genetic studies (3).

A facile way to detect known point mutations is by means of SNuPE. Figure 1
demonstrates the principle of this assay. A primer is chosen that will anneal immedi-
ately 5' to the position of putative mutation on the template, and then the complemen-
tary labeled base is incorporated by the polymerase to extend the primer (n nucleotides)
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by a single nucleotide (n+1 nucleotides). When the complementary base is not avail-
able, no extension occurs. Either regular deoxynucleotides (dNTPs) or dideoxynucleotide
“terminators” (ddNTPs) can be employed for this primer extension. One advantage of
using ddNTPs is that the primer can only be extended by a single nucleotide because
the terminator is lacking the hydroxy group necessary to form the phosphodiester bond
with the next molecule. If dNTPs were used for the extension when there are two or
more of the same nucleotides in a row at the mutation site on the template (e.g., GG),
then the possible extension products of a primer n nucleotides long would be both
n+1 and n+2.

When the detection primer is labeled with biotin and immobilized on solid beads or
in wells coated with avidin, this method is known as minisequencing, whereas when
the extension reaction is performed in solution without immobilization, it is known as
SNuPE. A comprehensive review of these techniques has recently been published (4).

2. Materials
2.1. SNuPE Reaction

1. DNA template with and without known point mutation (see Note 1).
2. Primer for the SNuPE reaction which anneals next to mutation site (see Note 2).
3. Thermostable polymerase (see Note 3).
4. Dye-labeled terminators (dRhodamine Kit; Perkin-Elmer/ABI, Foster City, CA).
5. Thermocycler.

Fig. 1. The principle of SNuPE. The complementary primer anneals immediately upstream
of the mutation site. Addition of the labeled dideoxy terminator complementary to the base at
the mutation site will result in extension of the primer by one nucleotide to yield a fluorescent
product that can be detected. Reprinted from J. Chromatogr. 781,  Piggee, C. A., Muth, J.,
Carrilho, E., and Karger, B. L. Capillary electrophoresis for the detection of known point mu-
tations by single-nucleotide primer extension and laser-induced fluorescence detection. Copy-
right (1997), pp. 367–375, with permission from Elsevier Science.
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6. Microcentrifuge desalting spin columns (e.g., CentriSpin 10, Princeton Separations,
Adelphia, NJ).

7. Microcentrifuge.

2.2. Capillary Electrophoresis
1. CE-LIF instrument with either 514- or 488-nm laser excitation (see Note 4).
2. Neutral, hydrophilic coated capillary (see Note 5) with separation length, l = 15–20 cm.
3. Separation buffer: 50 mM Tris-base, 50 mM TAPS, 2 mM EDTA and 3.5 M urea.
4. A 10% (w/v) solution of 360,000 mol wt polyvinylpyrrolidone (PVP) dissolved in

separation buffer.

3. Methods
3.1. Single Dideoxyterminator Extension

1. For the SNuPE reaction, combine 10–100 ng of ds template, 10 pmol of primer, 1 µL of
the appropriate labeled dideoxyterminator, and 2–8 U of AmpliTaq FS or other thermo-
stable DNA polymerase in a 0.2-mL thin-wall PCR tube.

2. Insert the tube into the thermocycler and run a touchdown type temperature cycling pro-
gram. The following program is a good place to start:
a. 94°C for 1 min;
b. 92°C for 30 s;
c. 70°C for 40 s, with a decrease in temperature of –0.5°C/cycle for each subsequent cycle;
d. cycle to step (2) 19×;
e. 92°C for 30 s;
f. 60°C for 40 s with an increase in temperature of +1 s/cycle for each subsequent cycle;
g. cycle to step (5) 19×.

3. Because salts and other high electrophoretic mobility contaminants in the reaction (i.e.,
free dideoxyterminator dyes) interfere with electrokinetic injection in CE, the reaction
must be desalted by using a microcentrifuge spin column (such as CentriSpin-10) as
directed by the manufacturer. Figure 2 illustrates the importance of reaction cleanup and
the significant improvement in signal compared to the untreated reaction.

3.2. DNA Separation

1. The coated capillary column (100 or 75 µm id) should be installed in the instrument with
a 15–20 cm length from injection to detection. Fill the capillary with the 10% PVP solution
(see Note 6) and use plain separation buffer (TRIS/TAPS) in both electrode reservoirs.

2. Set the running voltage to 300 V/cm. Inject the desalted sample electrokinetically for 5 s
at the running voltage.

3. Detection should be at 580 nm for a single detection wavelength instrument or 500–700 nm
for the custom-built photodiode array instrument.

3.3. Multiplexing
1. In the SNuPE reaction, it is possible to detect more than one point mutation in a single

reaction. Two or more primers of different lengths and similar annealing temperatures are
chosen which anneal at different regions along the template.

2. An example of multiplexed SNuPE is shown in Fig. 3, where three primers (15, 20, and
25 nt long), are simultaneously extended along different regions of the template (5). The
additional primers are useful not only as internal standards but also as sizing standards.
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4. Notes
1. It is preferable to use templates with a few hundred bases as opposed to the entire DNA

under investigation. Smaller templates can be amplified from the entire DNA by PCR,
followed by treatment with shrimp alkaline phosphatase and exonuclease I to digest the
primer and deactivate the unreacted nucleotides, and finally, clean-up with microcentrifuge
spin columns to remove the enzymes (e.g., Ultrafree-MC Probind, Millipore) and salts
(CentriSpin 10).

Fig. 2. Desalting of LHON SNuPE Reactions. Three separate SNuPE reactions using the
same dye terminator (ddA) are used to detect the human mitochondrial mutations at the
positions 3460, 11,778, and 14,459, which are associated with Leber’s Hereditary Optic Neur-
opathy (LHON). 100-µm id neutral coated capillary, 1 = 15 cm, L = 25 cm, 10% PVP (mol wt
1 × 106) in 50 mM Tris/TAPS buffer, 300 V/cm, 514-nm excitation, and 560-nm emission. A 5-s
electrokinetic injection of: (A–C), LHON SNuPE reactions of the 3460, 11,778, and 14,459
mutations before purification; (D–F), the same SNuPE fragments after purification by desalt-
ing. Reprinted from J. Chromatogr. 781, Piggee, C. A., Muth, J., Carrilho, E., and Karger, B. L.
Capillary electrophoresis for the detection of known point mutations by single-nucleotide
primer extension and laser-induced fluorescence detection. Copyright (1997), pp. 367–375,
with permission from Elsevier Science.
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2. Primer design is crucial in these reactions to have a favorable annealing temperature.
There are computer programs (such as “Oligo”) available to calculate the reaction condi-
tions for a designated primer, or the GC/AT method can be used to approximate anneal-
ing temperature. We generally use primers around 20 bases long. In addition, the use of a
“touchdown” type thermocycling program improves the likelihood of eventually reach-
ing the correct annealing temperature without having to run many different reactions,
each having a single annealing temperature.

Fig. 3. Multiplexing with LHON SNuPE reactions. 100-µm id capillary, l = 15 cm, L = 25 cm,
10% PVP (mol wt 1 × 106) in 50 mM Tris/TAPS 2 mM EDTA 3.5 M urea buffer, at 300 V/cm
(7.5 kV), 514-nm excitation, and 560-nm emission. A 5-s electrokinetic injection of the 3460,
11,778, and 14,459 SNuPE reactions containing additional longer and shorter primers. Eight
out of the nine primers could be successfully detected. The primer with the lowest calculated
annealing temperature would not extend even at very low (nonspecific) annealing tempera-
tures. Equal amounts of all three primers were added to each reaction, so the affects of sequence-
dependent extension can be seen in the differing amounts of extension product obtained.
Reprinted from J. Chromatogr. 781, Piggee, C. A., Muth, J., Carrilho, E., and Karger, B. L.
Capillary electrophoresis for the detection of known point mutations by single-nucleotide
primer extension and laser-induced fluorescence detection, Copyright (1997), pp. 367–375,
with permission from Elsevier Science.
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3. Some polymerases have been shown to be more efficient at incorporating dideoxy-
terminators than others. Although extension efficiency can only be measured when there
is a way to detect both the unextended and extended primer (e.g., mass spectrometry), it
has been shown that ThermoSequenase more completely extended the primers (6).

4. CE-LIF can be performed on laboratory-built instruments such as those described in ref-
erences (5) and (7) or on the automated Beckman P/ACE® CE-LIF instrument.

5. The best CE performance is obtained during separations of DNA when the capillary has a
neutral hydrophilic layer. Such coated capillaries can be purchased from companies such
as Hewlett Packard and Beckman Coulter.

6. Replacement of the PVP before each run must be from the detector end to avoid bubbles
that cause current disruption. Also, preconditioning of the matrix by applying the running
voltage for a few minutes before injecting is sometimes helpful.

7. Electrokinetic injection of the sample is generally used when the capillary is filled with a
replaceable polymer matrix.

8. The free dye terminator migrates slower than the average 20-mer primer. It is also helpful
to realize that the terms “labeled-dideoxy-terminator” and “dye terminator” are used
interchangeably.

9. Negative controls can be performed by using (one variable at a time) either, the incorrect
template, the primer or dye terminator, or by omitting the template, the primer, the termina-
tor or the polymerase although keeping the buffer concentration and final volume constant.

10. When the template concentration is too high, the double-stranded template competes with
the primer for annealing. Try running reactions with several different template dilutions
to find the optimum amount.

11. Small template impurities are sometimes detected, particularly if the template was gener-
ated by polymerase chain reaction (PCR).

12. The optimum number of cycles for the SNuPE reaction can be determined experimentally
because past a certain point, nonspecific extension will occur at a higher rate than specific
extension.
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Amplification Refractory Mutation System Analysis
of Point Mutations by Capillary Electrophoresis

Paola Carrera, Pier Giorgio Righetti, Cecilia Gelfi,
and Maurizio Ferrari

1. Introduction
1.1. Point Mutation Detection: Significance and Technology

Mutation detection has become a very important chapter in medicine, following the
development of molecular technology for the study of pathogenic mutations in human
diseases. DNA technologies allow great advances in basic knowledge of the patho-
physiology of disorders, adding new means of diagnosis to characterize the molecular
defect and to correlate between genotype and phenotype. The field of molecular diag-
nosis is evolving rapidly, and currently, it broadly comprises genetic disease analysis,
paternity testing, forensic studies, assessment of genetic risk, and so on. A number of
molecular techniques have been developed during the last 10–15 yr that greatly
improve diagnostic and prognostic capabilities, allowing carrier detection, and prena-
tal diagnosis.

Direct detection of mutations, and indirect detection by linkage analysis represent
the two main approaches for molecular diagnosis. Direct detection is feasible when
the affected gene is known and its structure is well defined. This approach is very
powerful, particularly for those diseases in which the molecular defect shows little
variability. In fact, the higher the genetic complexity and heterogeneity of mutations,
the more complex the design of diagnostic approach. The direct approach is applied to
routine clinical diagnosis after the definition of the different kind of mutations in the
various populations, the establishment of correlations between genotype and pheno-
type, and the refinement of methods and testing protocols. Methods for mutation analy-
sis differ with specific classes of mutations: extensive deletions, insertions and
rearrangements, smaller deletions/insertions, or mutations such as triplet expansions
or single base substitutions. Among these, PCR-based methods are suitable for the
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detection of small mutations. Many different PCR-based procedures have been
developed, devised either to detect defined mutations, or to search for and localize
new mutations and polymorphisms. The latter mutation then being exactly identi-
fied by a further analysis step, such as direct sequencing.

1.2. Amplification-Refractory Mutation System (ARMS)
ARMS is one PCR-based method capable of detecting small deletion/insertions

and point mutations in defined DNA fragments. This method was recently adapted to
the simultaneous detection of the most common point mutations in the 21-hydroxylase
P450c21-B gene, by combining the ARMS assay with capillary zone electrophoresis
(CZE) for the analysis stages. Steroid 21-hydroxylase deficiency is a recessive
inherited disease accounting for about 90% of Congenital Adrenal Hyperplasia (CAH)
cases (1). The P450c21-B gene, which is located on chromosome 6p21, encodes the
21-hydroxylase enzyme. The P450c21-B gene and a 98% homologous pseudogene
form a tandem repeat adjacent to C4B and C4A genes, respectively. Diverse mutations
of the active gene are known, such as whole gene deletion, gene conversion (2,3), and
more frequently a number of common point mutations, probably resulting from small-
scale gene conversion events (4). The molecular diagnosis protocol of this disease
represents a good example to understand how a combination of methods for iden-
tifying different classes of mutations, is needed to reach a good feasibility. In par-
ticular, conventional Southern blot hybridization allows detection of gene deletion
and larger gene conversion events, whereas single nucleotide point gene conver-
sions can be scored by a variety of PCR-based methods, including the ARMS tech-
nique (5–7). We describe the detection of known point mutations in the P450c21-B
gene using a combination of a ARMS reaction with CZE in sieving liquid poly-
mers. This protocol essentially depicts all of the critical issues of designing an
ARMS assay.

1.3. Principles of ARMS
The ARMS method is based on the capability of oligonucleotides (oligos) to be

extended to their 3' end by the enzyme Taq DNA-polymerase only when they are
perfectly matched with the template (8,9). Thus, in the presence of a mutant sequence,
we can design two oligos that differ to their 3'-base, the first homologous to the wild-type
sequence, the second oligo homologous to the expected mutant sequence. The two
sequence-specific oligos are used in combination with another common primer in
two separate PCR reactions, in which only the oligo with the correctly matched base
will be extended in each PCR reaction. The specificity of the reaction is positively
influenced by PCR reaction parameters, such as employing high stringent annealing
temperatures. The insertion of a mismatch site at the penultimate 3'-base within the
oligo further increases discriminatory amplification. Analysis of the PCR products
allows inference of the genotype of an individual, with respect to the mutation ana-
lyzed as follows:

1. A normal subject only generates PCR products in the reaction containing the oligos spe-
cific for the wild-type sequence.
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2. A homozygous mutant subject only generates PCR products in the reaction containing
the oligos specific for the mutant sequence.

3. A heterozygous subject generates PCR products in both reactions, since it has a copy of
both target sequences. Thus, the presence or absence of a particular PCR product indi-
cates the presence or absence of a specific target sequence.

The analysis of each of the PCR products involves agarose slab-gel electro-
phoresis and then comparison of the electrophoretic tracks. Of course, for the diag-
nosis of a large number of samples it would be extremely useful to utilize an
automatic technique with high resolving power, such as CZE. CZE is now emerging
as a competitive analytical tool for separating a variety of charged and uncharged
molecules, including proteins and nucleic acids (10,11,12). Its advantage over slab-
gels include, minute sample requirements (the sample zone is just a few nL),
extremely high sensitivity (of the order of yocto moles with laser-induced fluores-
cence detection, LIF), and “on line” peak detection and integrated data collection.
The applications in the field of nucleic acid analysis range from DNA sequencing
(13,14), to pulse fields for large DNAs (15). Some reviews have already described
its use in analysis of mutations in PCR-amplified fragments and for the detection of
genetic defects (16–18).

2. Materials
2.1. Polymerase Chain Reaction

1. 20 pmol/µL of a normal ARMS primer (store at –20°C).
2. 20 pmol/µL of a mutant ARMS primer (store at –20°C).
3. 20 pmol/µL of a common primer (store at –20°C).
4. 20 pmol/µL of each control primer. Control primers to coamplify a fragment from a

different gene or from a genome region as an internal control of PCR proceeding (store
at –20°C).

5. DNA: 250 ng/µL of human genomic DNA, or 5 ng/µL of genomic DNA fragment cloned
into plasmid vectors (store at 4°C or –20°C, respectively).

6. 5 U/µL Taq DNA polymerase (store at –20°C).
7. 10X PCR amplification buffer containing 15 mM MgCl2 (store at –20°C).
8. 25 mM solution of each deoxynucleotide (store at –20°C).
9. Bidistilled sterile water (store at –20°C in small aliquots).

2.2. Agarose Gel
2.2.1. Agarose

1. 50X TAE buffer: 242 g Tris-base, 57.1 mL glacial acetic acid, 37.2 g Na2EDTA · 2H2O,
add ddH2O to 1 L. Working solution: 1X (Store at room temperature. Stable for up to
3 mo).

2. 10 mg/mL ethidium bromide (EtBr). Working concentration: 0.5 mg/mL (CAUTION:
EtBr is a very hazardous, mutagenic agent intercalating DNA.) It is also light sen-
sitive and solutions should be stored in a darkened vessel at +4°C).

3. Loading buffer: 70% of 1X TAE, 30% glycerol, 0.1% bromophenol blue, 0.1% xylene
cyanol (store at –20°C in small aliquots).

4. DNA molecular size standard (store at +4°C).
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2.3. Purification of PCRs
1. Microcon 30 (Amicon).
2. Microcentrifuge (Eppendorf type).

2.4. Capillary Zone Electrophoresis
1. 20 mM Tris-acetate (1.211 g Tris-base, 341 µL acetic acid/500 mL, pH 8.0). Stable at

room temperature for up to 3 mo.
2. 100-µm id capillaries (Polymicro Technologies) (see Note 1).
3. 89 mM TBE buffer, pH 8.3 1.078 g Tris-base, 550 mg boric acid, 58.44 mg EDTA, dis-

tilled water to 100 mL. After preparation, the buffer is passed through a 0.22-µm filter-
membrane (Millipore) and is stable at room temperature for a week.

4. Hydroxyethyl cellulose (HEC), 27,000 Mr is dissolved in filtered TBE buffer at 3 g HEC
per 100 mL.

5. SYBR Green I (Molecular Probes) is diluted in running buffer at 1:30,000.

3. Methods
3.1. CZE Equipment Preparation
3.1.1. Capillary Coating

1. The capillaries are coated with a Silane coating procedure. Reagents are prepared in
1-mL disposable vials provided with Swegelok tee which is held in place with the aid of
copious amount of Teflon tape. The side of the tee is connected with Teflon tubing to
a nitrogen cylinder and the top is connected to a 1/16 in. adapter, which is connected
to the capillary. All the reagents are flushed through the capillary under nitrogen pressure
at 20 psi.

2. A 4–5-m length capillary is first flushed with 0.1 M NaOH for 30 min and then flushed
with water for another 30 min. A 4% sol of γ-methacryloxypropyltrimethoxysilane in a
1:1 mixture of glacial acetic acid and water is prepared, and the capillary is flushed with
this solution for 20 min. The reaction is allowed to proceed for 1 h.

3. Next, the capillary is flushed with water for 10 min. 1 mL of 3% T sol of acryloyl-
aminopropanol (AAP) monomer is carefully degassed and 4 µL of freshly prepared 10%
ammonium persulphate and 1 µL of TEMED are added. The capillary is filled with this
solution flushing for 2–3 min, and then allowed to react for 3 h. Water is then flushed
through the capillary to replace the polymer, and finally the coated capillary is washed for
10 min with distilled water and then 10 min with running buffer.

3.1.2. Electroosmotic Flow (EOF) Check (see Note 2)
1. To evaluate the quality of the coating on the capillary, the EOF is determined. The

elution time of a solution of 20 mM acrylamide in 20 mM Tris-acetate, pH 8.0 running
buffer at an applied intensity of electric field 400 V/cm is measured by monitoring at
214 nm. The EOF is calculated using the formula: (L × Lw)/(V × T), where L = total
capillary length, Lw = length to the window, V = total voltage, T = elution time of
acrylamide peak. An EOF of at least 7 × 10–5 cm2 × V–1s–1 is required for a successful
coating.

3.1.3. Liquid Sieving Polymer Preparation
1. The sieving liquid polymer is prepared by dissolving 3 g of HEC in 100 mL of 89 mM

TBE buffer, pH 8.3 (see Note 3).



Mutation Analysis by ARMS 99

2. After the HEC is completely dissolved into the buffer, SYBR Green I fluorophore is
added in the dark to a final dilution of 1:30.000. The SYBR Green I, HEC solution must
be freshly prepared every day due to the light sensitivity of the SYBR Green I.

3. The solution is sonicated to eliminate the air bubbles formed during the HEC preparation
and the polymer solution is carefully stored in the dark until use.

3.1.4. CZE Run Conditions
1. CZE analyses are performed on a Beckman P/ACE® System 5000 equipped with a LIF

detector providing 488-nm excitation with a 520-nm bandpass emission filter.
2. A 100 µm id × 27 cm (20 cm to the detector window) coated capillary is purged with a

degassed solution of 1.5% HEC, SYBR Green I in TBE for 5 min at high pressure.
3. The DNA sample is loaded electrokinetically by applying, 200 V/cm for 10 s, and the

separation run is made at 100 V/cm.

3.2. PCR Conditions
3.2.1. General ARMS Procedure (see Note 4)

1. This procedure is common to the various ARMS protocols. Two ARMS reactions are set
up for each DNA sample, each complementary ARMS reaction differs only in the spe-
cific primers for the normal or the mutant sequence (see Note 5).

2. Prepare two reaction premixes for the ARMS reactions with the normal and the mutant
primers, containing sufficient reagents to exceed the total number of reactions. The vol-
ume of the premix for a single reaction is 40 µL.

3. The premix (N) for the normal ARMS reaction contains the following reagents: the
normal ARMS primer, the common primer, the dNTPs mix, 10X PCR buffer, MgCl2

and sterile water to the final volume. The premix (M) for the mutant ARMS reaction
contains all the reagents above listed except the mutant ARMS primer instead of the
normal one.

4. If an internal control PCR is included in the protocol, add to both the premixes N and M,
the pair of specific primers. Dispense 40 µL of N and M premixes in PCR tubes. Add to
each tube of N and M premixes, DNA to be amplified in 5 µL.

5. Usually a set of control ARMS reactions is run in separate, parallel reactions, using DNA
from known normal homozygous, mutant homozygous, and heterozygous individuals. In
addition for each premix N and M, a reaction without DNA (blank) is performed, to check
for the absence of contaminant DNA.

6. Add mineral oil and cap. Microcentrifuge the contents to mix them and then place the
tubes in a thermal cycler. Proceed with a “hot start PCR” by adding the Taq DNA poly-
merase after 5 min at 95°C. Then the 10X PCR buffer diluted in water and 5 µL of enzyme
at a final concentration of 1 U/µL are added to each tube, below the mineral oil layer.
During the set up of ARMS program it is advisable to perform reaction previously defined
with control DNAs and the blank reaction.

7. Purification of PCR products is performed in order to desalt samples and to partially
remove unincorporated oligonucleotides. An Amicon Microcon 30 device is used follow-
ing the manufacturer’s instructions.

3.2.2. Amplification Refractory Mutation System
1. PCR with ARMS oligonucleotides results in the selective amplification of a PCR product

of the active P450c21-B genes, whereas avoiding the amplification of the inactive
P450c21-A pseudogenes (see Note 6).
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2. ARMS reactions for the P450c21B genes are based on the gene sequence surrounding
those loci associated with mutations. Table 1B lists the primer sequences, the mutations
detected, the annealing temperatures, and the length of PCR-amplified products. Some of
the ARMS primers are designed with a mismatch in their penultimate position, following
the rule previously described (21) (see Note 5).

3. To minimize allele “drop out” (a failure to amplify one allele), the B genes are selectively
amplified in two overlapping fragments by use of the forward B-specific primer 606 with

Table 1
Primers Used for PCR and for Nested ARMS* Assay

A) Primers for first round PCR Product in bp

606 - aggtcaggccctcagctgccttca 1590
2197R - ctcgggctttcctcactcatc

-280 - cctgcacagtgatgtggaacc 1683
1394R - gctgcatctccacgatgtga

B gene specificities are bold-faced

B) Primers for the second round of PCR

Ann/ext ARMS products in bp

Primers for ARMS Mutation ntd (°C) WT Mutant

655C-R: cttagacaccagcttgtctgcaggaggaag Intron2 C 75 243
441: tatgttgcccaggctggtcttaaattccta
655A-R: cttagacaccagcttgtctgcaggaggaat A 75 252
655G-R: cttagacaccagcttgtctgcaggaggaac G* 77 252
433: gttcttgctatgttgcccaggctggtctta

3wt685: aactacccggacctgtccttgggagactac 8bpDel wt 77 295
3del679: tctaagaactacccggacctgtccttggtc DEL* 76.5 293
979-R: agagaattcctcctcaatggccacaggggt

999T: ggaattctctctcctcacctgcagcatcgt I172N T 76.5 172
999A: ggaattctctctcctcacctgcagcatcga A* 75 172
1141-R: taggcaggcattaagttgtcgtcctgccag

1683G-R: gtccactgcagccatgtgcac V281LG 75 139
1557: ttcaccctctgcaggagagc
1683T-R: gtccactgcagccatgtgcaa T* 73 146
1560: cgctcctttcaccctctgcag

1993C: cgatcattccccagattcagcagcgactcc Q318X C 78 180
1993T: cgatcattccccagattcagcagcgactct T* 77 180
2144R: tggtgcggtggggcaaggctaagggcacaa

Mismatched positions are bold-faced. The region of the 8-bp deletion is underlined. *Mutated allele.

*The allele specific primers are named with the nucleotide position and with the base present in the
corresponding allele. For the mutation of intron 2, and with the missense at codon 281, the allele specific
primers are designed based on the reverse strand and each is used with a different forward primer. R suffix
denotes the reverse primers.
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the reverse primer 2197, and the forward primer –280 with the reverse B-specific primer
1394R (Table 1A).

4. The PCR reactions are performed with 2.5 U of Taq DNA polymerase in a buffer of
50 µL final volume containing 10 mM Tris-HCl, pH 8.3, 50 mM KCl, 1.5 mM MgCl2,
and 0.2 mM of each deoxynucleotide, and 20 pmol of each oligonucleotide primer. The
DNA template is either 250 ng of genomic DNA, or 5 ng of constructs obtained by
cloning amplified B genes sequences from patients into TA vectors (Invitrogen, San
Diego, CA).

5. The first round of amplification is carried out for 30 cycles (denaturation: 30 s at 94°C,
annealing for 30 s at 60°C, extension for 2 min at 72°C). The PCR reaction is ended by
incubating for 5 min at 72°C.

6. It is not possible to internally control the amplification step in the present protocol, as it is
a nested ARMS amplification reaction. DNA samples from previously genotyped
subjects, identified as homozygous normal, or as homozygous mutant, or as heterozygous
are included as positive and negative controls for each set of reactions. In addition, a
double-blind protocol is established using samples from Italian families with 21-hydroxy-
lase deficiency previously screened for gross rearrangements by restriction mapping
analysis and for point mutations by PCR and either hybridization with allele specific
oligonucleotides (ASO), or by direct gene sequencing (19,20) (see Note 7).

3.2.3. PCR Conditions
1. In the second round of PCR, 0.5 µL of the amplified B gene fragments, 1:20 diluted, are

reamplified with primers specific for each allele. The amplification reactions are identi-
cal to that described above, except that 1 U of Taq DNA polymerase is used.

2. The amplifications are performed using a two-step protocol. The protocol comprises 30
cycles of denaturation at 94°C for 30 s, and annealing/extension steps at the temperatures
indicated in Table 1B. The annealing/extension step is for 1 min initially, with an increase
of 1 s in the extension time per cycle, resulting in a final annealing/extension step of
5 min. Amplification is followed by 15 min at 37°C to facilitate the reannealing of the
complementary chains.

3. The five mutations tested are located in a region spanning 1400 bp of the gene. For this
reason, it was not possible to multiplex the amplification reactions. Therefore, an ARMS
reaction is set up individually for each pair of primers.

3.3. Results of ARMS Analysis
3.3.1. Agarose Gel Electrophoresis of PCR Products

1. The amplified products are analyzed on 2–3% agarose minigels (7–10 cm length) and
stained with EtBr. 10–20-µL reactions are loaded onto the gels in 1X TAE buffer for
45 min at 50–75 V.

2. Figure 1 shows an example of agarose analysis of the ARMS for the mutation 1683G-T
of the P450c21B gene. The inferred genotype of tested samples is described in the
figure legend.

3.3.2. CZE of PCR Products
1. PCR products with primers specific for the normal and mutated sequences (see Table 1B)

are pooled into the wild-type and mutant set, respectively before running CZE (see
Note 8).
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2. Figure 2 shows all the possible peaks that we can obtain in the wild-type and mutant sets,
after resolution in a 27-cm coated capillary with 3% HEC as the sieving liquid polymer in
TBE buffer. We can also see that the polymorphism A/C in the same 655 position of
intron 2 is well resolved.

3. A series of examples, showing how CZE can identify carrier parents and affected chil-
dren in families with steroid 21-hydroxylase deficiency are shown in Figs. 3–6. The
results of CZE of nested-ARMS with the wild-type specific wild-type and with the mutant
specific primers are shown in parallel for each subject.

Fig. 1. ARMS analysis of the mutation 1683G-T that causes the missense substitution
V281L. Agarose gel analysis of the N and M ARMS reactions is shown. In the upper gel,
the reactions with the mutant ARMS (panel M), and in the lower gel the reactions are with
the normal ARMS (panel N). Lanes 1–11 of both panels: Reactions amplified with differ-
ent DNA samples. The same lane in the two panels corresponds to the same DNA sample
(example lane 1, panel N and lane 1 panel M: same DNA sample tested with the N and M
ARMS reactions). Lane 12: No DNA added in reactions (blank). Lane 13: DNA molecular
weight size standard. The DNA samples are as follows: lane 1: homozygous normal con-
trol DNA; lane 2: homozygous mutant control DNA; lane 3: heterozygous control DNA;
Lanes 4–11: DNA samples to be tested with the ARMS. In lanes 4 and 5, a fragment was
amplified in both the ARMS reactions, thus indicating heterozygosity for the 1683 G-T
mutation. In lanes 6, 7, 8, 10, and 11 a fragment is obtained only with the normal ARMS
reaction, thus indicating a homozygous normal genotype. In contrast, in lane 9, a
homozygous mutant is present since an amplified product is only obtained with the
mutant ARMS.
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4. In Figs. 3 and 4, two families with the classic form of the disease in their offspring and
the cryptic form in parents are analyzed. Analyses from two additional families with the
salt wasting form of the disease are shown in Figs. 5 and 6.

5. A differential analysis of the spectrum of bands produced by amplifying the wild-
type and mutant regions of the gene from each member of the family allows a precise
diagnosis.

Fig. 2. CZE detection of nested ARMS products. CZE of the set of five mutant (upper
tracing), and six wild-type (lower profile) ARMS-amplified DNA fragments for the
detection of 21-hydroxylase deficiency. The corresponding mutations are listed in
Table 1B. CZE conditions are as described in materials and methods. RFU: relative fluo-
rescence units.
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4. Notes
1. The length of the capillary is not so peculiar, in fact, we have utilized the shortest capil-

lary compatible with our machine. Of course, even shorter or longer capillaries can be
adopted, but the running time will change with length.

2. The EOF must be carefully checked, even if a commercially prepared coated capillary is
used. Often the EOF is not the same as claimed by the manufacturer. An elevated EOF
compromises the separation, especially the reproducibility of elution time, and thus influ-
ences the identification of the peaks.

3. The running buffer can be modified adopting other cellulose polymers and different con-
centrations of polymers, as required by the fragment to be analyzed. As an alternative to
cellulose, short chain polyacrylamide can be used at a concentration of between 5% and
7% to improve the sieving properties of the matrix. Higher concentrations of polyacryla-
mide are difficult to handle because of the high viscosity, and capillary filling is slow.

Fig. 3. Family profiling by CZE for detection of 21-hydroxylase deficiency. In this family,
the affected child suffers from the salt wasting (SW) form and is homozygous for the mutation
in intron 2. The father is heterozygous for the intron 2 mutation, showing the presence of the
amplified product corresponding to that mutation in both electropherograms. The mother being
“double heterozygous” for the severe mutation in intron 2 and the milder V281L missense and
completely asymptomatic, is diagnosed as a cryptic form. The early prenatal diagnosis of her
second pregnancy, revealed by direct detection of mutations, that she transmitted the mutation
V281L to the carrier fetus which is not inherited by her previous affected child. Left panel:
wild-type; right panel: mutant type.
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4. The ARMS protocol requires the design of specific primers, each capable of generating
a unique PCR product from the target allele in standardized reaction conditions. The
specificity and reproducibility of the protocol should be established by using DNA
samples that have already been genotyped. The final definition of an ARMS protocol
requires the standardization of parameters critical for reproducibility and stringency,
such as thermal cycling profile, enzyme concentration, and the sequence and concen-
tration of the ARMS primers. It is advisable to use a pre-PCR room (for PCR reaction
setup) and a post-PCR room (for PCR analysis) to prevent contamination with other
PCR products.

5. When 20-mer sequence specific primers were used for all mutations only the V281L
substitution oligonucleotide directed specific amplification of the target alleles. Both
longer 30-mer primers and a mismatched residue (21) at the penultimate position of
primers are now used to increase the specificity of the allele targeting, and good
reproducibility is obtained. The optimal primer length is around 30 bases and falls in
a 28–60-base range (21). With longer primers, it is crucial to perform a double-blind
testing of the system on previously genotyped samples to evaluate the selectivity of
the ARMS assay.

Fig. 4. Family profiling by CZE. In this family, the father has the cryptic form and is double
heterozygous for both the I172N and the Q318X mutations, both are associated to the classic form
of the disease. The affected daughter suffers from the simple virilizing (SV) form of the disease,
inherited the I172N mutation from her father and an 8-bp deletion in exon 3 from the mother.
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6. A nested ARMS assay is set up to detect five common mutations in steroid 21-hydroxy-
lase deficiency in order to only amplify mutated/wild-type alleles from the active
P450c21-B gene and to avoid amplification from the 98% homologous pseudogene.
This situation is quite complex, because it is not possible to include an internal con-
trol to differentiate between a failed PCR reaction and homozygosity when using
such a nested protocol. Therefore, we strongly recommend the inclusion of internal
controls if using an “unnested” protocol, with control primers chosen from other gene
regions with similar amplification profiles, but with a size distinguishable from the
ARMS fragment.

7. ARMS systems have been applied to the detection of mutations in simple and multi-
plexed (22) tests and also for the detection of mutated alleles representing a small fraction
of the DNA, such as in cancer (23).

8. It is not always required for CZE separation, but it is recommended that it should be used
in all multiplexed or pooled CZE separations.
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1. Introduction
Virtually all methods for the detection of mutations (polymorphism or variant) rely

on polymerase chain reaction (PCR). Direct sequence determination of a PCR product
is the gold standard for identifying mutations. However, the vast majority of the signal
in the sequencing data is derived from nonvariant sequence, and can be a source of
noise. Thus, a somewhat high false positive rate is inevitable when rare mutations are
searched for in a large genomic region or in a region of many genomes. Techniques to
detect variants as positive signals have the advantage of intrinsically low false positive
rate, and are suitable methods to preselect fragments that carry mutations among an
excess of nonmutated fragments. Such techniques are especially useful, for example
in surveying for possible mutations in genes suspected to be responsible for genetic
diseases, or finding single-nucleotide polymorphisms (SNPs) in blindly amplified
genomic segments.

Single-strand conformation polymorphism (SSCP) analysis of PCR products is the
most popular technique to positively detect mutations/polymorphisms in genomic or
cDNA sequence (1). In this analysis method, a PCR product is denatured to become
single-stranded, and separated by gel electrophoresis using nondenaturing conditions.
The mobility of a mutant fragment through a gel matrix is generally shifted from that
of a reference fragment, because it has a folded structure that is different from that of
the reference fragment. PCR-SSCP analysis is widely used in clinical or basic medical
science, because it is less skill-demanding than other mutation detection methods, yet
can detect mutations at a high sensitivity (2). Though relatively easy and simple to set
up, the method still requires certain skill such as gel preparation and sample loading.
Also, the judgment of a mobility shift often requires experience, and tends to be sub-
jective. Capillary electrophoresis SSCP (CE-SSCP) has been developed to overcome
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these disadvantages, and also to adapt the technique to the emerging demand of high-
throughput analysis in the age of SNP collection and typing.

The first part of this chapter includes optimization of CE-SSCP analysis of PCR
products using fluorescently labeled primers, and efforts of identifying several differ-
ent mutations from their characteristic mobility shifts. These protocols are developed
through collaborative work between PE Applied Biosystems and the National Institute
of Standards and Technology. The second part covers post-PCR fluorescent labeling
of amplification products and their use in a high-precision calibration of mobility that
allows a simplified statistical discrimination between a reference fragment and variant
fragments at a high sensitivity. The latter system is developed and is extensively used
by Kyushu University group.

2. Optimizing CE SSCP
In this subheading, we will discuss how several features of CE influence the sepa-

ration of individual strands of a putative mutant, relative to a wild-type sample.
Although changes in the polymer concentration, capillary length, and to a lesser degree
the applied electric field, have a predictable effect on the outcome of an SSCP experi-
ment, the influence of the applied temperature is not predictable. We hope these results
can provide the researcher with guidelines that help to find conditions for optimal
separation efficiency. Because the mobility profiles of individual strands of a given
sample are very reproducible and often unique to the particular sample, some muta-
tions can be identified by comparing the profiles of samples with unknown genotypes,
to the profiles of known reference samples. We will show in this subheading an
example of how an automated CE system can be set up to identify single point muta-
tions in the p53 gene.

2.1. Materials
2.1.1. Apparatus

1. Electrophoresis is performed on an ABI PRISM® 310 CE system that allows the multi-
plexing and simultaneous detection of up to four different fluorophores (PE Applied
Biosystems).

2. The instrument controls the temperature between ambient and 60°C with an accuracy
of ±1°C.

3. The electric field can be controlled between 0 and 15 kV.
4. Uncoated fused silica capillaries with a total length varying from 61 to 41 cm (= effective

separation length of 50–30 cm) and an id of 50 µm are used. The capillary is typically
stable for at least 100 sample injections.

5. A syringe pump is used to automatically replenish the separation polymer after each run.
6. A Perkin-Elmer 9600 thermal cycler and a GeneAmp PCR Core Reagents Kit (PE Applied

Biosystems) are used for all PCR amplifications.

2.1.2. CE Reagents
1. GeneScan polymer (PE Applied Biosystems) is a low viscosity and replenishable poly-

mer for CE. It is used here in the presence of 10% glycerol (w/w) in 1X TBE buffer, pH
8.3. NOTE: We choose to assemble the solutions by weighing the individual compo-
nents, since it is difficult to pipet the viscous reagents reliably by volume.



SSCP Analysis by CE 111

2. To prepare the separation polymer, a stock solution in electrophoresis buffer is prepared.
The stock polymer is then diluted to the desired concentration with electrophoresis buffer.
To prepare 50 g of a 5% GeneScan Polymer stock solution in 1X TBE and 10% glycerol
combine:

35.7 g of GeneScan® Polymer (7%, w/w)
5 g of glycerol
5 g of 10X TBE
distilled, deionized H2O to a total mass of 50 g

Mix by inverting several times, then vortex thoroughly for 30 s.
3. To prepare 250 g of electrophoresis buffer combine 1X TBE with 10% glycerol:

25 g of 10X TBE
25 g of glycerol
distilled, deionized H2O to a total mass of 250 g

Mix by stirring, then filter through a 0.2-µm cellulose nitrate filter.
4. Both the polymer solution and electrophoresis buffer are stable for at least 3 mo at room

temperature.

2.2. Laser-Induced Fluoresence (LIF)
1. One of the advantages of using an automated CE system with an LIF detector is that the

PCR fragment can be specifically labeled and detected by fluorescence.
2. If one uses SSCP to screen samples with the goal to detect a large percentage of all known

and unknown mutations in a given DNA fragment, it is recommended that each strand of
the PCR fragment is labeled with a different fluorescent dye.

3. In many cases, only one of the two strands shows a significant response to the employed
separation conditions, whereas the other strand remains relatively stationary. We observe
that under certain separation conditions, the relative position of the strands can change.
This can only be tracked by LIF detection using different dye labels for each of the two
strands (see Subheading 2.3.).

4. On the other hand, if one is interested in using SSCP to detect or identify a few well
characterized mutations in a given gene, conditions can be established that require the
labeling of only one of the two DNA strands (3).

2.3. Data Analysis
1. Raw data are analyzed using GeneScan® software version 2.1 (PE Applied Biosystems).

Run-to-run variations in retention time are normalized for each run using a size marker as
an internal standard.

2. Fragments are selected from the electropherogram of the internal standard that brackets
the peaks of the sample fragments in order to determine the “size” of the sample strands.
The migration times of these size marker fragments, expressed as data points, are used to
produce a sizing curve.

3. The samples from different runs are then analyzed based on this sizing curve using the
Local Southern algorithm contained in the GeneScan software.

4. For comparison, electropherograms of wild-type and mutants or reference and blind
(unknown) samples are overlaid.

5. To better visually trace each respective sample, the colors of the specific peaks are
changed to distinguishing colors, and the peak heights are adjusted using the GeneScan
software.

6. The migration times for the two main peaks of each sample are recorded as data points
(220 ms/data point).



112 Hayashi et al.

7. Differences in the migration times of the peaks of the respective samples are compared to
wild-type and are plotted using Microsoft Excel. Negative data points indicate the peaks
that migrate slower than the wild-type reference peak, and positive peaks indicate the
peaks that migrate faster than the reference.

2.4. Samples
1. To characterize the influence of the separation factors we examine used three plasmid

clones of mutant genes derived from tumor cells, the Colo 320, the H596 and the Namalwa
(4~6) mutations, and one wild-type clone harboring exon 7 of the human p53 gene. The
types and positions of mutations in each clone are shown in Table 1.

2.4.1. Generation of Labeled Samples
1. The fluorescently labeled primers are 5' end-labeled, with 5-FAM (5-carboxyfluorescein)

for the sense primer:
Sense primer: (5'-GTGTTGTCTCCTAGGTTGGCTCTG-3') and JOE (2',7'-dimethoxy-
4',5'-dichloro-6-carboxyfluorescein) for the antisense primer:
Antisense primer: (5'-CAAGTGGCTCCTGACCTGGAGTC-3').

These primers are used to amplify a 139-bp segment which corresponded to nucleotide
#13986-14124 in Genbank locus HSP53G, Accession #X54156.

2. All PCR amplification reactions contain the following: 1X PCR buffer II, 200 nM of each
primer, 1.5 mM MgCl2, 0.5 U of AmpliTaq DNA polymerase (PE Applied Biosystems),
and 200 µM of each dNTP.

3. The thermal cycling conditions are as follows, 1 cycle of preamplification denaturation at
94°C for 3 min; then 35 amplification cycles of denaturation at 94°C for 30 s, annealing at
66°C for 30 s, then elongation at 72°C for 40 s; and finally 1 elongation cycle at 72°C for
7 min.

4. All amplifications use GeneAmp PCR core reagents on a Perkin-Elmer 9600 thermal
cycler (PE Applied Biosystems). Fluorescent dye-labeled PCR samples are used without
prior purification and are diluted 1:10 into deionized water.

5. For analysis, 1 µL of the diluted sample is combined with 10.5-µL deionized formamide,
0.5 µL 0.3 N NaOH and 0.5 µL of a TAMRA labeled internal size standard (GS 350; PE
Applied Biosystems).

Table 1
Mutation Reference Samples
of the p53 Gene Exon 7a

Sample name Mutation Positiona

H596 G → T 14060
Colo320 C → T 14069
Namalwa G → A 14070
Wt Wild-type NA

aThe particular mutation and its position in exon 7 of the
p53 gene are indicated for each reference sample. Nucleotide
position is according to Genbank locus HSP53G, Accession
#X54156.
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6. Samples are denatured for 5 min at 95°C and then subsequently allowed to cool to 4°C.
7. Samples are injected electrokinetically, typically for 10 s at 15 kV.

2.5. Methods (see Note 1)
2.5.1. Effect of Polymer Concentration on Fragment Mobility

1. Separations are performed in GeneScan polymer (PE Applied Biosystems), a low viscos-
ity and replenishable polymer, in the presence of 10% glycerol (w/w) in 1X TBE (7).

2. We use three different concentrations of polymer for the separation of the four p53 refer-
ence samples, 1%, 3%, and 5%. At each polymer concentration a significant shift between
the main peaks of each mutation and the corresponding peaks of the wild-type is observed
(Fig. 1). As expected, the separation of the peaks, and therefore the ability to detect dif-
ferences in the mobility between corresponding strands, increases with increasing poly-
mer concentration. A characteristic pattern is observed for both strands of each mutation
that is unique both in the extent of the shift and in the direction of the shift, but which is
not affected by the polymer concentration. Changing the polymer concentration influ-
ences the electrophoresis time of wild-type from approx 11 min at 1% polymer to 20 min
at 5% polymer.

3. When changing either the polymer concentration or the capillary length, the pump time
required to replace the polymer within the capillary also has to be adjusted. Table 2
provides a guideline for adjusting the pump time for different polymer concentrations and
capillary lengths for solutions at 30°C. The fill times are adjusted through the manual
control window of the system-specific collection software (8).

2.5.2. Effect of Electric Field
1. One of the advantages of CE over slab-gel systems is that the capillaries can be run at

permission of very high field strengths, due to their efficient dissipation of heat.
2. We have tested the effect of varying the applied electric field on the separation of the four

different p53 reference samples. Whereas the electrophoresis system allows fields
between 0 and 15,000 kV, the effects at runs between 9 and 15 kV are examined.

3. The effect of electric field on the separation of three of the p53 mutation is not as predict-
able as when varying the polymer concentration, or the effective capillary length. Gener-
ally for fields up to 12 kV, the effects on separation are less pronounced.

4. Increasing the field decreases the efficiency by which each of the strands of a mutation
are separated in mobility, relative to the mobility of each of the corresponding wild-type
strands (see Fig. 2).

5. The sample-dependent degree to which the separation is effected could be a reflection of
the sensitivity of the particular strand (sequence) to an increase of temperature within the
capillary, in response to the increase in voltage.

2.5.3. Effect of Separation Temperature
1. Since the ABI 310 instrument does not support active cooling, it is necessary to demon-

strate that mutations can be detected during runs at or above the ambient room tempera-
ture (25–45°C).

2. As an example, we examine the effect of various temperatures on the separation of
four of the p53 reference samples. Since the conformation of single-stranded DNA is
dependent on the surrounding temperature, and therefore affects the migration
through a separation media, unpredictable shifts in mobility of individual strands were
observed (see Fig. 3).
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Fig. 1. Effect of separation polymer concentration on detection of p53-exon 7 reference mutations.
Samples from p53-exon 7: H596, Colo320, Namalwa, and wild-type are separated in capillaries in
separation buffer with 10% glycerol and at the indicated polymer concentrations. Total capillary length
is at 47 cm, the temperature is 30°C and the voltage is 13 kV. The migration time, expressed in data
point (~4.5 data point/s), for the two major peaks of each sample (sense and antisense strands) are
corrected for minor run-to-run variability using size markers. The difference (in data points) between
the mutation samples, relative to the wild-type (baseline), is plotted for each polymer concentration.
Negative bars represent SSCP peaks which migrate slower than the corresponding wild-type strand,
and positive bars represent SSCP peaks which migrate faster than the corresponding wild-type
strand. The fluorescence label of each the two strands (Fam and Joe) are indicated.
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3. Although for the Namalwa mutation, the mobility shift in both strands is highest at the
lower temperature, the Fam-labeled strand of the Colo320 mutation show a maximum
shift in mobility at 40°C, whereas the shift in mobility of the Joe-labeled strand is highest
at 25–30°C.

4. The shifts in mobilities of both strands of the H596 mutation, relative to each other, remain
similar between 25°C and 35 °C.

5. The two strands of Colo320 mutation shift their position between 25°C and 35°C. This
change in position is only detectable when each strand of a sample is labeled with a
different fluorophor.

6. The sensitivity with which individual strands of a sample react to the applied column
temperature requires that the temperature within a laboratory be controlled as precisely as
possible. This is necessary to permit high repeatability/sensitivity when comparing dif-
ferent samples.

2.5.4. Reproducibility of Analysis (see Note 2)
1. Since the shifts in mobility between a wild-type and a putative mutant are often small, care

must be taken to ensure that these shifts are a result of differences in the DNA conforma-
tion. The effect of variation in the performance of a particular instrument or the analysis
system must be minimal and its contribution to any mobility changes must be accounted.

2. To test the performance of the ABI PRISM 310 CE system instrument, we subjected the
four p53 reference samples to repeated analyses at different separation temperatures
(Table 3). For each of the two DNA strands of each sample the reproducibility of mobil-
ity at each temperature is very high, with relative standard deviations (RSD) ranging from
0.01% to 0.04%.

2.6. Typing of Unknown Mutations (see Note 3)
1. Since the reproducibility from run-to-run is very high using the ABI 310 instrument, we

observe that the four p53 reference samples exhibit unique mobility profiles at different
temperatures (see Fig. 3).

2. Here we test to see if these features can be used to actually identify the mutation in each
specific sample mutation. We used a total of 10 blind sample tests and compare their
mobility profiles after separation to the four p53 reference samples: namely to the H596,
the Namalwa, and the Colo320 mutations and to wild-type. The 10 blind sample peaks are
either identical in mobility to one of the four reference samples, or have closely or were
similar mobility to one of the reference samples.

Table 2
Capillary Fill Times for GeneScan Polymer Concentrations
for Particular Capillary Lengthsa

Length (cm) Capillary Fill Time (s)

1% GSP (w/w) 3% GSP (w/w) 5% GSP (w/w)

47 25 30   60
61 30 40 100

aCapillary fill times in seconds are empirically determined for the indicated GeneScan
polymer concentrations and for the indicated total capillary lengths (50 µm id) in a buffer
containing 10% glycerol and 1X TBE at 30°C.
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3. In contrast, mutations artificially generated by site directed mutagenesis contain lesions
that are not present in the reference samples (6). All genotypes were called correctly
using this approach (data not shown).

4. We cannot exclude that mobility profiles of unrelated mutations in samples can be identical,
especially when examining DNA fragments that contain a multitude of different mutations.

Fig. 2. Effect of electric field on the detection of p53-exon 7 reference mutations. Samples
from p53-exon 7: H596, Colo320, Namalwa and wild-type are separated at the indicated elec-
tric fields at 30°C. The polymer concentration is constant at 3% (with 10% glycerol). The total
capillary length is at 47 cm. See Fig. 1 for further information.
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Therefore, we recommend that the mobility shift assay described in this chapter is used only
for the analysis of genes or gene fragments that have a small number of well-characterized
mutations. We have applied this approach recently to detect the two common mutations in
the HFE gene that are implicated in the genetic disorder of hereditary hemochromatosis (3).

Fig. 3. Effect of separation temperature on the detection of p53-exon 7 reference mutations.
Samples from p53-exon 7: H596, Colo320, Namalwa and wild-type are separated at the indi-
cated temperatures at 13 kV. The polymer concentration is constant at 3% (with 10% glycerol).
The total capillary length is 47 cm. See Fig. 1 for further information.
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2.7. Automated Mutation Calling Using Genotyper Software
1. Because we can correctly identify each of the p53 samples using the high precision of the

ABI 310 instrument, we show that the genotype of the samples can be called automati-
cally using ABI PRISM Genotyper® 2.1 software (PE Applied Biosystems).

2. From three independent sample injections performed at both 25°C and 35°C, the average
size for each of the two major peaks of each reference sample is calculated and is then
imported into Genotyper.

3. Two groups of categories are set up, one for the Forward Strand labeled in Blue (Fam)
and the other for the Reverse Strand labeled in Green (Joe).

4. For each group, four category members are defined that correspond to the four reference
samples, Colo320, H596, Namalwa, and Wild-Type.

5. Each category member is defined as the highest peak at the midpoint of the expected peak
size (calculated from mobility), with a tolerance of 2 bp.

6. A fifth category member called ‘UNKNOWN’ is defined to span the entire range of
expected peak sizes. The reference category members are further defined as being exclu-
sive size definitions.

7. The initial SSCP call for each of the blind samples is made as follows: Using the
“Label and Filter” peaks macro-program, a size labeled peak for each strand (forward
or reverse) from a blind sample is compared to each of the four reference category
members.

8. The blind sample is called by the name of the respective reference sample if the mobility
of its peak(s) fall within the reference peak size range(s).

9. If the mobility of the blind sample strand does not match any of the reference samples,
then it is called UNKNOWN.

Table 3
Reproducibility for the Major Peaks of the p53 Exon 7 Reference Samplesa

Migration time (data points)

25°C 30°C 35°C 40°C

Sample Joe Fam Joe Fam Joe Fam Joe Fam

H596 Aver. 4512.7 4624.5 4076.2 4168.8 3966.8 4024.0 3723.6 3770.9
RSD 0.02 0.03 0.03 0.02 0.02 0.03 0.02 0.02

Colo320 Aver. 4529.8 4588.5 4085.6 4109.0 3973.9 3942.2 3729.8 3680.7
RSD 0.04 0.01 0.02 0.01 0.02 0.03 0.02 0.02

Nam Aver. 4494.1 4701.3 4066.4 4242.7 3944.5 4056.3 3718.1 3790.9
RSD 0.02 0.03 0.02 0.01 0.02 0.04 0.03 0.03

WT Aver. 4505.5 4609.0 4072.1 4170.7 3949.0 4011.7 3720.3 3765.2
RSD 0.02 0.03 0.02 0.03 0.02 0.04 0.02 0.01

aH596, Colo320, Namalwa mutations, and the wild-type of exon 7 of p53 gene are separated at 25°C,
30°C, 35°C, and 40°C in 3% GeneScan polymer in a buffer comprising 10% glycerol and 1X TBE. Total
capillary length was kept at 47 cm and separation voltage was 13 kV. Each sample is injected eight times at
the indicated temperature. The average DNA fragment size, expressed in data points (220 ms/data point) and
the calculated relative standard deviation (RSD) in size are shown as a percent variation.
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10. Once the initial calls are made and are put into a “Genotyper” table using the “Build
Table” macro, then, a comparison is made between both the forward and reverse strand
“calls” for each sample using the “SSCP Calls” macro. This macro utilizes the “Analyze
in Table” feature of Genotyper 2.1 to make the comparisons between the strands.

11. If both of the calls are matched, a final “SSCP Call” is made, indicating that the sample in
question is matched with a particular reference sample mutation.

12. If there was a mismatch between the “SSCP Call” of the strands of the same sample, then
a different “SSCP Call” is made to indicate that the sample belongs to the “UNKNOWN”
mutation group.

13. A separate macro has been written to change the column headers from the default in the
Genotyper table to allow User-defined names.

14. In addition, a fifth macro called “Run All Macros” has been created to automatically run
each of the other four macros sequentially, and then display a table of the results of this
analysis in a single step (see Fig. 4).

15. We find that the Genotyper software “calls” the genotype of the blind samples similarly
to the genotype “calls” made when visually comparing the mobility profiles. Further,
upon breaking the code it is revealed that all the blind samples have been identified cor-
rectly using this automated technique.

3. PLACE-SSCP: A Streamlined, Sensitive Mutation Detection System
A cost-effective, robust, and sensitive mutation detection method is described in

this section, called “post-PCR fluorescent labeling and analysis by automated capil-
lary electrophoresis under SSCP conditions” (PLACE-SSCP) (see Note 4).

The salient features of this method are:
a. A one-tube reaction to fluorescently label PCR products after amplification using

unmodified primers,
b. A strategy of CE that allows precise calibration of run-to-run variation of reference

DNA, and
c. A simple statistical evaluation of presence or absence of mutation in sample DNA.

3.1. Post-PCR Fluorescence Labeling
Many CE systems suitable for DNA analysis such as the ABI PRISM 310 are

developed primarily for use in sequencing, and have the capability of multicolor fluo-
rescence detection.

A simple way to fluorescently label DNA fragments is to amplify the target using
PCR amplification primers carrying fluorescence at their 5' ends as described in Sub-
heading 2.4.1. Initial attempts of fluorescent detection of bands in slab-gel based SSCP
also use this approach (9), but the method has not gained popularity perhaps because
of high cost associated with the synthesis of fluorescent PCR primers. Presently, the
cost of primer synthesis has been dramatically reduced, but the cost of synthesis of
fluorescently modified primers is still considerable.

Recently, a simple method for fluorescent labeling of PCR product after amplifica-
tion using unmodified primers has been developed (10). Figure 5 illustrates that the
3'-end nucleotides of a PCR product are replaced with fluorescently labeled nucle-
otides by the 3'-exchange activity of Klenow fragment of DNA polymerase I (i.e., a
combined activity of polymerization and exonucleolysis at the 3'-end).
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Many fluorescent nucleotides are efficient substrates for the 3'-exchange polymer-
izing activity of the enzyme, but are poor substrates of the exonuclease activity once
they are incorporated to the 3' end of DNA. Consequently, fluorescently labeled prod-
ucts accumulate even in the presence of a high concentration of competing, unlabeled
nucleotides.

PCR product can be efficiently labeled just by adding fluorescent nucleotides, Klenow
fragment and Mg2+ to the tube in which the amplification reaction has been carried
out, where unincorporated nucleotides still remain at high concentrations (see Fig. 5).

Fig. 4. Automatic mutation calling with Genotyper software. Categories, including a bin,
for each of the major peaks of each reference sample are defined, based upon the calculation
of the average size from 3 separate injections (A). The tables shown in (B) automatically
assign (“call”) a sample (User Comment 1) as either being identical to a reference DNA, or
an “unknown,” based upon the matching of the size of the blind sample against the reference.
Being “called” as “similar” to a reference DNA requires that both strands are “called” iden-
tical to both corresponding strands of the same reference DNA (Blue 1/Green 1). The size
information of both peaks of the blind sample (Blue 1/Green 1), next allow comparison to the
several preset categories of the various reference DNA standards.
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Fig. 5. Schematic diagram of PLACE-SSCP. See Subheading 3.4. for a detailed description.

Subsequent addition of EDTA and phosphatase enzyme inactivates the Klenow
fragment activities and destroys all remaining nucleotides, including fluorescent nucle-
otides which may otherwise disturb subsequent SSCP analysis as the nucleotides would
be detected as a huge peak in the electropherogram.

The Klenow fragment also degrades the remaining unused amplification primers
during the fluorescent exchange-labeling reaction. If present at high concentrations,
free primers can bind to the single-stranded PCR products at complementary loci. The
action of the Klenow enzyme is fortuitous, as unincorporated primers would result in
the appearance of anomalous peaks in an SSCP analysis profile.

Importantly, the 5'-ends of PCR primers must be designed to be compatible with
the fluorescent-exchange reaction. Primers should have a 5'-G when fluorescent-dCTP
is used, and 5'-A when fluorescent-dUTP is used for the labeling. In addition, two Ts
adjacent to the 5'-terminal residue seem to assure efficient labeling and to prevent
internal incorporation of the fluorescent nucleotides. The 5'-three residues, GTT or
ATT can be noncomplementary to the target sequence. The two strands of a product
may be independently labeled with different fluorophores. Strands of products ampli-
fied with one of the primers having 5'-GTT and the other having 5'-ATT can be differ-
entially labeled with two colors using, for example, [R110]-dUTP and [R6G]-dCTP as
nucleotide substrates.

The DNA products resulting from post-PCR fluorescence labeling are exclusively
blunt-ended. This is an additional advantage of the postlabeling method over primer
labeling method in which the amplified product is often a mixture of blunt-ended and
3'-overhanged fragments, because Taq DNA polymerase tends to add a nontemplated
extra-nucleotide to the 3'-end.



122 Hayashi et al.

3.2. Mobility Calibration Using Reference Fragments
Whether a mutant fragment shows a shift in mobility during SSCP analysis is

unpredictable, because of the lack of full theoretical understanding of the factors
affecting how ssDNA is three dimensionally folded under particular physical condi-
tions. In addition, the manner in which differences in the folded structure of ssDNA
affects the extent of retardation during electrophoresis through a matrix is not known.
However, it is our experience that the sensitivity of CE-SSCP is much higher than the
conventional method owing to the high resolving power (up to 107 in theoretical plates)
of CE (see ref. 11 for detailed discussion).

In SSCP, a mutation is detected if the mobility of a fragment carrying a mutation is
significantly different from the mobility of a reference fragment, which carries a nor-
mal or wild-type sequence (1). In other words, a fragment is judged to carry a mutation
if it shows a mobility shift, which is unlikely to be explained by any experimental
variation of mobility of the reference sequence. Thus, a high reproducibility in mobil-
ity of a reference fragment is especially important for sensitive and reliable detection
of mutations.

In CE-SSCP, the mobility of any fragment can vary from run-to-run because of
possible changes of microenvironments, such as a slight change of the column tem-
perature which is often a critical factor that affects the mobility of individual runs.
Thus, it is essential to precisely correct for “run-to-run” variations during the calibra-
tion of electropherograms, to allow real comparison of the mobility of ssDNA observed
in different runs.

How, then, can the mobility of the reference fragment be accurately calibrated? In
fluorescent SSCP analysis using capillary-based automated sequencers, one of the
colors is devoted to label an internal standard and the remaining colors are assigned to
label the samples. After several electrophoresis runs, the “run-to-run variation” is cor-
rected using the internal standard, that is, one of the runs are taken as a “template” run,
and other electropherograms are fitted to the template by referring to the peaks of the
internal standard of each sample run (12), see Subheading 3.3.

3.2.1. Local Southern Analysis
1. Several methods are available for fitting the data points between the peaks to the template

peak, among which a method called “local Southern” has been most successfully applied
in SSCP.

2. In this method, the calibration of regions in the electropherogram nearer to peaks of inter-
nal standard are more likely to be accurate. Therefore, to precisely calibrate the mobility
of a reference fragment, it is important that the internal standard contains a fragment that
shows a peak at a position close to that of the reference.

3. Using commercially available size markers as internal standard in CE-SSCP, we have
experienced moderately good calibration. However, it should be noted that some mutant
DNA fragments also show mobilities that are within the variation of the mobility of the
corresponding reference fragment.

4. One reason for a rather wide variation of mobility of the reference fragment is that in
some cases, none of the peaks of size markers are close enough to the peak of reference
for accurate calibration.
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5. In addition, the size marker fragments have a completely different sequence context from
the sequence of the reference, and may behave differently due to changes in the microen-
vironment between different runs.

6. Using such a fragment as an internal standard can lead to erroneous calibration. A simple
answer to always solve these problems is to include the reference fragment itself as a part
of the internal standard. In this way, one of the internal standard fragments is always
found close to the reference, and the fragment has the same sequence context as that of
the reference.

7. In the following experiments, both strands of the reference fragment is labeled with
TAMRA and mixed with the “size marker” which is also labeled with TAMRA. This
mixture is then used as an internal standard.

8. Samples with strands that are differentially labeled with R6G and R110 are combined
with the internal standard, and applied to CE (see Fig. 5).

9. Examining the reference fragment as a sample, and repeating the analysis five times, the
variability of calibrated mobility of reference fragment are evaluated (see Fig. 6).

10. Table 4 demonstrates that the standard deviation of the estimated mobilities after calibra-
tion using this mixture is much smaller than the estimated mobilities determined using
the “size marker” alone. That is, the mobility of the reference fragment is highly
reproducible after calibration using an internal standard, which includes the reference
fragment itself.

11. The variation the mobility of the reference fragment calibrated in this way is usually
within one data point, and the relative standard deviation is less than 0.005%. This has
been found to be true for more than 50 fragments of different sequence contexts, which
are 200–600 bp, and have mean values of data points of peak positions between 15,000
and 20,000 (data not shown).

Fig. 6. Data processing for run-to-run calibration and evaluation of mobility shift. See Sub-
heading 3.5. for a detailed description. These results are also applicable to the bundled capil-
lary systems such as the ABI 3700 which are now commercially available.
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3.3. Statistical Evaluation of Mobility Shift
In conventional SSCP analysis, the shift in ssDNA mobility is judged by visual

examination. However, in PLACE-SSCP, mobility is digitally obtained in data points.
Thus, whether or not a particular DNA sample shows a mobility shift relative to a
reference DNA can be statistically evaluated (see Fig. 6).

To evaluate PLACE-SSCP analysis, we examine the mobility shift of 34 known
mutant fragments of 600–700 bp in three sequence contexts relative to the mobility the
reference (12,13). The mobility shift is judged to be significant if it is more than 3 × σ,
where σ is the standard deviation of mobility of the reference. Out of the 34 mutants,
33 (97%) showed a significant shift in the mobility of at least one strand, and so, are
judged to be mutant sequences.

Assuming that a (calibrated) mobility fluctuates following Gaussian distribution,
probability that at least one strand of reference fragment of showing a mobility more
than 3 × σ away from the mean is 0.6% (0.3% for each strand). Thus, the false negative
rate of this series of experiments is 3%, and the false positive rate is 0.6%.

The estimation of sensitivity is based on the examination of mutations of a bacterial
gene, or a gene on X chromosome of male subjects and is valid only for the detection
of mutations in a homozygous/hemizygous state, or in a haploid genome. However, in
many cases with diploid genomes, we need to find mutations, which are heterozygous
with the wild-type allele also present. Such heterozygotes are often electrophoreti-
cally unresolved, but are detected as a combined single peak.

Table 4
Calibration of the Peak Positions of Reference DNA

Sense strand Antisense strand

Calibrated using Calibrated using

Rawa Mb M + Nc Rawa Mb M + Nc

6393d 6393.00 6393.00 6557d 6557.00 6557.00
6474 6389.01 6393.03 6638 6556.32 6557.02
6457 6392.16 6392.98 6623 6560.09 6557.02
6476 6391.79 6393.01 6641 6560.12 6557.02
6469 6389.53 6392.01 6635 6557.35 6557.01
Average 6391.10 6392.81 6558.18 6557.01
S.D.e 1.55 0.40 1.61 0.01

Data points of peaks of R6G-labeled sense strand and R110-labeled antisense strand of PCR prod-
uct of wild-type gyrA examined over five successive runs.

aRaw data without calibration. Data collection started 5 min after the start of electrophoresis at a
rate of 70 ms/data point.

bCalibrated using size marker alone.
cCalibrated using size marker and TAMRA-labeled wild-type PCR products.
dUsed as a template for calibration.
eStandard deviation.
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Theoretically, the false negative rate of detection of mutations in heterozygotes
with wild-type alleles should be twofold the rate of that of homozygous/hemizygous
mutation. In general, perhaps it is safe to say that at the above criteria, 95% and 90%
of mutations in homozygous and heterozygous states, respectively, are detected at a
false positive rate of 0.6%, by PLACE-SSCP method using only one electrophoresis
condition.

4. Notes
1. We demonstrate how several factors influence sensitivity in detecting single point muta-

tions by SSCP. These factors include the polymer concentration, the capillary length, and
the applied electric field. We also show how capillary temperature can be particularly
important in resolving mutations that are ordinarily difficult to resolve.

2. In addition, we show that capillary systems with multicolor detection capabilities such as
the ABI PRISM 310 are necessary to accurately record changes in the electrophoretic
mobility which occur in multicomponent systems such as SSCP of DNA. The multicolor
detection system of the ABI PRISM 310 also allows the simultaneous monitoring of an
internal standard for the very high precision and reproducibility that these measurements
require. The analysis of SSCP mobility profiles using GeneScan and Genotyper software
affords an automated method for identifying DNA point mutations.

3. A sensitive, robust, and cost-effective mutation detection system is needed to satisfy a
growing demand for a high-throughput mutation/polymorphism detection method.
CE-SSCP, though it offers many advantages over conventional gel-based SSCP analysis,
still requires optimization of experimental conditions to enhance the mobility shift and to
attain a high rate of accurate detection.

4. The running costs associated with SSCP analysis of mutations is rather high, due mainly
to the use of fluorescence-labeled primers for amplification of target sequences. In con-
trast, PLACE-SSCP does not require fluorescence-labeled primers. Also in PLACE-
SSCP, the calibration of runs are dramatically improved so that even a small shift in the
mobility of a mutant fragment can be distinguished from fluctuation of experimental data,
thus allowing high detectability without meticulous optimization. The whole system
including fluorescence labeling of PCR products and data interpretation is streamlined
and does not require special expertise. Because of the high rate of detection even using
one experimental electrophoresis condition, the algorithm of judgment of presence of
mutation is simple, and should be easily adaptable to high-throughput analyses such as
single-nucleotide polymorphism finding.

Disclaimer
Certain commercial equipment, instruments, and materials are identified in this

paper in order to specify the experimental procedure as completely as possible. In no
case does this identification imply a recommendation or endorsement by the National
Institute of Standards and Technology, nor does it imply that the material, instrument,
or equipment is necessarily the best available for the purpose.
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SSCP Analysis by Capillary Electrophoresis
with Laser-Induced Fluorescence Detector

Jicun Ren

1. Introduction
Among the various techniques developed for mutation detection, single-strand con-

formation polymorphism (SSCP) analysis has become the most popular method for
the screening of unknown mutation in small stretches of DNA. Its widespread use is
related to its simplicity and low cost. SSCP analysis is based on the principle that
ssDNA with a single base substitution (or containing a small sequence deletion or
insertion) often assumes an altered folded conformation to an equivalent wild-type
sequence lacking the base substitution. The single base substituted and wild-type
ssDNA molecules therefore may migrate with different mobility from each other in a
nondenaturing electrophoresis gel (1). This is demonstrated in Fig. 1, in which the
conventional SSCP procedure is shown. Here, the gene DNA fragment of interest is
amplified by use of the polymerase chain reaction (PCR). The DNA fragments are [32P]-
radiolabeled (or using radiolabeled primers). Then following nondenaturing gel elec-
trophoresis, the mobility (position) of the ssDNA is detected by autoradiography (2–4).
In spite of the simplicity of the technique, conventional SSCP analysis remains both
labor-intensive and time-consuming, involving the preparation of large-format polyacry-
lamide gels for multiple sample handling, the long run time of the electrophoresis gels,
and the manipulation of radioactive compounds and radioactive wastes.

Capillary electrophoresis (CE) in entangled polymers is an attractive alternative to
slab-gel electrophoresis techniques for DNA analysis (5–7). CE can be automated and
the technique is characterized by short analysis time, small sample and small reagent
requirements, high resolution and separation efficiency, and when coupled to laser-
induced fluorescence (LIF) detector has unsurpassed detection sensitivity. Notably,
when used in a multiple injection mode, the average analysis time per sample is
reduced to about 4 min (8). An additional important advantage of CE is that the run-
ning temperature can be precisely controlled to allow SSCP analysis with high resolu-
tion and good reproducibility between experiments. This is because the change of the
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temperature in the capillary markedly affects the sensitivity and the reproducibility of
SSCP analysis. CE-LIF has successfully been used instead of slab-gel electrophoresis
for the separation of DNA fragments as part of SSCP analysis (8–18). The technique
is simple and rapid and is well suited to the analysis of a large number of clinical
samples with high throughput.

2. Materials
2.1. DNA Extraction

1. Whole human blood samples (see Note 1).
2. The “DNA Direct” Preparation Kit (Dynal, Oslo, Norway).
3. The “QIAquik Blood Kit” (HT Biotechnology Ltd., UK).

2.2. Polymerase Chain Reaction
1. Reaction tubes, thin-walled: (Gene Amp).
2. Fluorescein-labeled primers: 20 µM stock solution of primers is stored at –20°C until use.

Examples of primers are:
a. The amplification of C677T mutation of methylenetetrahydofolate reductase gene

includes the following oligonucleotide primers (8):
5'-fluorescein-GGAGCTTTGAGGCTGACCTGAA-3'(forward primer),
5'-fluorescein-GACGATGGGGCAAGTGAT-3' (reverse primer);

Fig. 1. The principle of SSCP analysis. Slab-gel electrophoresis (SGE). Capillary
electrophoresis (CE).
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b. The amplification of G1691A mutation of factor V gene uses the following primers (15):
5'-fluorescein-CTTTGGGGAGCTGAAGGACTACTAC (forward primer),
5'-fluorescein-TCAAGGACAAAATACCTGTATTC (reverse primer).

3. PCR buffer, 10X (HT Biotechnology Ltd.): 100 mM Tris-HCl, pH 9.0, 500 mM KCl, 15 mM
MgCl2, 0.1% (w/v) gelatin and 1% Triton X-100, stored at –20°C until use.

4. dNTPs solutions with 1.25 mM of each dNTP (dATP, dGTP, dCTP, and dTTP), stored
at –20°C.

5. Super Taq DNA Polymerase: (HT Biotechnology Ltd.) stored at –20°C.
6. dd-Water, double-distilled and purified on a Milli-Q Plus water purification system

(Millipore, Bedford, MA).
7. PCR thermocycler (Perkin-Elmer).

2.3. Purification of PCR Products
1. The “QIAquick PCR Purification Kit” (QIAGEN Co. Germany).
2. 100% Ethanol (store at –20°C).
3. 70% Ethanol (store at –20°C).
4. Tris-EDTA buffer, 1X: 10 mM Tris-HCl, 1 mM EDTA, pH 8.0.
5. Eppendorf Centrifuge with refrigeration.

2.4. Synthesis of Short-Chain Linear Polyacrylamide (SLPA)
1. Acrylamide (Sigma).
2. N,N,N',N'-tetramethylenediamine (TEMED).
3. Ammonium peroxydisulfate (APS).
4. Isopropanol (A.R. grade).
5. Dialysis membrane tubing, 12,000 mol wt cutoff (Thomas Scientific, Philadelphia).
6. Ultrapurified helium gas.
7. A thermostated water bath.

2.5. Capillary Coating
1. Fused silica capillaries with 50 µm or 75 µm id from Polymicro Technologies Inc.

(Phoenix, AZ).
2. 3-Methacryloxypropyltrimethoxysilane (Pharmacia LKB Biotechnology AB, Uppsala,

Sweden).
3. 50% Acetic acid solution.
4. 1 M HCl.
5. 0.1 M NaOH.
6. 3% Acrylamide solution.

2.6. Capillary Electrophoresis
1. CE Instrument with LIF detector.
2. Argon-ion laser with 488-nm emission (Uniphase Ltd., Herts, UK).
3. TBE buffer, 1X: 89 mM Tris-base, 89 mM boric acid, 1 mM EDTA, pH 8.3.

3. Methods
3.1. DNA Extraction

1. Collect a whole blood sample (at least 20 µL), (see Note 1).
2. Extract the genomic DNA from whole blood using the “DNA Direct Kit” or the “QIAquik

Blood Kit” according to the instructions from the manufacturer.
3. Store the purified DNA at 4°C until use.



130 Ren

3.2. PCR Reaction
1. A 100-µL PCR mixture contains: 10 µL of 10X PCR buffer, 10 µL of 1.25 mM dNTP

mixtures, 2 µL of 10 µM each of the forward and reverse primers, 1 µL of Taq DNA
polymerase (0.5 U), 5 µL of genomic DNA (about 100 ng) and 72 µL water.

2. Amplify by PCR using the following cycle profile (see Note 2): Initial denaturation: 94°C
for 4 min. Then, 32–36X thermal cycles of: denaturation: 94°C, 30 s; annealing: 60°C,
30 s; extension: 72°C, 10 s. Final extension: 72°C, 7 min.

3.3. Purification of PCR Products
1. Transfer 100 µL of PCR product into an 1-mL Eppendorf tube, add 200 µL of 100%

ethanol (cold) and then mix gently (see Notes 3 and 4).
2. Place the mixture into refrigerator and stand it for 1 h at –20°C.
3. Recover the PCR product by centrifugation at 8000g for 10 min at 4°C.
4. Rinse the DNA pellet twice with 300 µL of 70% cold ethanol.
5. Resuspend the PCR product in 50 µL of 1X TE buffer and store at –20°C until use.

3.4. Synthesis of Short-Chain Linear Polyacrylamide
1. Short-chain linear polyacrylamide (SLPA) is synthesized according to a slight modifica-

tion (8) of the procedure as described by Grossman (19) (see Note 5).
2. The reaction mixture contains 111 mL of dd-water, 12.5 g of acrylamide, 3.75 mL of

isopropanol.
3. The mixture is degassed with helium for 0.5–1 h and then heated to 60°C in water bath for

about 15 min.
4. Add 0.625 mL of 10% (v/v) TEMED, 0.625 mL of 10% (w/v) APS to the mixture and

allow the polymerization to take place at 60°C for 2 h.
5. Dialyze the product against water for 2 d using the 12,000-mol wt cutoff dialysis mem-

brane tubing to remove short chain molecules, then lyophilize the product.

3.5. Capillary Coating
1. The capillary is coated with linear polyacrylamide (LPA) according to a slight modifica-

tion (8) of the method described by Hjertén (20).
2. Wash an uncoated capillary (90 cm length) with 1.0 M HCl for 40 min.
3. Wash the capillary with 0.1 M NaOH for 10 min.
4. Flush the capillary extensively with water.
5. Fill the capillary with 50% acetic acid solution containing 2% of 3-methacryloxy-

propyltrimethoxysilan, and allow it to stand for 2 h at room temperature.
6. Flush capillary extensively with water.
7. Fill up capillary with 3% acrylamide solution (5 mL of 3% acrylamide, 2 µL TEMED,

and 20 µL 10% APS), and allow it to stand for 2 h at room temperature.
8. Wash the LPA-coated capillary with water, and store it at 4–8°C with the two ends of the

capillary inserted into water to prevent the coating drying out (see Note 6).

3.6. Capillary Electrophoresis Procedure
1. Prepare a 6% SLPA solution with 1X TBE buffer as the sieving medium (see Note 7).
2. Use the 1X TBE as the electrophoresis running buffer (see Note 8).
3. Rinse the new PA-coated capillary with TBE buffer for 5 min.
4. Fill the capillary with the 6% SLPA sieving medium.
5. Introduce the ssDNA samples by electrokinetic injection at –2 kV for 6 s.
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6. Run capillary electrophoresis at reverse polarity mode at constant electric field, typically
at –20 kV for 15–20 min. The column temperature is 25°C. (see Note 9).

7. Between each run, wash the capillary with TBE buffer for about 2 min and refill the
capillary with fresh sieving medium.

3.7. SSCP Analysis
1. Take 5 µL the purified PCR product into a 0.5-mL Eppendorf tube and dilute by 10-fold

with double-distilled water, (see Notes 10 and 11).
2. Heat the PCR product at 94°C for 4 min to denature the DNA strands and then cool the

mixture in ice water for 10 min.
3. Introduce the ssDNA samples by electrokinetic injection at –2 kV for 6 s.
4. Run CE at reverse polarity mode at constant electric field, typically at –20 kV for 15–20 min,

(see Note 12). The column temperature is 25°C.
5. Identify the genotype of the sample according to the migration time and number of peaks

in electropherogram (see Note 13).
6. Figure 2 shows the C677T polymorphism of the methylenetetrahydrofolate reductase

gene by SSCP analysis (8). The homozygous normal (––), homozygous mutant (++) and
heterozygous (+–) genotypes were clearly distinguished by CE-LIF.

3.8. Poly(Dimethyl Acrylamide) (PDMA)
1. PDMA (22) can form a dynamic coating on inner surface of silica capillary and suppress the

electroosmotic flow and the interaction of DNA and the inner surface of the capillary, (see
Note 14).

2. Using PDMA as sieving medium (16) SSCP analysis successfully detected point muta-
tions/polymorphisms of methylenetetrahydrofolate reductase gene, factor V gene and cys-
tathionine β-synthase gene in uncoated capillary (not shown).

4. Notes
1. Template DNA used in PCR reaction can be conveniently extracted from whole blood

samples using the “DNA Direct Kit” or the “QIAquik Blood Kit.” Conveniently, when the
LIF detector with high sensitivity is used in SSCP analysis sufficient ssDNA fragments can
be amplified by PCR using 1 µL of unpurified whole blood as the template DNA.

2. The conditions of the PCR reaction described above can be only applied to the amplifica-
tion of the C677T mutation of the methylenetetrahydrofolate reductase gene using the
primer pairs indicated. The cycle number and thermal cycle profile should be optimized
the PCR reactions to amplify other gene fragments.

3. The PCR products are purified by precipitation with 70% ethanol in order to remove salts
from the DNA fragments and thereby increase the resolution of the SSCP analysis.

4. Occasionally, the unincorporated fluorescein-labeled primers interfered with SSCP analy-
sis. We found that the fluorescent materials and fluorescein-labeled primers could be
efficiently removed using the “QIAquick PCR Purification Kit” (21).

5. The SLPA medium is well suited for SSCP analysis on a commercial CE instrument.
Commercial CE instruments can easily carry out capillary filling and medium replace-
ment with the low viscosity SLPA medium. The resolution of ssDNA fragments is mark-
edly dependent on the concentration of SLPA. Our studies showed that the best resolution
is obtained at 6% SLPA for analysis of the C677T mutation (8). We have also success-
fully detected eight of nine different point mutations from the methylenetetrahydrofolate
reductase gene, the factor V gene, and the cystathionine β-synthase gene using 6% SLPA
as the sieving medium (15).
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6. The new LPA-coated capillary should be stood for overnight after coating. This is
observed empirically to prolong the lifetime of the LPA-coated capillary. After finishing
the analysis each day, the capillary should be stored filled with water to avoid air entering
into capillary. Surface drying will decrease the efficiency of the coated capillary mark-
edly. The commercial DB-17 coated capillary (J & W Scientific) also has high resolution,
long lifetime and is suitable for SSCP analysis (15).

7. The sieving medium is an important factor that may affect SSCP analysis using CE. SLPA
sieving medium has low viscosity and high ssDNA resolution compared to both
hydroxypropyl methyl cellulose and poly(ethylene oxide) media.

8. TBE buffer (pH 8.3) is a widely used running buffer in SSCP analysis based on slab-gel
electrophoresis or CE. Most of mutations can be detected under this pH value. Recently,

Fig. 2. SSCP analysis by CE-LIF. The C677T polymorphism of the methylenetetra-
hydrofolate reductase gene is determined by SSCP analysis. The homozygous normal (––),
homozygous mutant (++), and heterozygous (+–) genotypes are indicated in upper left corners
of the panels. Relative fluorescence units (RFU). The single-strand DNA fragments are sepa-
rated in the PA-coated capillary (39.5 cm length and 50 µm id) filled with 6% SCLP in 1X TBE
buffer, pH 8.3. Electrokinetic injection at –2 kV for 6 s is used. The run temperature is 25°C
and the applied voltage is –20 kV.
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our results have demonstrated that the pH value of the running buffer strongly affects the
pattern of SSCP and the resolution of ssDNA conformations (15). We suggest that the pH
of the running buffer should be systematically optimized in SSCP analysis based on CE.

9. Temperature significantly affects the conformation of ssDNA and thereby alters the sen-
sitivity of the SSCP analysis. The increase in temperature will remarkably reduce the
resolution of ssDNA fragments, which attain a less folded structure at high temperature.
Some studies have shown that a low temperature (15–20°C) is beneficial to maintenance
of the sensitivity of SSCP analysis by CE.

10. The use of a thin capillary (e. g., 50 µm id) is suggested if the sensitivity of the detector is
compatible with the concentration of PCR products. The thin capillary can more effi-
ciently dissipate Joule heat and the high electric field can be applied in SSCP analysis
compared to thicker capillaries, which can shorten the analysis time without loss of resolution.

11. The sensitivity of the UV-detector is much (about 1000 times) lower than that of the LIF
detector. However, the concentration of PCR product can dramatically increase by add-
ing more template DNA, increasing the cycle number of PCR, optimizing the thermocycle
profile of PCR reaction or using nested PCR technique. The UV-detector can be used in
SSCP analysis of some mutations (9,11).

12. The appropriate electric field strength should be applied according to the dimensions of
the capillary and the electrical conductivity of the running buffer. An extremely high
electric field will produce serious Joule heating. This increases the temperature in center
of the capillary, which may alter the conformation of ssDNA, increase analyte diffusion,
and thereby cause peak broadening and a reduction in resolution. However, an insuffi-
ciently strong electric field will prolong the migration time of ssDNA fragments, which
will also increase the sample zone diffusion and also lead to loss of resolution. We sug-
gest that an electric field should be chosen to give an optimal current of about 10–20 µA,
in order to avoid Joule heating.

13. The effects of glycerol on SSCP analysis are dependent on the sequence context of DNA
fragments. A similar effect on SSCP analysis has been observed by a reduction of the pH
value of sieving medium (see Note 8). We have found that glycerol reduces the resolution
in SSCP analysis of the C677T mutation of the methylenetetrahydrofolate reductase gene (8).
The results of SSCP analysis should therefore be compared with and without glycerol present.

14. PDMA (22,23) can form a dynamic coating on inner surface of silica capillary and sup-
press the electroosmotic flow and the interaction of DNA and the inner surface of the
capillary. Our experiments (16) have shown that PDMA may become a very useful siev-
ing medium in SSCP analysis in uncoated capillaries.
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Magnetic Bead-Isolated Single-Strand DNA
for SSCP Analysis

Takao Kasuga, Jing Cheng, and Keith R. Mitchelson

1. Introduction
1.1. SSCP Definition

Single-strand DNA conformational polymorphism (SSCP) makes use of sequence-
dependent folding and structural conformation assumed by ssDNA for detection of
small sequence changes or point mutations in DNA fragments. The technique was
developed using polyacrylamide gel electrophoretic (PAGE) fractionation of distinc-
tive conformational isomers (conformers) of ssDNAs. These are formed by denatur-
ation of short polymerase chain reaction (PCR) products (typically <200 bp) (1–7).
Conventional understanding of SSCP suggests that conformational distortion created
by the folding (loops and bends) stabilized by the formation (short) regions of
intramolecular duplex between complementary regions within each single-stranded
molecule alters the three dimensional shape of the molecule. Crudely, the migrating
DNA strand collides with the sieving polymer media and through the temporary inter-
action of DNA and sieving media molecules, the mobility of the DNA is reduced (8).
Differences in the size or conformation of DNA molecules affect the duration of these
sieving interactions. Since the two complementary DNA strands differ in sequence,
each strand assumes an independent conformation, which has a characteristic mobil-
ity. Thus, minor differences in the sequence between DNAs from two sources, such as
point mutations, may affect the conformation assumed by each of the strands and iden-
tify the sequence differences as a shift in mobility. High-performance capillary elec-
trophoresis (HPCE) is increasingly used for SSCP analysis, with detection by UV
absorption of DNA (9,10), or by LIF of ssDNA tagged with fluorescent dye-labeled
primers (11–14).

1.2. SSCP of PCR Products
The direct use of unlabeled PCR products for SSCP analysis is attractive because of

the low cost and potential convenience, however, the complementary DNA strands



136 Kasuga, Cheng, and Mitchelson

may easily reanneal following denaturation and rapid handling is required to prevent
reannealing occurring (1–3,6,7). Unincorporated PCR primers may also modify SSCP
profiles of PCR products, as the primers can reanneal with the single-strand termini
and alter the electromigration of the major strands (2–4).

1.2.1. SSCP Conformation Profiles
The interpretation of SSCP profiles obtained using PCR products can be complex

because although only two ssDNAs are anticipated during SSCP, more than two DNA
bands may be detected (1,2). Conventional PAGE profiles of SSCP usually have three
major bands, representing the two single-strand molecules and some reannealed duplex
DNA (1). However, the number of different conformational isomers (conformers) that
may be assumed by each ssDNA depends both upon the stability of duplex formed by
(small) complementary regions and the DNA sequence, presumably because of strand
reannealing and partial reannealing phenomena may create several different conform-
ers (2). When multiple bands are seen, the major species are usually the two comple-
mentary single DNA strands, whereas other minor species may represent different
stable conformational isomers of the single DNA strands, partially annealed or fully
annealed duplex DNA, or single-strands annealed to residual PCR primer (2–4). The
presence of self-complementary sequence regions within the single-strands also sug-
gests that regions of short duplex could also form between two or more copies of the
same strand, and could contribute to the slower migrating isomers which are occa-
sionally detected in a SSCP mixture (2,5) (see Notes 1 and 2). Many of these prob-
lems may be overcome by techniques such as magnetic-bead purified single DNA
strands (2,15–18) in which unique ssDNA strands are isolated, free of complement
strand and unincorporated PCR primers, or by asymmetric-PCR to selectively amplify
one strand (5).

1.2.2. Development of SSCP Analysis by Capillary Electrophoresis
Several groups have described the application of (CE) for conventional SSCP

analysis (SSCP-CE) (9–14). The various DNA species observed during conventional
SSCP-PAGE analysis may also influence the profile of SSCP-CE, and may depend
upon the method of purification of the test DNA, the manner of preparing the ssDNA,
and the manner of loading the ssDNA into the capillary column (10,13). The time
taken to load heat denatured DNA on to the capillary column is critical as ssDNA
has the tendency to reanneal with complementary sequence, and significant renatur-
ation of duplex DNA may occur at permissive temperatures (12,14). Conditions that
provide for contact between strands and thermal conditions that allow the destabili-
zation of the ssDNA conformation to occur may allow for the formation of these
conformations.

1.3. Recent Developments in SSCP-CE Analysis
One approach that can overcome strand reannealing is the use of “On-line in-capillary

melting of PCR strands” in which strand melting and conformation formation are rap-
idly achieved during the electrophoretic analysis, and strands are electrophoretically
separated before significant reannealing can occur (19). Atha et al. and Wenz et al.
(12,14) observed that ssDNA assumes different characteristic mobilities (determined
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by ssDNA folding) at different temperatures. They developed a panel of DNA frag-
ments representing the 10 most common mutations found in the human p53 tumor
suppressor gene and created a database of conformation polymorphism (mobility shifts
in the temperature range 25–45°C) which are characteristic of each mutation. Notably,
different mobilities corresponding to different conformational isomers could be de-
tected for single-strands electrophoresed under different thermal conditions. The com-
bination of detailed thermal profiling of each mutation with “on-line in-capillary
melting of DNA” could provide a rapid method to identify both known mutations and
novel mutations within the target gene region. Interestingly, SSCP-PAGE analysis of
the same p53 gene mutations suggest that subambient temperature (20°C) was prefer-
able for discrimination of these mutations as a group, which is probably indicative
of the necessity for good thermal control to ensure the stable assumption of particular
conformers (6,7).

Using a different approach, Ren et al. (20) applied CE to mutation detection using
a combination of SSCP and specific chemical mismatch cleavage (CMC) at the muta-
tion sites. The cleavage products were analyzed under denaturing conditions as ssDNA,
affording relatively high resolution of ssDNA (down to 1 nt). The precise size assess-
ment of CMC products gave additional information about the location of the mutation.
The method allows screening of known mutations that give expected CMC products,
but also detects unknown mutation locations which are indicated by novel CMC frag-
ment sizes and novel SSCP profiles.

1.3.1. Magnetic Bead Capture of ssDNA

Biotin-labeled DNA is used to specifically bind to immobilized avidin for DNA
subtraction (21). PCR products can be made using one biotinylated primer and one
nonmodified primer to allow selective purification of the unmodified strand by
removal of biotinylated strand using Dynal magnetic Dynabeads®. Following biotin-
avidin capture of isolated single-strand DNA, the detection of SSCPs may be com-
pared to conventional SSCP profiles observed either by CE analysis (15) or by PAGE
analysis (2,16–18). The clarity of profiles and interpretation of characteristic mobility
shifts is usually improved over the profiles seen with duplex DNA which is rapidly
melted before loading on to the electrophoretic medium

1.3.2. Pretreatment of Bead-Purified ssDNAs
1.3.2.1. STANDARD TREATMENT

The pretreatment of the bead-purified ssDNA (before electrophoresis) influences
the information content of the SSCP profiles. When bead-purified ssDNA are ther-
mally melted and snap cooled prior to loading, the SSCP profiles of each of the strands
are similar to the profiles of individual ssDNA seen when duplex DNA is treated in the
same manner (2,16–18).

1.3.2.2. NO THERMAL TREATMENT

Since the complementary strands are not present with bead-purified ssDNA, the
heat denaturation and snap cooling procedures to melt strands prior to analysis are not
necessary (2). The ssDNA is released from the duplex DNA bead-complex using alkali
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then ethanol precipitated and dissolved in water as a single-strand. A completely dif-
ferent SSCP profile is seen if these ssDNAs are analyzed directly without further treat-
ment (2) and show two closely migrating major (doublet) bands, as well as a number
of slow migrating metastable species (Fig. 1). The entangled solution capillary elec-
trophoresis (ESCE)-SSCP profile of rapidly melted DNA (9) is directly comparable to
the PAGE-SSCP profile of the same DNA strands as bead-isolated ssDNAs. The dou-
blet bands represent stable conformations assumed by single DNA strand which are
resolved by the sieving gel, although some conformation isomers result from the
annealing of residual PCR-primers and the ssDNA. Notably, neither of the pairs of
doublet ssDNA bands is prominent in the conventional SSCP profiles thermally melted
duplex DNA, even when most residual PCR-primers are removed by agarose gel-puri-
fication. Importantly, the true ssDNA conformers seen in bead-purified single-strand
SSCP are not usually abundant in a conventional SSCP assay, even for gel-purified
PCR products (2).

1.3.2.3. METASTABLE SPECIES

The low electrophoretic mobility of the mSSCP suggests large molecular species,
such as multimers resulting from bi- or tri-molecular self-annealing interactions
between single-strands at regions of sequence complementary (Fig. 2). Studies sug-
gests that duplex and triplex structures between both folded and linear oligonucle-
otides can form in solution which are very energetically stable (22,23). Since
conventionally, SSCP are thought to result from intramolecular base pairing between
complementary regions within a single DNA strand, additional intermolecular duplex
regions are likely to occur between complementary regions of two or more molecules.
The multimers would be partially single-stranded, because the strands are not fully
self-complementary and could form several different conformations. These multimer
species form upon storage of the bead-purified ssDNAs and are observed only when such
structures are not disrupted by heating (see Notes 3–6).

The highly regulated and uniform thermal environment of the capillary contributes
to the stability of the metastable single-stranded isomers during the electrophoretic
separation. Konrad and Pentoney (23) also showed that formation of DNA secondary
structure and short duplex regions can effect the separation of ssDNA oligomers
(12 mers) by HPCE even in 7 M urea at 35°C. It is likely that small DNA regions of
4–6 bp may form intermolecular homoduplex with high structural stability between
the two oligomers.

The ssDNAs were stable for subsequent electrophoretic analysis even after several
weeks of storage at 4°C. This stability of single-strand conformers is advantageous for

Fig. 1. (opposite page) Electropherogram of SSCP of purified PCR products of the same
ribosomal gene region: (A) PGB strain; (B) SFi strain. Nucleotide differences between SFi and
PGB are 2 Deletion, 4 Substitution, 2 bp length = (2D + 4S/2B). S1 and S2 are the major (stable)
SSCP peaks, D is reannealed homoduplex and M indicates metastable SSCP peaks. Electro-
pherograms are aligned from the reannealed peak D. The sample was electrokinetically loaded



SSCP Using Magnetic Bead-Isolated ssDNA 139

into the capillary at 175 V/cm for 13 s. The separation was carried out at 228 V/cm for 20 min.
The UV absorbance was monitored at 260 nm. The temperature of the external surface of the
capillary was maintained at 20 ± 0.3°C. Reprinted with permission from (9) Journal of Capil-
lary Electrophoresis 2, 24–29.
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the automated handling of samples, or for automated HPCE. Glycerol may help con-
taining to maintain the stability of the single-stranded isomers in sieving buffers
(1,6,7,24). During HPCE using borate buffer with different sugar polymer sieving
matrices, the matrix may be crosslinked and present selective separation to DNAs of
particular sizes or physical conformations (24), although a recent study of PAGE-SSCP
suggests that some of the beneficial effect of glycerol may be mediated by a decrease
in pH (25) which would decrease electrorepulsion between backbone phosphates and
allow closer compaction and assumption of more stable conformations. A wide range
of sugar-polymers used commonly for ESCE may interact with borate to form dynamic
crosslinked matrices, which provide mild environmental conditions that are favorable
for the stability of short duplex regions, and hence, may allow separation of different
conformation isomers of ssDNA molecules (26).

1.4. Novel Applications of Magnetic Bead Capture
Rashkovetsky et al. (27) have described a novel microanalytical method using mag-

netic beads and CE instrumentation. A short plug of magnetic beads can be localized
into the capillary and held fixed by a magnet, allowing biological assays to be per-
formed using enzymes or specific ligands attached to the beads. Such capillary-located
magnetic beads linked to avidin could be used to capture biotin-tagged PCR products
and would allow rapid, selective SSCP analysis of the untagged strand in combination
with an “On-line in-capillary melting of PCR strands” procedure (19).

Fig. 2. Model of low mobility metastable conformational conformers. Regions of comple-
mentarity (x::z; n::u) allow duplex formation between two or more ssDNA molecules: (A)
illustrates a single strand of DNA. Interactions between two or more strands can create partially
duplex, (B) bi-molecular and (C) tri-molecular complexes. Reprinted with permission from (9)
Journal of Capillary Electrophoresis 2, 24–29.
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Biotin-labeled DNA primers specific for gene regions can amplify particular cDNA
fragments from cellular mRNA using reverse transcriptase combined with PCR (RT-PCR),
and these cDNA can be collected specifically by binding to immobilized avidin (28).
Both the quantitative level of gene expression, or putative sequence variation within
such cDNA fragments could be examined by SSCP analysis following release of a
single DNA strand from the amplified dsDNA (29). One application is the genotyping
of bacteria (30) in which length and sequence polymorphism analysis of rRNA-
intracistronic and tRNA-intergenic regions could be performed. The use of SSCP-CE
analysis in combination with magnetic bead separation of one DNA strand from the
other would allow detailed CE migration profiles and conformation isoforms to be
created for each bacterial isolate. An alternative approach might be a capture and
detection system (31) using biotin-labeled probes to capture the DNA segments that
contain specific regions of the genes by DNA-DNA hybridization following PCR
amplification or RT-PCR.

1.5. Interpretation of the SSCP Profile
1.5.1. Direct PCR Products

Capillary SSCP experiments (9) of agarose gel purified PCR products show several
strong bands which correspond to the reannealed duplex DNA as well as the two stable
ssDNA conformers (labeled S1 and S2), as well as a number of other metastable
ssDNA peaks (mSSCP) (see Fig. 1). Each of the peaks had marked different retention
times for the two variant DNA strands, and the number of metastable peaks also dif-
fered. The reproducibility of the CE conditions was high and base-line resolution of
the peaks was observed. The assay of SSCP-CE can be resolved rapidly, in approx
20 min. Reannealing between residual unincorporated primer and its complementary
ssDNA may have produced some of the bands that migrate close to each ssDNA band
(2–4). We believe that during ESCE, the electrokinetic loading contributes to the rapid
fractionation of all DNA forms into separate zones in the capillary sieving media,
preventing “zippering up” of complementary DNAs into duplex molecules and limit-
ing the loss of metastable isomers. The effectiveness of “on line melting” for rapid
creation of ssDNA conformers and subsequent rapid electrophoretic separation of
single DNA strands described by Kuyper et al. (19), supports this view. In addition,
the use of glycerol in the sieving buffer may help to maintain the stability of the single-
stranded isomers (see Notes 7–9).

1.5.2. PAGE of Bead-Purified ssDNAs
The adoption of magnetic bead-purified ssDNA provided a marked increase in the

information content of the PAGE-SSCP analysis. In each case, runs with SSCP of
bead-purified ssDNA which correspond to the two stable ssDNA conformers, as well
as a number of other slow migrating metastable ssDNA peaks (mSSCP) (2). Each
isolated strand of the PCR product provided several novel SSCP bands, which are
stable to temperature. The mobility of these bands are different between the two sets
of DNA fragments that differed by (2D + 4S/2B), suggesting that several stable con-
formations may be assumed by a single DNA strand, which each present different
profiles to the sieving gel matrix (2).
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1.5.3. Metastable Conformation Isomers of ssDNA in PAGE
The low mobility metastable bands were readily detectable in bead-purified ssDNA

preparations, but were consistently observed by PAGE electrophoresis only when
DNAs were not thermally treated prior to loading on the gel (2). Metastable isomers of
ssDNA are also not generally obvious in conventional PAGE-SSCP analyses, which
involve a thermal treatment to melt the duplex DNA (1,6), nor in bead-purified
ssDNAs, which are also thermally treated prior to electrophoresis (16–18). However,
in both asymmetric PCR-SSCP (5), cDNA-SSCP (1) and unheated, bead-purified
ssDNA (2), the abundance of one DNA strand permits multiple slow migrating species
to also be readily observed by conventional PAGE. It is likely that the slow migrating
species seen in asymmetric-PCR-SSCP may also represent metastable isomers of mol-
ecules, similar to the metastable isomers observed bead-purified ssDNA. The failure
to detect these slow migrating bands during most conventional SSCP protocols that
use a duplex DNA source is most likely because of the higher thermodynamic stability
of interactions between complementary strands than between two molecules of the
same sequence. Cai and Touitou (3) noted that annealed molecules could form
between residual PCR primers and ssDNAs and which result in altered mobility of
bands. Formation of the annealed primer-ssDNA molecules also occurred in SSCP of
PCR products despite purification by gel electrophoresis (2). Some of the metastable
SSCP peaks therefore may result from the resolution of these additional partially
annealed molecules (4).

1.5.4. SSCP Assay of Single-Strand RNA
Danenberg et al. (32) transcribed short RNA copies (~250 bp) from regions of PCR

amplified target genes by T7 or SP6 RNA polymerases from appropriate promoters in
the PCR primers. The RNA molecules could be separated into numerous metastable
conformational forms by nondenaturing gel electrophoresis. Pronounced changes in
the conformational patterns including mobility shifts of major and minor conforma-
tions, the appearance of new conformations and the loss of other conformations
occurred with single-base substitutions in the RNA. Both sense and antisense RNA
strands of the same gene segment give unique conformational patterns. Presumably,
the large repertoire of secondary structure assumed by RNA is the source of such
diverse metastable conformations, which are stabilized by the shorter hairpin turns
and H-bonding between the 2'-hydroxyl groups and available bases and sugars in the
RNA oligonucleotide. Although analysis of metastable RNA conformations by CE
has not been reported, the conformational analysis is likely to be similar to the slow
and fast migrating RNA species detected during nondenaturing gel electrophoresis
(32). The metastable RNA conformational forms are also likely to correspond to some
of the metastable species occurring during analysis bead-purified ssDNA (2).

2. Materials
1. DNA is isolated using a Nucleon PhytoPure DNA Isolation Kit (Amersham Life Sciences).
2. Ultrafree-MC filters (cat. no. UFC30HV100) (Millipore).
3. Magnetic M-280 strepavidin Dynabeads are used according to Biomagnetic Techniques

in Molecular Biology—Technical Handbook (21).
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4. MPE washing buffer: 1 M NaC1, 10 mM Tris-HCl, 1 mM EDTA, pH 8.0.
5. 1X TE: 10 mM Tris-HCl, 1 mM EDTA, pH 8.0.
6. Bovine serum albumin (BSA) is from Sigma.
7. ESCE sieving media: 1X TBE: 90 mM borate, 90 mM Tris-base, pH 8.3, 1 mM EDTA;

0.5% (w/v) hydroxypropyl methyl cellulose (HPMC) (Sigma H7509), 3 µM EtBr and
4.8% glycerol (8,23).

8. A surface-modified fused-silica capillary, DB-17 (57 cm × 100 µm, effective length 50 cm)
(J & W Scientific, Folsom, CA).

9. HPCE is performed on a P/ACE® 5050 HPCE system (Beckman Instruments Inc., Ful-
lerton, CA).

10. Post-run data analysis is performed using the Gold Chromatography Data System, ver-
sion 8.13 (Beckman Instruments Inc.).

3. Methods
3.1. PCR Amplification of DNA Fragments

1. Separate PCR reactions are performed in a total mixture of 25 µL containing 5 ng of
template DNA and 225 nM of primer pairs, only one of which is biotin labeled (9).

2. The PCR products are separated on agarose gels and are then purified by Ultrafree-MC
filters.

3.2. Purification of ssDNA
1. A biotin-5'-labeled primer is used in combination with nonmodified primers for PCR

amplification (9,21). Briefly, 100 µL of magnetic M-280 strepavidin Dynabeads are
washed twice in an Eppendorf tube with 200 µL PBS, 0.1% BSA, pH 7.5 and are col-
lected on the magnetic particle concentrator (MPC).

2. Beads are resuspended in 50 µL of MPE washing buffer and 15 µL PCR-amplified DNA
and 85 µL water are added and the solution is mixed gently for 30 min at room tempera-
ture on a rotator at 20 rpm.

3. When the biotin is bound to the streptavidin, the beads are concentrated on the MPC. The
supernatant is removed and residual unbound primers are eliminated by washing the beads
three times with washing buffer for 10 min at room temperature on a rotator at 20 rpm
(see Note 10).

4. The unmodified ssDNA is released by the addition of 40 µL of 120 mM NaOH. The
supernatant is then collected and neutralized with 3.6 µL of 1.7 M acetic acid.

5. The ssDNA is collected by precipitation at –70°C, by adding 150 µL of ethanol without
carrier.

6. Purified ssDNA is dissolved in 15 µL of 1X TE and is stored at 4°C until use. The ssDNA
could be directly analyzed for SSCP after up to 4 wk of storage, without detectable change
in the electrophoresis profile.

3.2.1. SSCP Assay of PCR Products by CE
1. The capillary column is conditioned daily with 5 vol of ESCE buffer and then subjected

to voltage equilibration for 15 min until the baseline is stabilized. ESCE is performed on
the P/ACE 5050 system (Beckman) in the reversed-polarity mode (negative potential at
the injection end of the capillary).

2. For direct SSCP of PCR products, 2 mL of each DNA sample (in 0.1X TE) is mixed with
5 mL of water and 3 mL of formamide. The mixtures are boiled for 3 min and then snap
frozen in a dry ice/acetone bath for 3 min, and stored at –20°C until use (see Notes 7–9).
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3. Frozen mixtures are allowed to thaw on the P/ACE loading tray immediately before elec-
trokinetic loading on to the capillary column. Samples are introduced into the capillary by
electrokinetic injection at negative polarity of 175 V/cm for 10–13 s (see Notes 11–13).

4. Separations are performed under constant voltage at 228 V/cm for 30 min. The capillary
temperature is set at 22°C and UV absorbance is monitored at 260 nm in the presence of
3 µM EtBr.

5. Fluorescent dyes such as TOTO, TO-PRO, or YO-PRO at 0.2 µM can also be used for the
detection of SSCP conformers using laser induced fluorescence (LIF).

3.2.2. SSCP Assay of Bead-Isolated ssDNA by CE
1. For SSCP of bead-isolated single strands, 2 mL of each DNA sample (in 0.1X TE) is

diluted with 5 mL of water. The mixtures are placed on the P/ACE loading tray immedi-
ately before loading on to the capillary column. DNA is detected by UV absorbance at
260 nm in the presence of 3 µM EtBr. The CE conditions are as described above in Sub-
heading 3.3.1. (see Note 14).

4. Notes
1. Atha et al. and Wenz et al. (12,14) have analyzed several different common, single point

mutations of the p53 gene by SSCP using CE. The CE-SSCP for all mutations at ambient
temperature (25°C) showed characteristic shifts in the direction and migration times of
both strands relative to the wild-type, which identified each of these mutations. The
direction of the shifts in the migration times for particular ssDNA molecules vary with
temperature between 20–45°C, in a discrete pattern for each mutation. These mobility
shifts allow a temperature-specific profile for each mutation to be derived. In addition,
discrete intra-strand isoforms are observed at different temperatures, which may correspond
to ssDNA conformations seen with bead-purified ssDNA (2). Detailed profiles of mutations
are derivable, which combine both the mutation-specific temperature profiling and an analy-
sis of conformational isoforms. These profiles aid the detection of new genetic mutations.

2. Danenberg et al. (32) describe the SSCP analysis of RNA transcribed from target gene
fragments by nondenaturing gel electrophoresis. Unique conformational patterns such as
mobility shifts of conformational species, loss and gain of conformations occur with
single-base substitutions in the RNAs. The rate of formation of the equilibrium confor-
mations may be accelerated by heating or by mild denaturing conditions. Both sense and
antisense RNA strands of the same gene segment give unique conformational patterns.
Because large amounts of ssRNA can be specifically transcribed from each strand
of the gene template, the ssRNA species may be detected by UV absorption. Biotin-
tagged DNA fragments of genes could also be conveniently used to remove the
DNA template from the RNA transcription products by magnetic-bead capture.

3. The low mobility metastable SSCP bands (mSSCP) are consistently observed only in
SSCP of purified ssDNA, which are not thermally treated (2) and are not observed in
samples boiled then cooled in the conventional way (15).

4. The metastable species represent low stability structures, which require low thermal
energy and sufficient time for formation, and may be eliminated from the SSCP profile by
thermal treatment.

5. Conventional SSCP profiles typically display two major ssDNA bands, compared to the four
or five major ssDNA bands seen with the magnetic-bead purified strands. Thus, the conven-
tional SSCP have a reduced informational content compared to the metastable SSCP (mSSCP).
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6. The low electrophoretic mobility of the mSSCP suggests large molecular species, such as
multimers resulting from bi- or tri-molecular self-annealing interactions between single-
strands at complementary regions (see Fig. 2).

7. A model CE-SSCP experiment analyzed by ESCE and using agarose gel-purified DNA
fragments, which differed by two deletions and four substitutions (2D + 4S/2B), is illus-
trated in Fig. 1A, B, respectively.

8. In each case, two peaks were always present (labeled S1 and S2), which represent two
stable ssDNA molecules, as well as a number of other metastable ssDNA peaks (mSSCP).
Each of the peaks has markedly different retention times for the two strains, and the
number of metastable peaks also differed. The reproducibility of the CE conditions is
high, and base-line resolution of the peaks is observed. The assay of SSCP by ESCE is
rapidly resolved into eight peaks in 20 min.

9. When double-strand PCR products is used as the source DNA for ESCE-SSCP analyses,
care must be taken to avoid reannealing of duplex DNA during sample preparation and
especially during the loading onto the capillary column.

10. Residual PCR primers are known to interact with ssDNA and to alter the mobility of
SSCP conformers (2–4). The use of bead-isolated ssDNA for SSCP analysis should elimi-
nate the spurious bands from the SSCP profiles, and therefore minimizes the potential for
false negative and false positive band shifts.

11. The adoption of magnetic-bead purified ssDNA provides a marked increase in the infor-
mation content of the SSCP analysis (2). When SSCP of magnetic-bead purified strands
are separated by nondenaturing gel electrophoresis, two fast migrating (doublet) con-
formers and several slow migrating bands are seen, distinct from the typical three
(2 ssDNA + 1 dsDNA) SSCP bands seen in conventional SSCP preparations.

12. Each isolated strand of the PCR product provides several novel SSCP bands, which are
stable to temperature (2). The mobility of these bands is different between the two sets of
DNA fragments, suggesting that several stable conformations may be assumed by a single
DNA strand, which each present different profiles to the gel matrix.

13. Thermal heating and quenching of bead-isolated ssDNA removes the multimer species
and provides a simple SSCP profile. Magnetic bead-isolated ssDNA profiles of sequence
variants can be differentiated more readily than conventional SSCP profiles.

14. Glycerol is thought to maintain the stability of the secondary structure of ssDNA during
SSCP analysis (1,6,7). Glycerol provides improved resolution of molecular species using
a free solution sieving medium with TBE buffer (24,26) and aids the resolution of meta-
stable DNA conformers during SSCP analysis (9).
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Analysis of Short Tandem Repeat Markers
by Capillary Array Electrophoresis

Elaine S. Mansfield, Robert B. Wilson, and Paolo Fortina

1. Introduction
The chapter describes the use of capillary array electrophoresis (CAE) for the

detection of triplet repeat expansion at the huntingtin locus associated with autosomal
dominant Huntington disease (HD), an adult-onset neuro-degenerative disorder. The
region of this gene that expands to disease-causing mutations consists of two adjacent
tandemly repeated polymorphic triplet repeats: a diagnostic (CAG)n repeat immedi-
ately followed by a (CCG)n region. Early polymerase chain reaction (PCR)-based
methods used to genotype disease-causing mutations amplified through both of the
repeat regions. More accurate diagnostic risk assessment for expansion is obtained
when the (CAG)n and the (CCG)n repeats are amplified separately, as well as together
in a single reaction. However, these tests require three separate PCR amplifications to
be run using conventional methods. The use of multicolor fluorescence detection and
CAE can simplify this improved diagnostic test.

The CAE method described here makes use of reverse-strand primers labeled with
two different fluorescent dyes that are strategically positioned to amplify the (CAG)n
region separately from the (CCG)n region. In this study, DNA samples previously
analyzed by conventional slab-gel electrophoresis with autoradiographic detection are
analyzed by CAE with multicolor fluorescence detection in a blinded manner. Results
from the two methods are compared and a consistent diagnosis of all disease-causing
mutations is obtained. The sizing precision of CAE permits the length of certain elon-
gated HD alleles to be more accurately measured, since each capillary contains a
coelectrophoresing DNA sizing standard and the intensities of each fragment is
reported. We generated an allelic ladder standard from a mixture of both patient and
control DNA samples to further improve the diagnostic identification of intermediate
length alleles. The successful resolution of the normal, intermediate, and disease-caus-
ing alleles demonstrates the feasibility of detection of HD using CAE methods. Simi-
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lar CAE protocols have been applied to the genotyping CA-repeat markers commonly
used in linkage analysis studies.

1.1. Huntington Disease
At present, twelve neuro-degenerative diseases including HD have been proven to

be caused by an expanded trinucleotide repeat (CAG)n, that is located within a spe-
cific gene responsible for each disease. HD, an autosomal dominant disorder, results
in progressive, selective neuronal cell death associated with dementia and choreic
movements. The severity of the disease correlates directly, and “age of onset” of the
symptoms correlates inversely, with the length of the (CAG)n triplet repeat region
present in the first exon of the “huntingtin” gene located on chromosome 4p16.3 (1).
This repeat encodes a polyglutamine track of different lengths in the N-terminal por-
tion of the protein beginning 18 codons downstream of the first ATG codon. The
polyglutamines encoded by the (CAG)n repeats are involved in the formation of intra-
nuclear and cytoplasm inclusions that contain both the polyglutamine region of the
protein and ubiquitin. These inclusions are thought to cause dysfunction and eventual
degeneration of specific populations of neuronal cells (see ref. 2 for a recent review of
insights gained from transgenic models of HD and other neuro-degenerative disorders
caused triplet repeat expansions). In addition, the (CAG)n repeat length correlates
positively with the degree of apoptosis-induced DNA fragmentation observed in the
striatum of HD patients (3). The huntingtin protein from normal individuals contains
9–35 glutamines, whereas huntingtin protein from HD patients contains 36–86
glutamines (3). All mutations for Huntington disease arise from expansion of interme-
diate sized alleles that contain between 27 and 35 (CAG)n repeats (also referred to as
“mutable normal alleles”). In disease-causing alleles, the CAG repeats expand upon
transmission through the paternal germline to a size of 36 repeats, or more. Intermedi-
ate size alleles are present on approx 1% of normal chromosomes of Caucasian descent.

1.2. Diagnosis of Huntington Disease
Accurate diagnosis of HD is complicated by the molecular organization of the repeat

region (Fig. 1). The unstable (CAG)n repeat lies immediately upstream from a moder-
ately polymorphic polyproline-encoding (CCG)n repeat. The (CCG)n repeat may vary
in size, from between 7 and 12 repeats in both affected and normal individuals. In
addition, a CAA trinucleotide deletion was found between the CCG and CAG repeats
in HD chromosomes in two different affected families (4). The CAA deletion is posi-
tioned within the reverse-strand primer traditionally used in the PCR-based HD test
(see Fig. 1), hampering the detection of the HD mutation when only the (CAG)n tract
is amplified. Therefore, three separate diagnostic PCR reactions are now recom-
mended: one amplifying the (CAG)n repeat, one amplifying the (CCG)n repeat, and
one covering the whole region, encompassing both repeats (3).

Prior to the discovery of polymorphism in the (CCG)n repeat, a worldwide study
was undertaken in 1994 by Kremer et al. (5) to assess the sensitivity and specificity of
the CAG expansion as a diagnostic test for HD. The study covered 1007 patients in
565 families from 43 national and ethnic groups. Of these, 995 had an expanded CAG
repeat that contain between 36 to 121 repeats (sensitivity = 98.8%). However, 12
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patients in the study that had been previously diagnosed with HD had alleles in the
normal size range. Clinical reevaluation revealed that 11 of these patients had clinical
features atypical of HD. Of the 1595 control chromosomes, 1581 contained from 10 to
29 CAG repeats (99.1%). The remaining 14 control chromosomes had 30 or more
repeats, including two with expansions of 37 and 39 repeats. In 1998, the American
College of Medical/American Society of Human Genetics (ACMG/ASHG) published
laboratory guidelines for HD testing, recommending four categories of (CAG)n allele
sizes (see Fig. 1): normal alleles contain fewer than 26 repeats, mutable normal alleles
contain 27–35 repeats, HD alleles with reduced penetrance contain 36–39 repeats and
fully penetrant HD alleles contain 40 or more repeats (6). In the blinded study of 104
HD alleles (6), a comparison of allele size estimates by CAE and by conventional
electrophoresis using radioactive detection identified five allele call differences be-
tween the two methods. All calls were within one repeat of the reference. This yielded
>95% concordance between the two methods and a ninefold improvement in typing
consistency over a recent multilaboratory study.

Rubinsztein et al. (7) conducted a blinded multilaboratory study of HD diagnosis
using a series of DNA samples previously genotyped in 1996 at several diagnostic
centers. Overall, there was only 45% concordance in “called alleles” among the three
participating centers, and 25% of the allele “calls” differed by greater than 2 repeats.
Not all of the participating laboratories measured the adjacent (CCG)n repeat and its
length can alter diagnostic risk assessment of HD. Furthermore, different size stan-

Fig. 1. Organization of the repeat region in the HD locus. Genomic mutations responsible
for HD have been shown to be due to an unstable expansion of a (CAG)n triplet repeat in the
coding region of the IT15 gene. The highly polymorphic (CAG)n repeat is followed 12 bases
downstream by a modestly polymorphic (CCG)n repeat. The relative positions of PCR primers
used to amplify both the (CAG)n and (CCG)n repeats are shown. A common forward primer
beginning at base 335 of the gene is used to amplify through the regions covering both repeats
in separate PCR reactions. The reverse-strand primer used to amplify the (CAG)n region was
labeled at the 5'-end with the blue dye FAM whereas the reverse primer for the (CCG)n region
with the green dye HEX. The resulting FAM-labeled PCR products contain 43 bases outside of
the (CAG)n repeat, whereas the HEX-labeled PCR products contain 82 bases outside the two
repeats. The range of normal, intermediate (mutable normal or HD alleles with reduced pen-
etrance) and disease-causing (CAG)n repeats is also indicated.
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dards and analytical methods were used in the participating laboratories, resulting in a 36
repeat allele being called from 34 to 38 repeats by different groups (7). The results of this
study point to a need to standardize molecular diagnostic test methods for HD diagnosis.

1.3. Allele Sizing by Capillary Electrophoresis
Patients affected with HD will show a normal allele and enlarged alleles, with ≥36

repeats. Frequently, alleles with >40 repeats exhibit a fuzzy signal, or a smear in a
conventional polyacrylamide gel separation. The imprecise signal makes the estima-
tion of allele size difficult to interpret precisely using polyacrylamide gel electrophore-
sis (PAGE). More recently, Le et al. (8) reported that accurate HD diagnosis was
“potentially problematic using CE” to size the alleles. They concluded that “extra care
is required in interpreting CE results” because of an observed systematic bias in sizing
results when comparing data from an automated slab-gel electrophoresis system (377
DNA Sequencer, Perkin-Elmer, Applied Biosystems Division, Foster City, CA) to the 310
CE system (Perkin-Elmer). In this study, fragment sizing was determined in 79 HD cases
using both the slab-gel system and the 310 CE system. A 3–6-bp difference in sizing
estimates was observed when comparing the two electrophoretic separation methods (8).

Most simple sequence loci demonstrate sequence-dependent migration anomalies
even when analyzed under denaturing conditions (9). The resulting systematic bias
in estimated fragment sizes is generally more pronounced in CAE data than slab-gel
electrophoresis. However, by normalizing results to known typing controls, one can
obtain locus-averaged accuracy of <0.06 bp and normalized results within 1 bp of
actual size (9). One DNA size standard that is effective for normalization of results is
an allelic ladder standard. Zhang and Yeung (10) used an allelic ladder of the variable
number of tamden repeats (VNTR) polymorphism in the human D1S80 locus as the
absolute standard in CE separations. Statistical analysis of the data indicates a high
level of confidence in matching the bands despite variations in the injection process,
or in the CE system. The sizing of over 240 allelic ladder samples yielded an average
within-run precision of ±0.13 bp and between-run precision of ±0.21 bp for fragments
up to 350 bp on a prototype CAE system (11). Here, an allelic ladder is generated from
a mixture of DNA from the HD patient and control DNAs to determine its utility in
HD genotyping by CAE using the MegaBACE 1000 capillary DNA sequencing
system (Fig. 2).

Previous work from our laboratory demonstrated a standard deviation in the preci-
sion of sizing of <±0.12 bp (12). In the run conditions used in the study, we observe an
average bias in size estimate of under 1 bp from actual size, suggesting that run condi-
tions used in CE-based separations strongly influence the accuracy of the sizing esti-
mate. This is confirmed independently by Yang et al. (13), who demonstrate that sizing
measurements are more accurate when energy-transfer dyes are used on both the PCR
primers and the DNA sizing standards. We have developed a uniformly migrating,
energy-transfer dye-labeled DNA standard (TMR-50-350 and TMR-50-500, Amersham
International, Chicago, IL) (12) and add it to each capillary to allow conversion of
fragment mobility data to DNA size estimates.

In order to determine the diagnostic accuracy of HD diagnosis by CAE, we analyze
DNA from 26 individuals “at risk” for HD in a blinded manner. The study set includes
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a total of 22 elongated HD alleles that were previously diagnosed using P32 labeling
and slab-gel electrophoresis, followed by autoradiographic detection of labeled PCR
fragments. The PCR fragments were separated in denaturing DNA sequencing gels
using an M13 T-track in adjacent lanes as the fragment sizing standard. The length of
(CCG)n had not been measured in all samples since the original diagnostic testing was
performed before 1996, and before the three-PCR test method became standard. The
objective of this study was to compare allele sizes, and to study the inferred lengths for
both the (CAG)n and (CCG)n repeats in all samples. In addition, the diagnostic status
of all samples are determined using the (CAG)n allele size guidelines established by
the ACMG/ASHG statement on HD testing (5).

When processing samples by CAE, a total of 104 alleles are determined because
both the (CAG)n and (CCG)n repeats are measured. For each sample, the (CAG)n and
(CCG)n are amplified separately, then pooled and coelectrophoresed with a DNA siz-
ing standard labeled with a separate color (Fig. 3). The CAE software reports the
fragment length, the peak height and the peak area of all detected PCR product bands.
These results are used to determine the primary peak labeled in each color, since the

Fig. 2. Allelic ladder of triplet repeats in the HD locus. A pool of previously genotyped
DNAs from both control patients and HD patients is prepared and appropriate fragments are
PCR-amplified. The samples are selected so that all common (CAG)n alleles are represented in
the pool. (A) Shows the separation of FAM-labeled PCR product amplified across the disease-
causing (CAG)n repeat. The peaks corresponding to alleles with 31 and 42 (CAG)n repeats are
indicated. The gray box indicates the migration of the 36–39 repeat alleles, which is the range
of HD alleles with incomplete penetrance. (B) Shows the separation of HEX-labeled PCR prod-
uct amplified from the same pool of DNA through both the (CAG)n and adjacent (CCG)n
repeats. The positions of alleles with incomplete penetrance corresponding to (CAG)36–39 and
(CCG)9 which are indicated by the gray box in this panel.
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triplet repeats frequently contain several “stutter” peaks in addition to the allele peak.
The size of the peak with the greatest area is then used to assign the number of repeats
in each allele, and these genotyping results are compared with those determined previ-
ously by slab-gel electrophoresis.

2. Materials
2.1. Biologicals

1. Human genomic DNA extracted from peripheral whole blood. (The method in ref. 14 is
appropriate.)

2. Spectrophotometer for measuring the DNA concentration using OD 260/280.

Fig. 3. Electropherogram profiles of the repeat regions amplified from five HD patients. (A)
Contains the electropherogram plot of the fragment size vs the peak intensity of a DNA sizing
standard, which is included in each capillary of a CAE separation. The standard contains 50-,
100-, 150-, 200-, 220-, 250-, 300-, and 350-bp energy-transfer dye-labeled DNA fragments (the
region of 40–270 bp is shown). This standard is used to determine the size of the comigrating
PCR fragments labeled with different color dyes. The electropherograms in (B–F) show the
separation of (CAG)n and (CCG)n repeat regions which are aligned by size and are amplified
from five different HD patients. In these panels, FAM-labeled PCR products amplified across
the (CAG)n repeat are shown by dotted lines, whereas HEX-labeled PCR product amplified
through both the (CAG)n and the adjacent (CCG)n repeats are indicated by solid lines. The
arrows indicate the positions of the “called allele” peaks in the HD triplet repeat profiles.
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3. TE buffer: 1 mM Tris-HCl, pH 8.0, 100 µM EDTA. Used to adjust the DNA concentration
to 20 ng/µL.

4. Taq DNA polymerase (5 U/µL).
5. 10X PCR buffer: 100 mM Tricine buffer, pH 8.3, 500 mM KCl, 15 mM MgCl2, 0.1%

Triton X-100, 1% gelatin.
6. Deoxynucleotides: 1.25 mM solution are prepared by mixing and diluting 10 mM stock

solutions of dATP, dCTP, dGTP, dTTP (Amersham).
7. Oligonucleotide primers: 5-µM solutions are used to amplify the triplet repeat region of

the HD locus:
Common forward primer:
5'-ATG AAG GCC TTC GAG TCC CTC AAG–3'
Reverse primer for CAG repeat:
5'–FAM–CGG CGG AGG CGG CTG TTG CTG–3'
Reverse primer for CAG /CCG repeat:
5'-HEX–GGC GGC TGA GGA AGC TGA GGA G–3'

8. 96-Well membrane-lined tray for desalting PCR samples (mixed ester-cellulose Multiscreen,
VMWP 0.5 µm; P/N SA2M267E1; Millipore Corp., Bedford, MA). Use to desalt and pre-
pare the PCR samples for electrokinetic injection into the capillaries.

9. An 8-in. square Pyrex tray (or similar container), magnetic stir rod, and magnetic stir plate.
10. Hydroxyethyl cellulose (HEC): Stock of 2.0% HEC separation medium (Amersham). Pre-

pare according to the method of Bashkin et al. (15). Store at –20°C.
11. Stock electrophoresis buffer (diluted from 10X TBE): 1.33 M Tris-base, pH 8.2, 0.45 M

boric acid, 25 mM EDTA.
12. Deionized formamide.
13. Energy-transfer dye-labeled DNA standard (TMR-50-350, Amersham International,

Chicago, IL).
14. DNA thermal cycler. We used either the Perkin-Elmer model 9600 or MJ Research

Tetrad model.
15. MegaBACE 1000® DNA Sequencing CAE system manufactured by Molecular Dynam-

ics Division of Amersham.

3. Methods

3.1. PCR Amplification Procedure
1. Add the following reagents to 0.2-mL conical PCR tubes:

Component Volume Final concentration

10X PCR buffer 2.5 µL 1X
1.25 mM dNTP mixture 4.0 µL 100 µM
Unlabeled forward primer (5 µM) 2.5 µL 0.5 µM
Labeled reverse primer (5 µM) 2.5 µL 0.5 µM
Template DNA (20 ng/µL) 5.0 µL 100 ng
1:10 dilution Taq polymerase 2.0 µL 1 U
Dimethylsulfoxide (DMSO) 2.5 µL 10%
Autoclaved nuclease-free distilled water 4.0 µL —

1. A master mix of components can be prepared for multiple PCR reactions (see Note 1).
This helps minimize reagent loss and enables more accurate pipeting of reagents.

2. Cap the tubes and microfuge briefly to mix and bring all components to the bottom of the tubes.
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3. PCR amplify for 30 cycles run as follows:
Denature: 95°C for 1 min.
Anneal: 65°C for 30 s.
Extend: 72°C for 2 min.

4. A final extension is performed for an additional 8 min at 72°C and the samples are
maintained at 4°C. Samples can be stored at –20°C in light-protected containers until
analyzed.

3.2. Preparation of Amplified Products for CAE Separation
1. Combine the PCR products for the CAG and CAG /CCG repeat regions for each patient

sample (see Note 2).
2. Transfer the PCR mixture to the wells of 96-well float dialysis tray. Cover securely with

a microplate-sealing lid.
3. Prepare approx 2 L of 1X TE buffer and place into an 8-in. square Pyrex tray containing

a magnetic stir rod. Place the buffer tray on the top of a magnet stir plate.
4. Carefully remove the plastic tray bottom and transfer the 96-well float dialysis trays to

the buffer chamber taking care to keep the PCR liquid on the bottom of the wells.
5. Slowly activate the magnetic stir plate and permit the 96-well dialysis tray to remain on

the buffer surface for 10 min.
6. Transfer the desalted PCR products to sterile 0.2-mL tubes adjusting the volume of each

mixture to 60 µL.
7. Combine 1 µL of desalted PCR product mixture, 0.5 µL of TMR-50-350 sizing standard

(see Note 3), and 3.5 µL deionized formamide in thin-walled 96-well conical tubes.
8. Immediately prior to electrophoresis, denature the DNA sample by heating for 2 min at

90°C and then snap-chill on ice.

3.3. CAE Separation
1. Thaw 6 tubes of the stock 2.0% HEC DNA separation medium (Amersham).
2. Degas the separation medium by centrifuging the 1.5-mL tubes at 10,000g for 5 min.
3. Wet the capillary walls with deionized water and pressure inject the DNA separation

medium into the capillaries for 2 min using the programmed high pressure injection meth-
ods provided with the MegaBACE 1000.

4. Permit the HEC separation medium to equilibrate to ambient pressure for 5 min before
initiating a prerun.

5. Preelectrophorese the separation medium for 5 min at a constant voltage of 185 V/cm.
6. Electrokinetically inject the DNA samples into the capillaries by applying 185 V/cm con-

stant voltage for 5–10 s. Samples can be reinjected up to 10–15 times, if reanalysis of
sizes is required.

7. The fluorescently labeled DNA is size-separated for 40 min at a constant voltage of 185 V/cm.
Figure 1 shows the electrophoretic profiles of both normal and HD disease alleles.

8. Both the sizes and the peak intensities of the HD alleles are measured using the prototype
Genetic Analysis Software tools for the MegaBACE 1000, (see Notes 4 and 5).

3.4. Analysis of STR Genotypes by CAE
1. In CAE separations, samples with up to 48 repeats of (CAG)n continue to show discrete

“stutter” peaks in the electropherogram. However, the peak intensities of the elongated
alleles are consistently weaker than alleles in the normal size range. This is predomi-
nantly due to reduced amplification efficiency of the elongated alleles, but it is also due to
a bias in electrokinetic sampling (see Note 6).
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2. Short DNA fragments consistently inject more efficiently into the capillary than longer
DNA (see Note 7). The assay could be improved by using the more sensitive FAM dye to
label the combined CAG/CCG repeat region. The increased sensitivity relative to the
HEX dye would help compensate for the losses in signal intensity due to preferential
amplification, as well as the preferential electrokinetic loading of the shorter PCR products.

3. The combination of the four-color fluorescence detection, multicolor-multiplex PCR, and
a MegaBACE 1000 CAE system has the capacity to generate up to 5.5 million genotypes
per year (9). Furthermore, an average sizing precision of ±0.12 bp for fragments up to 350 bp
can be realized in 1-h runs.

4. Marsh et al. (16) used a 48-capillary prototype to conduct 1 h DNA sequencing runs (of
approx 500 bases/h/capillary). They estimate the throughput to be of the order of 720
templates/d, or 360,000 bases/d (16).

5. The same CAE system can also be used separate a broad size range (80–40 kbp) of DNA frag-
ments, under nondenaturing matrix conditions without the use of pulse-field separation (17,18).

4. Notes
1. The triplet-repeat region of the HD locus is very GC-rich. We found that addition of 10%

DMSO to the PCR mixture is required to achieve both specific amplification and good
product yields. The addition of lesser amounts of DMSO result in the detection of the
normal alleles, but not the longer expanded HD alleles.

2. Several features of the triplet repeat region in the HD locus makes the accurate diagnosis
of the disease by STR genotyping difficult to perform. The diagnostic (CAG)n repeat in
the HD gene is tightly linked to a noninformative, but moderately polymorphic (CCG)n
repeat. Multicolor fluorescence detection permits both of the repeat regions to be ana-
lyzed simultaneously, along with a coelectrophoresing DNA sizing ladder. In this man-
ner, the lengths of both repeats are measured directly in a single capillary run and the
number of PCR reactions required reduced from 3 to 2.

3. The allelic ladder standards might further improve reliability of HD typing results. These
DNA are of identical composition to the “unknown samples” being amplified, thus sequence
migration anomalies are eliminated. Furthermore, the MegaBACE analysis software per-
mits unknown sample profiles to be overlaid with the profiles of allele standards produced
from previously typed DNA samples. An example HD allele standard is shown in Fig. 2.

4. The triplet repeat profiles frequently contain several “stutter” peaks in addition to the
allele peak, thus complicating the interpretation of allele calls (see Fig. 3 for an example
of such a profile). For this reason, a report of peak intensities provides an objective mea-
sure of the most abundant PCR product amplified for each allele, and allows the weaker
“stutter” peaks to be identified.

5. CAE peak area/intensities are useful in typing HD alleles or CA-repeat alleles because
they provide an objective measurement of relative abundance of amplified peaks.

6. The average allele size estimates made by CAE was +0.55 bp from actual size, thus elec-
trophoretic migration anomalies that are associated with repetitive DNA sequence are
minimal under the experimental conditions used.

7. The (CCG)n allele size did not change the diagnostic status of the sample set tested.
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Genotyping by Microdevice Electrophoresis

Dieter Schmalzing, Lance Koutny, Aram Adourian,
Dan Chisholm, Paul Matsudaira, and Daniel Ehrlich

1. Introduction
DNA genotyping has traditionally been performed by slab-gel electrophoresis. The

method is well established, very effective and reliable, but inherently slow and labor inten-
sive. Capillary gel electrophoresis is now becoming recognized as an important alternative
to slabs since it offers higher throughput and automation (1). Nevertheless, the fast grow-
ing need for DNA analysis capacity due, for example, to the sequencing of entire genomes
and the establishment of complex DNA data banks, seems to demand even more powerful
DNA analysis tools. Microdevice electrophoresis is being increasingly explored since it
may allow electrophoretic DNA analysis approaching the theoretical performance limits
of the method due to unique sample loading characteristics and the employment of very
short separation distances (2). It has already been demonstrated that genotyping can be
performed 10–100 faster than on capillaries and slabs (see Subheading 3.4.). In addition,
the fabrication and operation of high-density electrophoretic microdevices for high-sample
throughput should be straightforward. Microfabrication might also permit the total inte-
gration of entire sample processing sequences (e.g., PCR, sample cleanup, separation) on
one single device, potentially leading to drastically decreased sample and reagent vol-
umes, significantly less human interference, and increased speed of analysis (3).

Microdevice electrophoresis is performed in microchannel structures embedded in glass,
fused silica, or plastic substrates (4,5). The structures can be microfabricated through a
variety of processes, e.g., photolithography, chemical wet etching, and wafer bonding or
injection-molding, depending on the material. Figure 1 illustrates a microfabrication pro-
cess for fused-silica wafers. Microfabrication is extremely versatile enabling virtually the
realization of any desired channel geometry regardless of its complexity. The underlying
DNA analysis principle is essentially the same as in capillaries. The microchannels are
chemically passivated to exclude any perturbation of the separation process through sur-
face effects. The channels are filled with a viscous polymeric buffer solution for the sorting
of DNA fragments according to size. High field strengths, typically between 200–400 V/cm,
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are used to drive the DNA through the channel structures. DNA fragments are detected
on-line by a laser-induced fluorescence (LIF) detector at the end of the separation channel.
The DNA is rendered fluorescent either through covalent labeling or intercalation with
fluorescent dyes. Genotyping information is achieved either through comparison of DNA
migration time data with a preestablished calibration curve or through the addition of a
DNA sizing ladder to the DNA genotyping sample prior to microdevice electrophoresis.

2. Materials
2.1. Coating Materials

1. 3-(Trimethoxysilyl)propylmethacrylate (Fluka, Buchs, Switzerland).
2. Acrylamide (Pharmacia, Uppsala, Sweden).

Fig. 1. Schematic of the microfabrication process for fused silica wafers.
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3. N,N,N',N'-Tetramethylethylenediamine (TEMED) (Sigma, St. Louis, MO).
4. Ammonium persulphate (APS) (Sigma).

2.2. Sieving Matrix Materials
1. Hydroxyethyl cellulose (HEC), mol wt  90,000–105,000 (Polysciences, Warrington, PA).
2. Acrylamide (Pharmacia).
3. TEMED (Sigma).
4. APS (Sigma).

2.3. Buffers, Enzymes, and Dyes
1. Powerplex tandem repeat DNA kit (Promega, Madison, WI).
2. The restriction buffer is 10 mM Tris-acetate, 10 mM magnesium acetate, and 50 mM

potassium acetate.
3. The plasmid concentration in the DNA reservoir is 125 ng/µL and the enzyme concentra-

tion in the enzyme reservoir is 4 U/µL.
4. 10X TBE (Gibco-BRL, Gaithersburg, MD): 0.89 M Tris-borate, pH 8.3, 20 mM EDTA.
5. Ethidium bromide (Molecular Probes, Eugene, OR).
6. TOTO-1 (Molecular Probes).

2.4. Sieving Matrices
1. The sieving matrix for short dsDNA was typically 4% (w/v) high molecular weight linear

polyacrylamide dissolved in 1X TBE with 3.5 M urea and 30% formamide.
2. Another sieving matrix was 0.75% (w/v) HEC as sieving matrix in 1X TBE buffer with 1 µM

ethidium bromide as intercalating dye.
3. The separation buffer for on-line restriction analysis consists of 9 mM Tris-borate with

0.2 mM EDTA and 1% (w/v) HEC as sieving matrix with 1 µM of the fluorescent interca-
lating dye TOTO-1.

3. Methods
3.1. Microdevice Designs

1. Microdevice electrophoresis is still in the midst of rapid technological development. There
is currently no instrument commercially available that uses this powerful method. The
subsequent paragraphs will therefore primarily focus on the general features of the tech-
nique to familiarize the reader with its main aspects. The researcher interested in building
apparatus should refer to the cited literature for specific details.

2. The simple cross-structure shown in Fig. 2 is the basic building unit of most microfabricated
devices tested so far. There are three short side channels, originating from sample, buffer,
and waste reservoirs each typically with a length of a few millimeters.

Fig. 2. Schematic diagram of the basis building block of a microfabricated electrophoretic
device, depicting the typical cross-structure. Reprinted from ref. 9.
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3. The separation channel has a length of 1–10 cm depending on the separation requirements.
The cross-sectional shape of the channels is usually half-cylindrical with a typical depth of
20–45 µm and a top-width of 60–100 µm, depending on the microfabrication process.

4. The channel junction produces an injection plug typically between 50 µm and 250 µm in
length with an injection volume in the subnanoliter range.

5. Figure 3 shows a highly multiplexed device for the simultaneous analysis of 96
genotyping samples iterating the described cross-structure (6).

3.2. Instrumentation
1. A schematic of a single channel genotyping apparatus is shown in Fig. 4. The microfabricated

device is mounted on a temperature-controlled heating stage.
2. High voltage is provided to platinum wire electrodes mounted in the four fluid reservoirs

by high-voltage powers supply. The voltages in each fluid reservoir are individually
addressed by a means of switching circuit.

Fig. 3. Mask pattern for a 96-sample capillary array electrophoresis microdevice. Reprinted
from ref. 6.
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3. A laser beam is focused into the separation channel at the desired separation distance. A
microscope objective collects the fluorescence emission. Four dichroic mirrors with four
photo multiplier tubes allow for the simultaneous detection of up to four different
fluorophores.

3.3. Device Operation
1. The general genotyping procedure is illustrated in Fig. 5. The entire channel structure is

filled with the appropriate polymeric sieving matrix and buffer is placed into the waste
and the anodic and cathodic reservoirs.

2. A few microliters of sample are pipeted into the sample reservoir. For loading of the
sample into the channel structure, an electric field is applied from the sample to waste
reservoir that fills the connecting channel with sample.

3. For subsequent injection of a representative sample plug into the separation channel, the
voltages are switched and a high electric field is applied across the perpendicular separa-
tion channel.

4. Simultaneously, a much lower electric field is applied to the side channels to prevent
excess sample from entering the separation channel during electrophoresis.

3.4. Genotyping Examples
3.4.1. Short Tandem Repeat (STR) Analysis for Human Identification (7–9)

1. STRs are short stretches of repetitive sequences found throughout the genome. The repeat
units are 2–7 bases long. A typical STR locus consists of 7–20 repeats.

2. STRs are becoming very important for forensics, clinical diagnostics, and genetic linkage
studies since they are highly polymorphic and can easily be amplified even from degraded

Fig. 4. Schematic of a genotyping apparatus with laser-induced fluorescence detection optics
and temperature controlled heating stage (for clarity only a single-color detection setup is
shown). Reprinted from ref. 9.
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DNA. In this example, human DNA is extracted from blood stain cards and 8 STR loci
are simultaneously PCR-amplified using the PowerPlex kit.

3. The primers for the four loci: D16S539, D7S820, D13S317, D5S818 and for the four loci:
CSF1PO, TPOX, TH01, vWA are fluorescently-labeled with fluorescein and tetramethyl-
rhodamine, respectively.

4. Prior to microdevice electrophoresis 3 µL of PCR-amplified sample is added to 1 µL of
fluorescent allelic standard ladder for allele identification and diluted to a final volume of
10 µL with water.

5. The mixture is briefly vortexed, denatured for 2 min at 95°C and chilled on ice.
6. The microdevice has the cross-structure described above. The effective length of the

separation channel is 2 cm. The entire channel structure is filled with 4% (w/v) high
molecular weight linear polyacrylamide dissolved in 1X TBE with 3.5 M urea and 30 %
formamide.

7. Buffer is loaded into the waste and the two main buffer reservoirs. After pipeting the
sample into its reservoir, the sample is electrophoresed at 200 V/cm through the loading
channel.

8. After 3 min, the sample is injected and separated applying the same field strength. The
microdevice is kept at 50°C during the whole time to help denaturation and to decrease
the analysis time.

9. Figure 6 shows the 8-loci genotyping result for a given individual. All the alleles are
unambiguously identified in 2 min. For example, the individual is homozygous (one
tall peak) for D5S818 and heterozygous for vWA (two tall peaks). The analysis is 10× to
100× faster than capillary slab-gel electrophoresis without compromising the genotyping
information.

3.4.2. Screening for Hereditary Hemochromatosis (HHC) (6)
1. Samples are prepared using PCR amplification and digestion to assay for the C282Y

mutation in the HFE gene, a candidate for HHC, whose presence creates an RsaI restric-
tion side in this gene. Samples are dialyzed against deionized water on 96-sample dialysis
plates prior to loading on the 96-channel device shown in Fig. 3.

Fig. 5. Illustration of the sample loading and the sample injection/separation process.
Reprinted from ref. 9.
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2. The entire microchannel structure is filled with 0.75% (w/v) HEC as sieving matrix in 1X TBE
buffer with 1 µM ethidium bromide as intercalating dye for detection. The anode and the cathode
reservoirs are filled with 10X TBE buffer to reduce buffer depletion during electrophoresis.

3. Sample reservoirs are rinsed with deionized water, prior to the loading of 3.5 µL of sample
per reservoir.

4. The separation distance is 10 cm and the load and run voltages are 300 V/cm. A laser-
excited confocal galvanometric scanner is used for the simultaneous detection of all 96
samples seen in Fig. 7.

5. The wild-type (845G) shows the 140- and 167-bp fragments, the variant (845A) shows
29-, 111-, and 167-bp fragments, and the heterozygote shows all 4 fragments. The separa-
tion is completed in only 220 s. The total analysis time is less than 8 min, which is
50–100× faster than traditional slab-gel systems.

Fig. 6. Microdevice electropherograms of the simultaneous two-color analysis of 8 STR
loci (A) D16S59, D7S820, D13S317, D5S818 and (B) CSF1P0, TPOX, TH01, vWA (CTTv).
The allelic standard ladders were mixed with the PCR-amplified sample of an individual before
injection. Allele numbers are given above the peaks. Separation conditions: 40-µm deep chan-
nel, 150-µm long injector, 2-cm separation distance, 50°C, 200 V/cm, 4% (w/v) linear poly-
acrylamide in denaturing buffer (1X TBE, 3.5 M urea, 30% formamide. Reprinted from ref. 8.
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Fig. 7. Electropherograms of 96 RsaI-digested HFE amplicons. Samples are separated on
0.75 % (w/v) hydroxyethyl cellulose in 1X TBE buffer with 1 µM ethidium bromide in the
running buffer. The channel length is 10 cm and the separation voltage is 300 V/cm. Reprinted
from ref. 6.
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3.4.3. On-Line Restriction Fragment Length Polymorphism (RFLP)
Analysis (10)

1. Digestion of the plasmid pBR322 with restriction enzyme Hinfl, followed by electro-
phoretic sizing, is performed sequentially on an integrated microfabricated device
depicted in Fig. 8.

2. The reaction buffer consisting of 10 mM Tris-acetate, 10 mM magnesium acetate, and 50 mM
potassium acetate is placed into the DNA, enzyme and first waste reservoirs.

3. The separation buffer consisting of 9 mM Tris-borate with 0.2 mM EDTA and 1% (w/v)
HEC as sieving matrix is put into the microchannels and the buffer and second waste
reservoirs.

4. The plasmid concentration in the DNA reservoir is 125 ng/ µL and the enzyme concentra-
tion in the enzyme reservoir is 4 U/µL.

5. DNA and enzyme are then electrophoretically loaded into the reaction chamber. For effi-
cient digestion all electric fields are removed for 2 min after loading.

6. An aliquot of the digestion products is then injected into the 6-cm long separation chan-
nel and is separated in 3 min (Fig. 9) resulting in a total analysis time of only 5 min.

7. The products are detected by laser-induced fluorescence detection using 1 µM of the fluo-
rescent intercalating dye TOTO-1.

Fig. 8. Schematic of: (A) The reaction chamber and injection cross; (B) the loading of the
reaction chamber with DNA and enzyme for restriction digestion; (C) injecting the digestion
products onto the separation column; (D) separating the product fragments. Arrows depict
direction of flow for anions. Reprinted with permission from ref. 10. Copyright (1996) Ameri-
can Chemical Society.
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4. Outlook
1. It can be speculated that within the next few years we will not only see a drastic increase

in research on microdevice electrophoresis but also the first practical devices entering
the laboratories of biologists, forensic scientists, and so on. The general acceptance in the
life science community should be greatly facilitated by the scientists familiarity with
the underlying electrophoretic process and by the fact that all the protocols of DNA
sample preparation and handling originally developed for slabs can be directly put to use
in microdevice electrophoresis (11).

2. The usage of microdevices should not be limited to large research facilities, like genome
centers, where there is an urgent need for total automation and ultra-high sample through-
put. Smaller laboratories should profit as well from this powerful technology through
designated semiautomated apparatus with modest multiplexing capabilities offering ease
of operation, almost instant access to results, and savings in reagent costs.
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Applications of Constant Denaturant Capillary
Electrophoresis and Complementary Procedures

Measurement of Point Mutational Spectra

Andrea S. Kim, Xiao-Cheng Li-Sucholeiki, and William G. Thilly

1. Introduction
Constant denaturant capillary electrophoresis (CDCE) separates macromolecules

based on differences in their melting temperatures. The specific apparatus and operat-
ing conditions have been described previously that allow CDCE to separate point
mutants among 100–150-bp iso-melting DNA sequences (1,2). CDCE coupled with
high-fidelity DNA polymerase chain reaction (PCR) has been applied to the measure-
ment of point mutational spectra in human cell and tissue samples (3–6). For reviews
of this field see refs. 7,8. This chapter describes additional techniques which when
combined with CDCE and high-fidelity PCR allow point mutation detection at frac-
tions as low as 10–6.

The specific protocol for measuring point mutations depends on the desired
degree of sensitivity as outlined in Fig. 1. To detect mutations at fractions (mf)
down to 5 × 10–4, one isolates genomic DNA (Fig. 1, step 1), amplifies the desired
sequence with a high-fidelity DNA polymerase (Fig. 1, step 6), and enriches mutant
sequences relative to the wild-type sequences (Fig. 1, step 7). Mutants in the enriched
mixture are then separated from each other and measured by CDCE (Fig. 1, step 8). At
this stage, the individual mutants are purified and sequenced for their identification
(Fig. 1, step 9). This method has found three important applications: detection of point
mutations in phenotypically altered human cells after chemical treatment, detection of
cancer cells in normal tissues (9), and identification of single-nucleotide polymor-
phisms (SNPs) in pooled human blood samples (10).

The analysis of point mutations at fractions down to 10–6 requires three additional
steps prior to high-fidelity PCR (Fig. 1, step 6). These steps are liberation of a desired
sequence from genomic DNA by restriction digestion (Fig. 1, step 2), the enrichment
of the desired sequence from restriction-digested DNA (Fig. 1, step 3), and pre-PCR
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mutant enrichment by CDCE (Fig. 1, step 5). Even Pfu, the highest fidelity DNA
polymerase available (11,12), creates mutations at a level which interferes with the
initial mutant fractions of approx 5 × 10–4 after about 20 doublings. Thus, the pre-PCR

Fig. 1. Flow diagram of the sample handling steps necessary to detect point mutations at
different fraction levels. This procedure is for all DNA sequences including ones without a
neighboring natural clamp. An additional procedure, step 4, is introduced for DNA sequences
without a natural clamp. For mutation detection at fractions down to 5 × 10–4, include the
steps 1, 6–9. For mutation detection at fractions as low as 10–6, include the steps 1–3, 5, prior to
performance of the steps necessary for mutation detection at fractions at or above 5 × 10–4.
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mutant enrichment is essential for detecting low fraction mutations as low as 10–6

(13). The sensitivity of this method has been demonstrated in chemically-treated
human cells without reference to phenotypic selection (6).

A sequence suitable for CDCE analysis is a 100-bp iso-melting DNA domain juxta-
posed to a domain of a higher melting temperature.  This higher melting region works
as a “clamp,” that allows the separation of point mutations in the target domain from
the wild-type under appropriate denaturing conditions (2). Approximately 9% of the
human genome is comprised of 100-bp sequence elements with such a natural neigh-
boring clamp. If a sequence of interest does not have a natural clamp, an artificially-
created clamp can be attached by PCR (14) to detect point mutations at fractions
down to 5 × 10–4. However, this PCR-based clamp attachment method also introduces
polymerase-created mutations, which prevents mutation detection at fractions
below 5 × 10–4. For this reason, we have been developing a ligation-based artifi-
cial clamp attachment method (see Fig. 1, step 4) as a means to extend our ability to
measure point mutations at fractions as low as 10–6 in the entire human genome.

A part of the human adenomatous polyposis coli (APC) gene  (APC cDNA-bp
8543–8683) is used as a target sequence in the development of the point mutation
detection methods described in this chapter. This APC sequence is an iso-melting DNA
domain juxtaposed to a natural clamp (APC cDNA-bp 8441–8542), suitable for CDCE
analysis (Fig. 2). If the same target sequence did not have the natural clamp, an artifi-
cial clamp can be attached to the sequence.

2. Materials
Unless otherwise specified, all materials and solutions should be stored at room

temperature.

2.1. Genomic DNA Isolation
Genomic DNA can be isolated from either blood or from solid tissues. Items 1–4

are necessary for the tissue samples, and items 5 and 6 are needed for the blood
samples.

1. Dimethyl sulfoxide (DMSO).
2. Surgical scalpels.
3. Liquid nitrogen.
4. Mortar and pestle.
5. ACD Solution B: 0.48% citric acid, 1.32% sodium citrate, 1.47% glucose.
6. Phosphate-buffered saline (PBS): Dissolve 8 g of NaCl, 0.2 g of KCl, 1.44 g of Na2HPO4,

and 0.24 g of KH2PO4 in 800 mL of distilled H2O (dH2O). Adjust the pH to 7.4 with HCl
and add dH2O to 1 L.

7. 1X TE buffer: 50 mM Tris-HCl, pH 8.0, 10 mM EDTA; 0.1X TE (dilute from 1X).
8. Proteinase K (Boehringer Mannheim, Indianapolis, IN). Make a fresh solution of protein-

ase K in dH2O at 20 mg/mL on the day of DNA isolation. Store at –20°C until use to limit
autodigestion.

9. 10% Sodium dodecyl sulfate (SDS): Dissolve 100 g of SDS in 900 mL of dH2O (heat to
68°C to assist dissolution). Adjust the pH to 7.2 with HCl and add dH2O to 1L.

10. 10 mg/mL RNaseA (Boehringer Mannheim). Store at –20°C.
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11. 5 M NaCl: Dissolve 292.2 g of NaCl in 800 mL of dH2O and add dH2O to 1 L.
12. 100% Ethanol. Chill to –20°C before using.
13. 70% Ethanol. Chill to –20°C before using.

2.2. Restriction Digestion and Internal Standard Introduction
1. Restriction endonucleases: HaeIII and XbaI (New England Biolabs, Beverly, MA). Store

at –20°C.
2. 10X NEBuffer #2: 10 mM Tris-HCl, pH 7.9 at 25°C, 10 mM MgCl2, 50 mM NaCl, 1 mM

dithiothreitol (New England Biolabs). Store at –20°C.
3. Items required for PCR (see Subheading 2.6.) and CDCE (see ref. 2).
4. Primers for mutant internal standard construction (polyacrylamide gel electrophore-

sis [PAGE]-purified). Primers for the target APC sequence are as follows: Primer 1,
5'-CCATCTCAGA TCCCAACTCC-3' (APC cDNA-bp 8422–8441; the fluorescein-
labeled thymine in bold). Primer 2, 5'-AACAAAAACC CTCTAACAAG AATCA
AACCT ACTTAC-3' (complementary to APC cDNA-bp 8648–8683; underlined C forms
a A:C mismatch at bp 8562), and Primer 3, 5'-TATAATCTAGAAATGATTGA (comple-
mentary to APC cDNA-bp 8894–8913) (Synthetic Genetics, San Diego, CA). Dilute each
primer with dH2O to a concentration of 1.2 × 1013 mol/µL and store at –20°C.

5. Prepare 2X PCR master mix #1 with Primers 1 and 2; 2X PCR master mix #2 with Prim-
ers 1 and 3. For the preparation of 2X PCR master mix, see Subheading 2.6., item 5.

Fig. 2. Melting profiles of the wild-type APC sequence (cDNA-bp 8543–8683). The solid
line represents the melting profile of the wild-type sequence with a natural clamp (APC cDNA-bp
8441–8542), whereas the dotted line represents the melting profile of the same sequence with
an added artificial clamp. Restriction digestion of genomic DNA with AccI and Sau3AI liber-
ates the target APC sequence with the natural clamp, suitable for CDCE analysis. If the same
target sequence did not have the natural clamp, an artificial clamp can be attached to the DdeI
restriction end of the sequence (APC cDNA-bp 8570–8572).
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2.3. Target Sequence Enrichment
1. Two oligonucleotide probes that are complementary to the Watson and Crick strands

of the target sequence. The probes must meet the three requirements as follows:
biotinylated at the 5' end through a 12–18 carbon spacer arm, purified by high-perfor-
mance liquid chromatography (HPLC) or PAGE, and have similar melting tempera-
tures. Probes for the target APC sequence are Probe 1, 5'-CAAAACTGAC AGCACAGAAT
CCAGTGGAAC-3' (APC cDNA-bp 8472–8501), and Probe 2, 5'-AAGACCCAGA
ATGGCGCTTA GGACTTTGGG-3' (complementary to APC cDNA-bp 8501–8530)
(Synthetic Genetics). Dilute each probe with dH2O to a concentration of 1.2 × 1013

mol/µL and store at –20°C.
2. 20X SSPE: Dissolve 17.53 g of NaCl, 2.76 g of NaH2PO4 · H2O, and 0.74 g of EDTA in

90 mL of dH2O. Adjust the pH to 7.4 with NaOH and add dH2O to 100 mL.
3. 10 mg/mL streptavidin-coated paramagnetic beads (MPG®) (CPG, Lincoln Park, NJ).

Store at 4°C and prewash with the washing buffer (item 5) before using.
4. Neodymium magnet.
5. Washing buffer: 1 M NaCl, 10 mM Tris-HCl, pH 7.6, 2 mM EDTA.
6. 10X Reannealing buffer: 2 M NaCl, 100 mM Tris-HCl, pH 7.6, 20 mM EDTA.
7. 0.025-µm membrane filters (Millipore, Marlborough, MA).

2.4. Artificial Clamp Attachment
1. Restriction endonuclease: DdeI (New England Biolabs). Store at –20°C.
2. 10X NEBuffer #3: 50 mM Tris-HCl, pH 7.9 at 25°C, 10 mM MgCl2, 100 mM NaCl, 1 mM

dithiothreitol (New England Biolabs). Store at –20°C.
3. Pair of complementary oligonucleotides rich in GC bases (PAGE-purified). The pair of

oligonucleotides for the target APC sequence is: Clamp 1, 5'FITC-CGCCCGCCGC
GCCCCGCGCC CGTCCCGCCG CCCCCGCCCG ATAATAAC-3' (fluorescein-labeled
at the 5' end [5'FITC]), and Clamp 2, 5'P-TTAGTTATTA TCGGGCGGGG GCGGCGGGAC
GGGCGCGGGG CGCGGCGGGC G-3' (phosphate group attached at the 5' end [5'P]),
(Synthetic Genetics). Store at –20°C.

4. T4 DNA ligase (Boehringer Mannheim). Store at –20°C.
5. 10X Reaction buffer for T4 DNA ligase: 660 mM Tris-HCl, pH 7.5 at 20°C, 50 mM

MgCl2, 10 mM dithioerythritol, 10 mM ATP (Boehringer Mannheim). Store at –20°C.

2.5. Pre-PCR Mutant Enrichment
1. Restriction endonucleases: AccI and Sau3AI (New England Biolabs). Store at –20°C.
2. 10X NEBuffer #4: 20 mM Tris-acetate, pH 7.9 at 25°C, 10 mM magnesium acetate, 50 mM

potassium acetate, 1 mM dithiothreitol (New England Biolabs). Store at –20°C.
3. 100X bovine serum albumin (BSA): 10 mg/mL BSA (New England Biolabs). Store at –20°C.
4. Dialysis buffer: 0.1X TBE (dilute from 5X); 5X TBE: dissolve 54 g of Tris-base, 27.5 g

of boric acid, and 10 mL of 0.5 M EDTA, pH 8.0, in 1 L of dH2O.
5. Items required for CDCE (see ref. 2).
6. 542-µm inner diameter (id) and 665-µm outer diameter (od) fused-silica capillaries

(Polymicro Technologies, Phoenix, AZ). The DNA loading capacity of 540-µm id capil-
laries is approx 10 µg (15).

7. Stainless steel tubing (6 cm or longer, 0.042” id, 0.027” od, and 19-in. gauge) (Small
Parts Inc., Miami, FL).

8. 0.5-mm id and 1.5-mm od Teflon tubing (Varian Associates, Inc., Walnut Creek, CA).
9. 0.8X TBEB elution buffer: 0.8X TBE, 0.24 mg/mL BSA. Additional dilutions are 0.4X

TBEB and 0.2X TBEB. Store at –20°C.
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2.6. High-Fidelity PCR
1. Set of primers (PAGE-purified). Primers for the target APC sequence with a natural clamp

are Primer 4, 5'FITC-GAATAACAAC ACAAAGAAGC-3' (APC cDNA-bp 8441–8460),
and Primer 5, 5'-AACAAAAACC CTCTAACAAG-3' (complementary to APC cDNA-
bp 8664–8683) (Synthetic Genetics). Primer 4 is replaced with Clamp 1 (see Subheading
2.4., item 3) for the same target sequence attached to an artificial clamp. One primer is
fluorescein-labeled at the 5' end (5'FITC) (Primer 4 or Clamp 1, the primer in the clamp
region). Dilute each primer with dH2O to a concentration of 1.2 × 1013 mol/µL and store
at –20°C.

2. dNTP mix: 25 mM mixture of four dNTPs (Pharmacia, Piscataway, NJ)—dATP, dCTP,
dGTP, and dTTP—each 100 mM in equal volume and store at –20°C.

3. Native Pfu DNA polymerase (2.5 U/µL) (Stratagene, La Jolla, CA). Store at –20°C.
4. 10X reaction buffer for native Pfu DNA polymerase: 200 mM Tris-HCl, pH 8.0, 20 mM

MgCl2, 100 mM KCl, 60 mM (NH4)2SO4, 1% Triton X-100, 100 µg/mL nuclease-free
BSA (Stratagene). Store at –20°C.

5. 2X PCR master mix with Primers 4 and 5 (item 1): 100 µL of 2X master mix contains
20 µL of 10X native Pfu DNA polymerase reaction buffer, 2.0 µL of each primer (1.2 × 1013

mol/µL), 0.8 µL of 25 mM dNTPs, 2.0 µL of 100X BSA, and 73.2 µL of dH2O. Store the
mixture at –20°C.

6. 10- and 50-µL glass capillary tubes (Idaho Technology, Idaho Falls, ID).
7. Air Thermo-Cycler® (Idaho Technology).
8. Glass-cutter.
9. In order to perform post-PCR mutant enrichment (Subheading 3.7.), mutational spectra

display (Subheading 3.8.), and individual mutant purification (Subheading 3.9.), see the
materials required for both PCR (Subheading 2.6.) and for CDCE (2).

3. Methods
1. To minimize potential contamination of samples by artificially-created or PCR-generated

DNA mutants, the procedures performed before high-fidelity PCR (see Subheading 3.6.)
must be carried out in a separate laboratory equipped with high-throughput HEPA air
filters.

2. No PCR products can be permitted in such a laboratory except for very diluted mutant
internal standard stocks (<105 copies/µL).

3.1. Genomic DNA Isolation
1. For tissue samples: Cut a tissue sample (stored in 20% DMSO at –70°C or –20°C) into

small pieces with a scalpel. Deep-freeze the pieces of the tissue in liquid nitrogen and grind
them into a fine powder using a mortar and pestle. Place the powdered tissue in a centrifuge
tube and suspend it in 1 mL of 1X TE buffer per 50 mg of tissue. Proceed to step 3.

2. For blood samples: Add one volume of PBS to a blood sample (stored in ACD solution B
(1 mL of ACD solution B/6 mL of blood) at –70°C or –20°C) and after mixing, centrifuge
at 3500g for 15 min. Carefully discard as much of the supernatant as possible without
disturbing the pellet at the bottom of the tube. Resuspend the pellet in 1 mL of 1X TE
buffer for each 3 mL of blood.

3. Add 20 mg/mL Proteinase K and 10% SDS to the final concentrations of 1 mg/mL and
0.5%, respectively. Incubate the solution while continuously mixing the contents thor-
oughly in a water-bath shaker (100–200 rpm) at 50°C for 3 h.

4. Add 10 mg/mL RNaseA to a final concentration of 20 µg/mL. Incubate the suspension in
a water-bath shaker and mix thoroughly (100–200 rpm) at 37°C for 1 h.
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5. Centrifuge at 10,000g (13,000 rpm) for 15 min while keeping the centrifuge temperature at
4°C. Transfer the central portion of the supernatant into a new tube by careful pipeting. Repeat
this step two or three times and combine all of the transferred supernatant (see Note 1).

6. Add 5 M NaCl to the transferred supernatant tube to a final concentration of 250 mM and
add two volumes of chilled 100% ethanol. Mix by inverting the tube gently several times
(a DNA spool should start to form upon mixing).

7. Transfer the DNA spool into a microcentrifuge tube and wash with 1 mL of chilled 70%
ethanol. Repeat this washing and discard as much of 70% ethanol as possible.

8. Air-dry the DNA spool by leaving it in the tube with the cap open at room temperature for
approx 30 min (see Note 2). Add 0.1X TE buffer to a DNA concentration of 2–4 mg/mL.
Pipet the DNA sample mixture up and down several times upon dissolving the spool at
room temperature for complete mixing.

9. Add 5 µL of the DNA sample mixture into 495 µL of dH2O and measure A260 nm and A280

nm with a UV spectrophotometer. A typical DNA yield and ratio of A260 to A280 are over
90% and 1.4–1.6, respectively with the DNA suitable for both restriction digestion and
PCR amplification. For the detection of point mutations at fractions down to 5 × 10–4,
proceed to Subheading 3.6., step 2. For the detection of point mutations at fractions
down to 10–6, proceed to Subheading 3.2.1., step 1.

3.2. Restriction Digestion and Internal Standard Introduction
3.2.1. Restriction Digestion

1. Add 10X NEBuffer #2 to a final concentration of 1X and HaeIII and XbaI to an enzyme/
DNA ratio of 1 U/µg to the DNA sample with a DNA concentration of 2–3 mg/mL.

2. Mix thoroughly and incubate at 37°C overnight (see Note 3).

3.2.2. Internal Standard Preparation
1. A 492-bp artificial mutant (APC cDNA-bp 8422–8913) with an AT → GC transition at

APC cDNA-bp 8652 is constructed to serve as an internal standard. This internal standard
mutant is compatible with the 482-bp APC fragment liberated from genomic DNA by
HaeIII and XbaI (see Subheading 3.2.1.).

2. Add 1 µL of the restriction-digested DNA sample into 9 µL of dH2O (10-fold dilution).
3. Preparation of a 262-bp APC mutant fragment (APC cDNA-bp 8422–8683): mix 1 µL of

the diluted sample with 5 µL of 2X PCR master mix #1, 3.6 µL of dH2O, and 0.4 µL of Pfu
DNA polymerase. Amplify the fragment (see Subheading 3.6., steps 4–7).

4. Preparation of a 492-bp APC wild-type fragment (APC cDNA-bp 8422–8913): Amplify
the fragment as described in step 3 except use 2X PCR master mix #2.

5. The preparation of a 492-bp APC mutant fragment (internal standard) mixture involves:
mix together 1 µL of the PCR product from step 3, 1 µL of the PCR product from step 4
(diluted 10-fold in dH2O), 5 µL of 2X PCR master mix #2, 2.6 µL of dH2O, and 0.4 µL of
Pfu DNA polymerase. Amplify the fragment with an appropriate number of cycles to
convert all the primers into product (see Notes 4 and 5).

6. Make subsequent stock dilutions of the amplified mutant internal standard (492 bp) with
dH2O, 10-fold each time at concentrations down to 102 copies/µL (see Notes 4 and 5).

3.2.3. Internal Standard Introduction
1. Mix together 1 µL of the 10-fold diluted restriction digested DNA sample, 1 µL of the

internal standard stock of 104 copies/µL (see Subheading 3.2.2., step 6) 5 µL of 2X PCR
master mix (see Subheading 2.6., item 5), 2.6 µL of dH2O, and 0.4 µL of Pfu DNA
polymerase. Amplify the target sequence (see Subheading 3.6., steps 4–7).
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2. Separate the PCR product by CDCE and measure the copy number of the target sequence in
the restriction-digested DNA sample (see Subheading 3.7. for the CDCE procedure [2]). The
target sequence copy number can be quantified by measuring the areas under the separated
peaks, which represent wild-type homoduplex (Aw), mutant homoduplex (Am), and wild-type/
mutant heteroduplexes (Ah). The equation to be used for the quantification is as follows:

([Aw + Ah/2] / [Am + Ah/2]) × 10x copies/µL) × df = # of target sequence copies/µL,

in which 10x copies/µL is the concentration of the internal standard stock used for PCR
(104/µL) and df is a dilution fold of the original sample (10-fold).

3. Add the internal standard at a desired fraction to the restriction-digested DNA sample.

3.3. Target Sequence Enrichment
1. Add each Probe 1 and Probe 2 to a probe/target sequence molar ratio of 5 × 104 to the

restriction enzyme digested sample (with added internal standard), and 20X SSPE to a
final concentration of 6X. Mix thoroughly and distribute into several 1.5-mL microcen-
trifuge tubes (≈0.5 mL/tube).

2. Place the sample tubes containing the mixture in a boiling water bath for 2 min, followed
by immediate chilling in an ice bath for 10 min. Incubate the chilled sample in a
thermomixer at 58°C for 2 h. This is the probe-target hybridization temperature for the
target APC sequence (see Note 6).

3. Add 0.4 mg of MPG beads/108 copies of the target sequence and incubate the suspension
in a rotating thermomixer (1000 rpm) at 50°C for 1 h. Gather the beads to the side of each
sample tube by placing a magnet against the wall of the tube. Remove the solution and
combine all the beads into one tube.

4. Resuspend the beads in the washing buffer at a concentration of 10 mg/mL and incubate
in a rotating thermomixer (1000 rpm) at 50°C for 5 min. Remove the buffer and retain the
beads. Repeat this washing step three times.

5. Elute the target sequence from the beads: Incubate the beads at 20 mg/mL in dH2O for
2 min at 70°C. Magnetically separate the eluate from the beads and transfer the eluate
into a fresh tube. Repeat this step one more time and combine the eluates.

6. Reduce the volume of the eluate to about 10 µL by speed-vacuum centrifugation.
7. Add the 10X reannealing buffer to the reduced-volume eluate to a final concentration of

1X and incubate at 55°C for 16 h. During incubation, the wild-type/mutant heteroduplex
DNA fragments are formed.

8. Desalt the reannealed sample by drop dialysis: Float a 0.025-µm membrane filter on the sur-
face of 0.1X TE buffer in a container (e.g., a plastic Petri dish) and place the container on a stir
plate. Transfer the sample on the floating membrane filter by pipeting. Dialyze the sample on
the membrane filter against 0.1X TE buffer by stirring the buffer with a stir bar for 2 h.

9. Reduce the volume of the desalted sample to approx 10 µL by speed-vacuum centrifugation.
10. The procedures described in this subheading allow the enrichment of a desired target

relative to nontarget fragments in a pool of genomic DNA restriction fragments. Although
the values may vary for different targets, a typical enrichment (fold) and yield for the
target APC sequence are about 104 and 70%, respectively. Thus, this procedure can
reduce the DNA sample size of 600 µg to 60 ng where over 108 copies of the target
sequence are present. The reduced sample volume is suitable for both pre-PCR mutant
enrichment (see Subheading 3.5.) and artificial clamp ligation (see Subheading 3.4.).

11. For DNA sequences with a natural clamp, proceed to Subheading 3.5., step 1; otherwise
proceed to Subheading 3.4., step 2.
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3.4. Artificial Clamp Attachment
1. Although about 9% of the human genome can be directly studied by CDCE, the artificial

clamp attachment procedure described in this subheading opens up an additional 89% of
the human genome for CDCE analysis. This method is based on high-efficiency DNA
ligation in which an artificial clamp is ligated to the restriction-digested ends of a target
sequence (see Fig. 3). This procedure is presently experimental. We hope the description
will aid its development to a robust technique.

2. Artificial clamp preparation (see Note 7): mix Clamp 1 and Clamp 2 in 0.1X TE buffer at
a clamp concentration of 5 × 1012 mol/µL. Incubate at 95°C for 5 min and 70°C for 30 min
to allow the two strands to hybridize to each other.

Fig. 3. Schematic diagram of the artificial clamp ligation procedure. The prepared artificial
clamp contains an end that is complementary to the DdeI restriction end of the target APC
sequence. The clamp and target restriction fragments are brought together as they base pair at
their complementary termini and the covalent bonds can then be formed by DNA ligase.
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3. Add 10X NEBuffer #3 to a final concentration of 1X and 5 U of DdeI to the target
sequence-enriched sample. Bring the total reaction volume to 15 µL with dH2O and mix
thoroughly. Incubate at 37°C for 4 h (see Note 8).

4. Add 2 µL of the prepared artificial clamp mixture, 10X ligation reaction buffer to a final
concentration of 1X, and 1 U of T4 DNA ligase to the DdeI restriction-digested sample.
Bring the total reaction volume to 30 µL with dH2O and incubate at 16°C for 16 h.

5. Desalt the sample by drop dialysis (see Subheading 3.3., step 8).
6. Reduce the volume of the sample to approx 10 µL by speed-vacuum centrifugation. Pro-

ceed to Subheading 3.5., step 2.

3.5. Pre-PCR Mutant Enrichment

1. For DNA sequences with a natural clamp: to the target sequence-enriched sample, add both
10X NEBuffer #4 and 100X BSA to a final concentration of 1X. Add 5 U of AccI and
Sau3AI and mix thoroughly. Incubate at 37°C for 16 h and proceed to step 3 (see Note 9).

2. For DNA sequences attached to an artificial clamp: add 10X NEBuffer #4 to a final
concentration of 1X and 5 U of AccI. Mix thoroughly and incubate at 37°C for 16 h.

3. Desalt the restriction-digested sample by drop dialysis against 0.1X TBE (see Subhead-
ing 3.3., step 8) (see Note 10).

4. Reduce the volume of the sample to approx 4 µL by speed-vacuum centrifugation.
5. Prepare a 20 cm-long coated capillary of 540 µm id with a detection window 7 cm away

from the anodic end (see ref. 2 for details about the coating of capillaries). The detection
window can be made by peeling off approx 0.5 cm of the outer surface of the capillary.
Place the prepared capillary on a CDCE instrument and insert a portion of the capillary
(near the cathodic end) in a water jacket (equipped with stainless steel tubing to hold the
capillary) which is connected to a constant temperature circulator.

6. Set the circulator to the optimal temperature for the separation of mutant/wild-type hetero-
duplexes from wild-type homoduplex (see Subheading 3.3., step 7) (see Notes 11 and 12).

7. Replace the 5% linear polyacrylamide matrix (about 35 µL) within the capillary (see ref. 2
for details about the preparation of the matrix) (see Note 13).

8. Transfer 4 µL of the sample (step 4) by pipet into a piece of Teflon tube (1 cm long and 0.5
mm id). Remove the buffer reservoir away from the cathodic end of the capillary and mount
the Teflon tube onto the capillary end. Bring the buffer reservoir to the end of the Teflon
tube and electrokinetically inject the sample at 80 µA for 2 min. Remove the Teflon tube
from the capillary end and perform electrophoresis at 80 µA (see Note 13).

9. Stop electrophoresis just before mutant heteroduplexes start to reach the anodic end of
the capillary and remove the buffer reservoir from the capillary end. Place a platinum
wire into 10 µL of 0.8X TBEB elution buffer in a 0.5-mL microcentrifuge tube and simul-
taneously dip the anodic end of the capillary in the tube. Electroelute mutant heterodu-
plexes at 80 µA into the elution buffer for 15–20 min (see Notes 14 and 15).

10. Dialyze the eluted sample by drop dialysis against 0.1X TBE (see Subheading 3.3., step 8).
11. Reduce the volume of the sample to approx 4 µL by speed-vacuum centrifugation.
12. Remove the water jacket from the capillary and replace the matrix inside the capillary

(see step 7).
13. Electroinject the sample into the capillary (see step 8) and perform electrophoresis at

80 µA and at room temperature (RTCE).
14. Stop electrophoresis just before the target sequence in double-strand form to reach the

anodic end of the capillary. Electroelute the target sequence at 80 µA in 10 µL of 0.4X
TBEB buffer for 5 min (see Notes 14 and 15).
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15. Reduce the volume of the eluted sample to 5 µL by speed-vacuum centrifugation. Proceed
to Subheading 3.6., step 3.

3.6. High-Fidelity PCR
1. For mutation detection of fractions down to 5 × 10-4: measure the copy number of the target

APC sequence in the sample (Subheading 3.1., step 8) as described in Subheading 3.2.3.
2. Add 25 µL of 2X PCR master mix, the internal standard mutant at a desired fraction (see

Subheading 3.2.2., step 6), and 2 µL of Pfu DNA polymerase to 1 µg of the sample.
Bring the total reaction volume to 50 µl with dH2O and mix thoroughly. Proceed to step 4.

3. For mutation detection of fractions down to 10–6: Add 5 µL of 2X PCR master mix and
0.4 µL of Pfu DNA polymerase to the mutant-enriched sample and mix thoroughly.

4. After a brief centrifugation, transfer the PCR mixture to either a 10- or 50-µL glass capil-
lary tube by capillary action and seal both ends of the tube by heating in a gas flame.

5. Amplify the target sequence with an appropriate number of cycles to convert all the prim-
ers into product (see Notes 16 and 17). For the target APC sequence, each PCR cycle
proceeds in the order of 10 s at 94°C, 20 s at 50°C, and 20 s at 72°C with 2 min at 94°C
and 2 min at 72°C before and after the desired number of PCR cycles.

6. Cut both ends of the glass capillary tube with a glass-cutter and transfer the PCR product
into a microcentrifuge tube. During the last few PCR cycles, the abundant mutant
sequences form heteroduplex dsDNA with the excess wild-type fragments.

7. Incubate the PCR product at 72°C for 20 min with additional Pfu DNA polymerase (0.2 µL
of Pfu/10 µL of PCR product) (see Note 18).

3.7. Post-PCR Mutant Enrichment
1. Prepare CDCE set up as described in Subheading 3.5., step 5 with a 21 cm long coated

capillary of 75 µm id.
2. Replace the 5% linear polyacrylamide matrix (about 2 µL) within the capillary.
3. Remove the buffer reservoir from the cathodic end of the capillary and place both a plati-

num wire and the capillary end into a microcentrifuge tube containing the PCR product
(diluted 10-fold in H2O). Electrokinetically inject the PCR product at 2 µA for 30 s into
the capillary. Remove the sample tube from the capillary end and reinsert the capillary
end into the buffer reservoir. Perform electrophoresis at 9 µA.

4. Stop the electrophoresis just before the PCR-amplified mutant heteroduplexes (see Sub-
heading 3.6., step 4) reach the anodic end of the capillary and remove the buffer reser-
voir from the capillary end. Electroelute the heteroduplexes in 10 µL of 0.2X TBEB elution
buffer at 9 µA for about 2–3 min using a platinum wire (see Subheading 3.5., step 9).

5. Take 5 µL of the electroeluted sample and add 5 µL of 2X PCR master mix and 0.4 µL of
Pfu DNA polymerase. Perform the PCR (see Subheading 3.6., steps 4–7). A typical
mutant enrichment is approx 20-fold.

6. Repeat steps 2–5. Another 5-fold mutant enrichment can be repeated, bringing the total
enrichment to approx 100-fold (see Note 19).

7. Take 1 µL of the PCR product and add 5 µL of 2X PCR master mix, 3.6 µL of dH2O, and
0.4 µL of Pfu DNA polymerase. Amplify the target sequence with 3 PCR cycles to con-
vert all the mutant sequences into homoduplexes (see Subheading 3.6., steps 4–7).

3.8. Mutational Spectra Display

1. Prepare the CDCE apparatus with a 33 cm long coated capillary of 75 µm id and a 19 cm
long water jacket, as described in Subheading 3.5., step 5. Set the water jacket circulator
to the optimal temperature for separation of mutant from wild-type homoduplexes.
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2. Replace the 5% linear polyacrylamide matrix within the capillary.
3. Electroinject the PCR product, diluted 10-fold in H2O, and perform electrophoresis at 5 µA.
4. Measure the individual mutant fraction. The measurement is done by comparing the ratio

of the area under each mutant peak to the area under the internal standard peak added to
the sample (see Subheading 3.2.3., step 3 or Subheading 3.6., step 2).

3.9. Individual Mutant Purification for Sequencing
1. Purify each separated mutant homoduplex by PCR and by CDCE (see ref. 2).
2. Identify each purified mutant by sequencing.

4. Notes
1. Care should be taken to maximize the transferred volume of the supernatant and to avoid

the transfer of the pellet at the bottom of the tube and the top layers of the supernatant.
2. Avoid over-drying the DNA spool since a spool air-dried too long may be difficult to

dissolve in 0.1X TE buffer.
3. The established protocol for target sequence enrichment requires a prior restriction diges-

tion to liberate a target sequence desired from genomic DNA, as described in Subhead-
ing 3.3. A set of endonucleases for this restriction digestion should be selected to
minimize the cost since digestion of genomic DNA from 108 cells (≈600 µg) for mutation
detection at fractions down to 10–6 requires at least 600 U of the endonucleases. For the
target APC sequence, HaeIII and XbaI were selected to liberate the sequence-embedded
482-bp fragment (APC cDNA-bp 8422–8903) from genomic DNA at as low a cost as any
other pair of restriction endonucleases available commercially.

4. When primers are completely depleted during PCR, the copy number of the sequence
amplified is equivalent to the initial copy number of the primers. The expected concentra-
tion of the PCR-amplified mutant internal standard is 1011 copies/µL upon complete con-
version of the primers into product.

5. The amplification efficiency of the wild-type and mutant internal standard sequences must
be the same. Unequal amplification efficiency of the wild-type and mutant will introduce
errors in the measurement of the target sequence copy number and mutant fractions in the
samples (16).

6. An optimal hybridization temperature needs to be determined for each probe-target
sequence set. This temperature can be determined experimentally by measuring the
target sequence recovered at different temperatures tested. For the measurement of the
target sequence copy number, see Subheading 3.2.3., steps 1 and 2.

7. One end of an artificial clamp prepared must be complementary to the restriction end of a
target sequence (DdeI restriction end for the target APC sequence, see Fig. 3).

8. Incubation longer than 4 h and at temperatures above 37°C may reduce the ligation effi-
ciency of an artificial clamp to desired target restriction ends. Such incubation conditions
should be avoided.

9. A second set of restriction endonucleases is necessary to excise the target sequence from
the somewhat longer restriction fragment containing the target sequence (see Note 3).
The cost of restriction endonucleases is no longer an important factor since the sample
has been enriched for the target sequence by 104-fold (see Subheading 3.3.). Restriction
digestion of a 482-bp fragment with AccI and Sau3AI liberates a 271-bp fragment (APC
cDNA-bp 8434–8704, see Fig. 2) which is suitable for pre-PCR mutant enrichment
by CDCE.
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10. The ionic strength of the sample buffer must be below that of 1X TBE for the electroki-
netic injection of an entire DNA sample. Ions are preferentially loaded before DNA onto
the capillary.

11. An optimal CDCE separation temperature for mutant enrichment is the one at which
mutant/wild-type heteroduplexes are well separated from the wild-type homoduplex. Such
a CDCE separation temperature can be determined by CDCE test runs with fluorescein-
labeled PCR product containing the wild-type homoduplex, an artificially-created mutant
homoduplex, and wild-type/mutant heteroduplexes.

12. Changes in the acrylamide concentration of the matrix, the length of separation zone, and
the field strength of electrophoresis can affect CDCE separation efficiency (17). Modify-
ing these CDCE operating conditions may be necessary to obtain the desired degree of
CDCE separation (the same applies to Subheadings 3.7. and 3.8.).

13. Take care to avoid introducing air bubbles into the capillary while performing Subhead-
ing 3.5., steps 7 and 8.

14. The electroelution time of the mutants separated from the wild-type by CDCE followed
by RTCE  is determined empirically. This electroelution time can be determined by CDCE
and RTCE test runs with fluorescein-labeled PCR product (see Note 11).

15. The combination of CDCE and RTCE separation and electroelution of mutants allows
about 100–200-fold mutant enrichment. CDCE is used to separate mutant/wild-type het-
eroduplexes from the wild-type homoduplex, whereas RTCE is used to separate the
CDCE-eluted mutant heteroduplexes from residual wild-type sequences. The residual
wild-type sequences, which can comigrate with the mutant heteroduplexes in the CDCE,
could have been generated by incomplete restriction digestion (Subheading 3.5., steps 1
or 2) or during the duplex reannealing step (Subheading 3.3., step 7).

16. For mutation detection at fractions down to 5 × 10–4 in DNA sequences without a neighbor-
ing natural clamp, an artificial clamp can be attached to a desired sequence by a GC-primer
(14) during this PCR.

17. The efficiency and conditions of PCR need to be determined experimentally for each
target sequence. Thus, the number of PCR cycles necessary to convert all the primers into
product depends on a sequence of interest and starting copy numbers. Avoid applying
more PCR cycles than necessary since it may cause PCR product degradation.

18. To reduce the amount of PCR-generated byproducts, post-PCR incubation is necessary
for some target sequences.

19. For mutation detection at fractions down to 5 × 10–4, 100-fold post-PCR mutant enrich-
ment allows CDCE visualization of mutants, separated from each other. A typical mutant
with an initial fraction of 10–4 is enriched to a fraction of 10–2 using the method described
in Subheading 3.7. For mutation detection at fractions down to 10–6, a 100-fold pre-PCR
mutant enrichment (see Subheading 3.5. and Note 15) in addition to post-PCR mutant
enrichment allows visualization of the CDCE-separated mutants at initial fractions of
10–6 or higher.
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Toward Effective PCR-Based Amplification
of DNA on Microfabricated Chips

Jerome P. Ferrance, Braden Giordano, and James P. Landers

1. Introduction
The polymerase chain reaction (PCR) has rapidly become the most valuable tool in

the clinical diagnostic arsenal for determining specific diseases or detecting infectious
agents. Primers, short pieces of DNA complementary to the DNA sequence of inter-
est, are mixed with nucleotides, a small amount of template DNA from the sample of
interest, and Taq DNA polymerase enzyme in the appropriate buffer. Using tempera-
ture cycling, a short piece of DNA (50–1000 bp in length), defined by the primers
chosen, is rapidly amplified from the few initial template molecules added to the mix-
ture. The amplification product is then analyzed using an electrophoretic separation.
The entire process, shown in Fig. 1, includes the “sample preparation” which typically
involves isolating the appropriate cells, from which the DNA is extracted prior to PCR
amplification. To utilize this sequence most efficiently there should be a continuous
flow from sample collection to diagnosis. This would eliminate both delays due to the
transfer of material between each step and the need for intervention before the next
step could begin. In the ideal world, this diagnosis would be immediate—the real goal
is to decrease the time to as short as possible. Towards this end, the integration of the
steps detailed in Fig. 1 into a single platform is of obvious and critical importance
(see Note 1).

1.1. Microchannels
As indicated by Fig. 1, decreasing the time required for electrophoretic interroga-

tion of the PCR product results in a significant reduction in total analysis time. A
reduction in separation time has been accomplished with the use of capillary electro-
phoresis (CE) which has also reduced the amount of sample and volume of reagents
needed for a separation. Further decreases in time have resulted from the successful
transfer of electrophoretic separations from the capillary to glass microchips where
micron-scale troughs etched into the surface of the substrate effectively supplant the
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need for fused silica capillaries. Microchannels are formed when the substrate con-
taining the etched structures, created using basic microfabrication techniques, is
bonded to a second glass slide. PCR products and DNA restriction digest fragments
are easily separated in microchannels coated with substances that reduce the elec-
troosmotic flow, and filled with a sieving matrix. Separation channels 3.5 cm in length
have been shown to be sufficient to identify standard fragments in the range from
70–1000 bp in 120 s (1). These devices have also been designed to allow multiple
separations to be carried out in an array of channels fabricated on the same device (2).

The same advantages of reduced time, sample, and reagents brought to the separa-
tions field by miniaturization also apply to low volume PCR in capillaries. Microchip
formats have also been developed for PCR where the reactions are carried out in reser-
voirs or microreaction chambers formed in glass, silicon, or plastic microchips. In
addition, decreasing the scale of PCR allows the reaction to be carried out more effi-
ciently, producing more product in less time with less side reactions. Both capillaries
and microchip devices have reduced the time needed for PCR but cycle times con-
comitant with the fast separations now possible are still being developed.

Although capillaries have proven useful for small scale PCR, true integration of the
PCR and fast separation steps will require a microchip device where continuous flow
of the PCR products to the separation channels is achievable on a single coordinated
platform (see Note 2). With this type of platform, integration not only of the last two
steps shown in Fig. 1 is possible, but total integration of the complete process. Devel-
opment of integrated electrophoretic microchips capable of sorting cells, DNA extrac-

Fig. 1. Overall scheme for clinical and genetic analyses.
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tion, PCR and electrophoresis will eliminate the need for much of the hardware asso-
ciated with these methods, allowing the eventual design of portable point-of-service
instruments which execute analysis on these microchips.

The ability to execute fast (second time-scale) electrophoretic separations of DNA
on microchips creates a significant time discontinuity between PCR reactions, which
may take a few hours, and the electrophoretic separation. Although microchip-based
PCR has been reported in the literature (3–5), there still exists a gap between the
rapid electrophoretic separations of DNA on microchips and the ability to carry out
fast and effective PCR on a microchip in a practical, cost-effective manner. This chap-
ter details past and current work toward reducing the scale and, thus, the reaction
duration of PCR methods. Efforts toward the wedding of both PCR reactions and elec-
trophoretic separation and detection processes on a single device are also underway.
The results of these initial attempts are presented along with a discussion of the barri-
ers which will have to be circumvented or surmounted in order for an integrated tech-
nology to be realized (see Note 3).

1.2. PCR in Small Volumes
PCR in reaction volumes of 25–50 µL is routinely carried out in thermocyclers that

hold small polypropylene tubes. The typical PCR process requires that the sample be
cycled through three temperatures as shown in Fig. 2, where the denaturation (melt),
annealing, and extension temperatures are reached and maintained for the requisite
times. At the denaturation temperature (~95°C), the complementary strands of DNA
are separated without significantly affecting the activity of the Taq DNA polymerase,
which is extraordinarily heat-stable. Reducing the temperature to within the range
48–74°C allows the primers to anneal with the template. The optimum annealing tem-
perature is determined empirically by the length and sequence of the primers being
used. The temperature is then increased to the optimum temperature for the enzyme to
extend the primers. The reaction times that are typically in the range of 5–10 s for the

Fig. 2. A single temperature cycle for a typical PCR thermocycler showing melt, annealing,
and extension temperatures. The actual temperatures experienced by the PCR solution are also
included, and show the thermal lag due to heat transfer through the polypropylene tubes.
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denaturation and annealing steps, and 1–4 min for the extension step are determined
more by the apparatus than by the biochemistry of the process. The volume of the
solution and the transfer of heat through the polypropylene tubes containing the solu-
tion being the factors limiting the rates of reaction. Figure 2 also displays the actual
temperature cycle experienced by the reaction solution during a normal cycle. Note
how the sample temperature lags behind that of the block with the temperature
transitioning less sharp than the heating block temperature.

Wittwer et al. (6) have shown that by increasing the surface area and heat transfer,
through the use of glass capillaries as their reaction container, a better match between the
internal and external temperature cycles is provided. This allows the melt and annealing
times to be decreased to less than 1 s, with elongation times also reduced to 10–20 s. The
volume of reaction in these capillaries is ~10 µL, and the capillaries are heated in an air
thermocycler, which is essentially a closed chamber through which forced air at differ-
ent temperatures circulates. This is similar to conventional thermocycling in that the
capillary environment is heated eventually heating the internal solution.

Friedman and Meldrum (7) also took advantage of the ratio of low volume to high
surface area provided by glass capillaries in designing their microscale PCR system.
Glass capillaries are coated with a transparent layer of indium-tin oxide that is used for
heating the capillaries to the desired cycle temperatures. Because the coating is trans-
parent, reactions could be monitored using fluorescence to determine when sufficient
cycles had been performed to amplify the DNA sequence of interest to the desired
extent. The thin film coating also acts as a temperature sensor for the system. This
combination provided the opportunity to individually control the temperatures and
number of reaction cycles for up to 32 capillaries. Reference samples were prepared in
similar capillaries without the thin-film coating; these capillaries were thermally cycled
inside a commercial air thermal cycler. Samples as small as 4 µL were successfully
reacted with hold times of >1 s at 93°C, >1 s at 55°C, and 20 s at 72°C.

Oda et al. (8) used 500-µm rectangular glass tubes sealed on one end as micro-
chambers for a novel approach to PCR amplification of DNA. With the premise that a
noncontact method could be more easily extrapolated to the microchip format, they
investigated noncontact heating using a tungsten lamp as an infrared radiation (IR)
source. Wittwer et al. (6) used a lamp to heat the air, which then heated the whole PCR
environment. The approach by Oda et al. (8) sought to directly heat the reaction solu-
tion itself via the red part of the spectrum from the tungsten lamp, which is absorbed
maximally by water. Since the reaction solution was not heated by contact with the
reaction chamber itself, the total mass of material that had to reach the desired
temperatures was reduced, allowing faster slew rates than air cycling. They demon-
strated that IR-mediated thermocycling of 5–15 µL reaction volumes was possible,
and that as reported by others (4), the amplification is somewhat less efficient than
conventional thermocycling but that ample product is generated for detection by CE.
As shown in Fig. 3, the total time required for each reaction cycle could easily be
reduced to 17 s, with individual steps of 2 s at 94°C, 2 s at 54°C, and 4 s at 72°C.

The translation of PCR to microchip devices was first demonstrated by Wilding et
al. (3) who used silicon/glass microchamber structures that hold 5–10 µL of reaction
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mixture. Although the silicon provides rapid heat transfer because of its good thermal
properties, each PCR cycle is still ~3 min. Heating of the microchip is carried out by
placing it in contact with a copper block attached to a Peltier temperature controller;
the added mass of the heater is largely responsible for the slower cycle times. The
products were analyzed on an agarose gel, and the results compared well with control
reactions carried out in a normal thermocycler. Further work on these microchips
investigated surface treatments of the silicon substrate to prevent protein binding and
enzyme inhibition (9,10); silicon dioxide-coated surfaces were found to work best in
this design. Conditions for PCR in these microchambers were: 28 cycles of 15 s at 94°C,
1 min at 55°C, and 1 min at 72°C, followed by a final extension at 72°C for 10 min.

Wooley et al. (4) describe a different type of PCR device, referred to as a “minia-
ture analytical thermal cycling instrument (MATCI).” This consists of a small
polysilicon block heater with a chamber for holding a polypropylene insert. The vol-
umes of the reactions are still above 10 µL, but reaction times are decreased to less
than 30 s per cycle. These rapid PCR experiments consisted of 30 cycles of 96°C for
2 s, 55°C for 5 s, and 72°C for 2 s. This device was also employed in studies by

Fig. 3. Temperature cycling with the noncontact heat source. (A) The reproducibility of the
cycles is very good. (B) Over the 30 cycles, 464 s, the 17-s cycling profile is unchanged.
Reprinted in part with permission from ref. 13, Copyright (1998) American Chemical Society.
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Ibrahim et al. (11) to measure the limits of detectable DNA. With 60 thermal cycles,
initial DNA template numbers of as low as 1900 copies were successfully detected.

A different approach to the problem was taken by Kopp et al. (5). Instead of having
a reaction chamber, the reaction was carried out in a continuous trough etched into a
glass microchip which was sealed to a second glass microchip. The microchip was
placed on a heater which had different zones held at constant temperatures of 95°C,
77°C, and 60°C. The number of cycles is set by the etch pattern in the microchip and
the speed of the cycle is set by the flow rate through the channel, which is controlled
by the pressure applied to the inlet channel. Total reaction times of 1.5–18.7 min were
used with the 20 cycles designed into their original microchip. Reaction plugs of
10 µL were used in the system to collect enough material for analysis of the products
on an agarose gel. A positive feature of this system is the possibility to perform con-
tinuous samples in this device, by injecting different reaction plugs separated by small
void volumes. The rapid reaction rates are possible because only the temperature of
the solution has to be changed, not of the entire system. However, that a defined num-
ber of cycles is predesigned into the microchip is a major downfall as flexibility is an
advantage in new reactor designs.

1.3. Submicroliter PCR
Continued improvements in new and traditional thermocyclers have decreased cycle

times to less than 1 min, and reaction volumes have been reduced to the 5 µL range.
However, at the same time improvements in the microchip/capillary devices have fur-
ther decreased the reaction volume. For a microchip capable of integrated PCR/elec-
trophoretic separation, the total volume of PCR product needed is minimal. In a typical
microchip used for electrophoretic separations, it is possible to have volumes less than
1 nL in the injection pathway. Therefore, the total volume of the PCR reaction can be
decreased significantly if it is to be directly separated in a connected channel on the
same device.

Kalinina et al. (12) have reduced the volume of reaction by using capillaries as
small as 20 µm in diameter to hold a total volume of 10 nL, allowing single copies of
template DNA to be amplified and detected after 30 cycles using fluorescent energy
transfer (FET). One drawback is that the small volumes and design of the system pre-
vent further analysis of products by gel or CE to confirm the replication of the correct
sized fragment. Heating in this system is carried out in an air thermal cycler, with
cycles taking about 45 s.

The system of Oda et al. (8) has been further modified by Hühmer and Landers (13)
to carry out reactions in 150-µm id capillaries, which hold volumes as low as 100 nL.
Starting with less than 600 copies of template DNA, successful amplification of
detectable product can be achieved after only 10 cycles. Figure 4 compares the amount
of PCR product after 10 cycles in this system with product generated in a traditional
thermocycler. Each cycle comprises only two temperature steps for denaturation and
annealing, with the extension stage taking place as the temperature ramped from the low
annealing temperature (68°C) to the high denaturation temperature (94°C). The submicro-
liter volumes and noncontact, direct heating of the PCR solution by the IR radiation
allowed cycle times to be reduced to less than 3 s in this system, as illustrated in Fig. 5.
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1.4. Integrated PCR-Electrophoretic Systems

Although smaller volume PCR has been achieved in capillaries, these approaches
are not readily integrated into an electrophoretic microchip device. Figure 6 shows
the design of Wooley et al. (4) who demonstrated the feasibility of interfacing PCR
with microchip-based electrophoresis by epoxy-bonding a polysilicon block heater to
the surface of an electrophoretic microchip, and then interfacing the polypropylene
insert directly with the sample channel reservoir. Once PCR is complete, the product
is injected directly into the separation channel. From a practical standpoint, these chips
are not easily produced because each heating block has to be individually produced
and cemented to a chip. Also, the amount of PCR product generated in this system is
several orders of magnitude greater than the amount needed for the separation step.
Further, the integration of the steps occurring prior to the PCR is preempted by this
design of a nonintegral PCR chamber.

Waters et al. (14) use a slightly less complicated approach, gluing glass reservoirs,
which served as reaction chambers, directly onto the surface of the electrophoretic
microchips above the sample channel inlets, with thermal cycling carried out by plac-
ing the entire microchip into a thermocycler. This device also encounters some of the
practical problems evident with the device of Wooley et al. (4). In addition, the need to
place the entire microchip into a thermocycler places some additional restrictions on
the use of surface coatings for the separation channel.

The current state-of-the-art for integrated PCR-electrophoretic devices has not pro-
gressed significantly beyond a point which can be described as having separate struc-
tures for the two halves of the problem interfaced in the crudest of ways. PCR
amplification is actually carried out in a reservoir outside the microchip itself. An

Fig. 4. A demonstration of the effectiveness of a small scale PCR amplification reaction in
a capillary. In 10 PCR cycles, the concentration of primer-dimer is several orders of magnitude
lower, while the signal for PCR product is significantly higher.
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integrated PCR-electrophoretic device requires that the reaction chambers be designed
and microfabricated directly into the electrophoretic microchip. The reaction cham-
bers reported by Wilding et al. (3) are a definite step forward, but suffer from several
problems. The chambers have large volumes (10 µL) and are formed of silicon wafers,
which are not ideal substrates for electrophoresis because of the semiconductor nature
of silicon. However, the successful construction of a device capable of sequential pro-
tein separation and labeling reactions within the same device, illustrates that the inte-
grated concept can be reduced to practice (15). With the ability to microfabricate any
number of structures into a device, the development of microchips containing the
appropriately configured reaction chambers connected to separation channels is not
really the limiting factor. The challenge lies in the need for accurate temperature
cycling of small PCR mixture volumes in a manner that is simple, cost-effective, effi-
cient and can be easily incorporated into instrumentation. Although such a device is
dramatically more complicated than the device described for integrated protein analy-
sis (15), the ability to accurately localize and control the temperature of nanoliter scale
volumes on a microchip will empower this technology (see Note 4).

1.5. Criteria for Novel Approaches to PCR in the Microchip Format
There are a number of issues that need to be resolved in order to achieve both fully

functional and fully-integrated microchips with real world applications. As discussed
in Subheading 1.4., the monitoring of PCR products as they are cycling has already
been carried out for both µL and nL volumes. This provides the opportunity to stop
any reaction at an appropriate time and to begin the analysis of the PCR products.
Individual control of PCR reactions in this manner is achievable in the capillary setup
developed by Friedman and Meldrum (7), where the fluorescence in each capillary
can be measured independently. More importantly, the individual control of heating
each capillary in this system allows different reactions performed under different con-
ditions to be run and analyzed simultaneously. Two major drawbacks to this design
however, are the expense of the individual film heaters on the capillaries and the
inability to easily interface the capillaries with a microchip based separation device.

Fig. 5. Cycle times of less than 3 s were possible for two-temperature cycling in a capillary
using a noncontact IR source as the heat source.
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In order for integrated PCR-electrophoretic microchip devices to fully realize their
potential, the capability for asymmetric heating at different locations on the microchip
will have to be achieved. Similar to the capillary approach, individual heaters for each
region could conceivably be fashioned on the microchip. However, the approaches
used for heating described thus far in the literature would not likely be acceptable
because they either add thermal mass, which increases the cycle time, or they heat the
entire microchip. The one exception is the noncontact heating approach where control

Fig. 6. The PCR-electrophoresis chip design used by Wooley et al. (4). (A) The confocal
microscope detection system and the arrangement of the PCR chamber and separation channel
on the microchip. (B) The PCR heater design. (C) The chamber-chip interface. Reprinted with
permission from ref. 4, Copyright (1996) American Chemical Society.
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of the radiation to distinct reaction volumes on the microchip might be achievable
using fiber optic systems. The noncontact method also allows the much faster cycling
times needed to match the separation times achievable on a microchip. A microchip
method for a 20-long thermal cycle at 2 temperatures is shown in Fig. 7.

The noncontact approach to thermocycling, although ideal for the microchip, is
burdened by the need for accurate thermosensing. This is particularly important with
PCR where temperature is critical for amplification of the correct product. Direct mea-
surement using a thermocouple inserted into the reaction chamber or microfabricated
onto the microchip is not feasible, because the metals interfere with PCR (8). How-
ever, the use of a dummy cell containing PCR buffer that is cycled along with the
actual reaction chamber is possible but is cumbersome, and becomes more so as the
number of reactions on a single microchip expands. Surface measurement using deposited
metals is also possible, but this would again add thermal mass to the system and could
increase the cycling time. There are a number of ways to monitor the temperature of a
surface remotely, but the temperature of the PCR solution, not of the glass surface, is
the critical parameter which must be accurately controlled. Measurement of the actual
solution temperature in a noncontact manner may be achieved using a variety of meth-
ods including the use of an IR pyrometer or changes in refractive index. This latter
approach has already been shown effective by Tarigan et al. (16) for detecting tem-
perature changes in capillary tubes. The application of other temperature dependent
properties, such as changes in light absorbance or fluorescence by including appropriate
compounds in the PCR mixture can also be exploited for temperature measurement.

1.6. Capillary Analysis of Microchip PCR Products
Although it is beyond the scope of this chapter, the purification of the PCR product

before separation is also an issue in these microsystems (10). The high salt content of
the PCR solutions may interfere with electrokinetic injection of the DNA into the
separation column. Whereas pressure injection is a solution, this type of injection is
much less desirable because it is harder to control. Additionally, when whole cells are

Fig. 7. Temperature cycling on a glass/PDMS microchip using a noncontact IR source. Heat-
ing rates are not as fast as those achieved in capillaries, resulting in longer cycle times.
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used as the PCR template, some of the cellular components could interfere with the
electrophoretic separations. Traditional methods used for “cleaning” PCR products
involve membrane or chromatographic methods. In a chip design, it is possible to fill
a connecting channel with a DNA binding matrix that could be used for purification.
Another recently tested approach is to prepare a porous-membrane type of structure in
the glass or silicon during microfabricated device. Khandurina et al. (17) have been
successful in concentrating DNA before electrophoretic separation using this method.

2. Practical Applications for Microchip Devices
1. One of the well-defined applications of microchip technology will be in the diagnostic

arena, with the possibility of incorporating PCR in the same device used for electro-
phoretic interrogation of the product providing some exciting possibilities (see Note 4).

2. These not only include PCR fragment detection, where PCR and electrophoresis are car-
ried out sequentially in a rapid manner, but also cycle sequencing reactions which could con-
ceivably be directly linked to microchip-based sequencing which has begun to mature (18).

3. Bacterial infections as a cause of illnesses were originally detected by taking a culture
and allowing it to grow for a few days to determine what bacteria were present. This has
advanced to taking a culture, carrying out PCR of DNA fragments specific to the infec-
tious agent, followed by gel electrophoresis to confirm the presence of the infectious
agent. Total time for diagnosis is now typically 1 d or less once the culture reaches a
clinical laboratory. The integrated PCR-electrophoresis microchip could reduce the total
analysis time to several minutes, and could be performed directly at the site of patient care.

4. Viral infections would be even more important since they are only truly identifiable using
PCR. The rapid diagnosis of herpes simplex virus (HSV), which causes encephalitis,
would allow treatment to begin immediately, greatly affecting patient morbidity and mor-
tality. Hofgäertner et al. (19) have compared the sensitivity of microchip PCR electro-
phoresis with detection of HSV-specific PCR products by slab-gel analysis for rapid
detection of herpes simplex encephalitis. Figure 8 shows an example of detection of an
HSV-specific fragment at the femtomole level in under 90 s.

5. An extensive study with more than 200 samples of HSV infected tissues showed that the
microchip approach compared well with the standard clinical assays (19), which typically
require >24 h for detection of the HSV. It is clear that uniting of rapid microchip-based
detection with a rapid on-chip amplification of the fragment would present a new para-
digm in clinical diagnostics.

6. Only a fraction of the molecular diagnostics arena involves the detection of the exog-
enous DNA or RNA associated with infectious agents. A larger interest in this field
involves detecting mutations (gene rearrangements, base insertions, and deletions)
associated with certain inherited diseases and cancer. Recently, Munro et al. (20) have
shown that, for diagnosis of T-cell lymphoma, the information obtained from slab-gel
analysis of the PCR-amplified product could, in fact, be extracted from capillary electro-
phoresis in a shorter time and from microchips in several seconds. Although more rapid
diagnosis will inevitably improve the early detection of disease and increase patient sur-
vival rates, the opportunity to evaluate surgical tissue on-site would greatly aid surgeons
in ensuring that all malignant tissue has been excised.

7. With respect to routine genotyping, the rapid screening of patients for genetic disorders
beyond cancer will also be readily achievable by the medical community. This includes
screening for predisposition to disease with a heritable genetic component, such as heart
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disease, obesity, and even to sensitivity to drugs or allergens—tests not carried out cur-
rently because of the laborious nature of the methodology and the associated cost.

8. Those patients with family histories, or genetically predisposed to certain conditions
would benefit from such information, especially if their condition can be controlled or
stabilized by diet or medication before more serious measures are required.

3. Notes
1. PCR-based DNA amplification followed by electrophoretic separation is an important

method, used in a number of clinical applications. Improvements in this method, to make
it faster and less costly, would expand the range of situations in which it can be applied.
Significant progress on the electrophoretic step has decreased the time and expense of
these separations by developing microchip-based devices. Advances in reducing the scale
of PCR, by adapting this method to both capillary and microchip-based devices, has also
taken place. Further advances in PCR are needed to make them compatible with the speed
and volume of the electrophoresis, thus allowing a continuous flow from the amplifica-
tion to the separation step. Development of a single integrated microchip device, on which
both steps are carried out, will allow clinical PCR to reach its full potential.

2. The concept of an integrated PCR/electrophoretic separation chip capable of amplifying
and analyzing specific DNA fragments in a very short period of time is clearly viewed as
a worthwhile goal. Such microchips would have applications in a number of clinical,
bioanalytical, and research areas. The concept is easy to imagine, but creation of such a
device is still years away.

3. To a large extent, the science to achieve microchip-based analysis has been completed.
Research has shown that PCR can be carried out in extremely small volumes and still
produce the desired product. Chambers of both glass and silicon are amenable for these
reactions, so that microfabrication of such devices is realistic and cost-effective (10). The
electrophoretic separation of analytes on glass chips has also been demonstrated, and is
now becoming routine procedure in the laboratory. Short cycle times for PCR have been
achieved, as well as some methods for preparing the DNA for separation. Some
approaches, such as monitoring the extent of PCR and temperature sensing, have been

Fig. 8. Determination of positive and negative signals in less than 90 s using microchip
electrophoresis of the PCR fragments from samples of HSV.
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developed and applied, but more efficient methods are still being investigated for inclu-
sion in the next generation of devices.

4. The challenges that remain are largely in the engineering realm for the development of
suitable equipment to use these microchip-based techniques. Optimized designs for each
individual step have to be determined along with the best way to integrate one step into
the next. Of major importance is the heating and temperature monitoring of the PCR
amplification step, which is very temperature sensitive. Practical matters such as costs of
the instrumentation and the microchips, size or scale of the eventual applications, time
involved in pre- and postanalysis processes, number of samples or reactions to be per-
formed simultaneously, and so on, will have to be taken into account in the development
of final microchip designs. However, these issues will be resolved, allowing the develop-
ment of a fully integrated microchip-based technology to begin the paradigm shift inevi-
table in the clinical, biomedical, and bioanalysis arenas.
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Low-Stringency Single Specific Primer-Amplified DNA
Analysis by Capillary Electrophoresis

Michael A. Marino

1. Introduction
Polymerase chain reaction (PCR) amplification is a relatively fast, sensitive method

for characterizing discrete segments of the human genome for identity testing. Most
PCR-based typing assays that discriminate single nucleotide polymorphisms (SNPs)
require further manipulation of the amplification product to identify the polymorphic
sites. A more simplified assay, PCR products would be directly analyzed to determine
whether DNA extracted from two different sources was a match or a mismatch.
Examples of direct PCR assays to distinguish SNPs are allele-specific PCR (1), arbi-
trary primed PCR (AP-PCR) (2), DNA amplification fingerprinting (DAF) (3), and
randomly amplified polymorphic DNA (RAPD) (4). AP-PCR, DAF, and RAPD
involve random amplification of genomic DNA using low stringency primer anneal-
ing to generate a DNA banding pattern or profile. Sequence differences are detected
without identifying the specific variations. However, the concentration of the DNA
and the degree of DNA degradation can alter the profile, and the application of these
techniques for human identification has not been adequately demonstrated.

Low stringency single-specific primer PCR (LSSP-PCR) (5) is a method that uti-
lizes low stringency conditions for primer annealing during PCR. However, unlike the
above methods, a single, discrete PCR product serves as the template for the low strin-
gency amplification. This discrete PCR product is generated with a specific pair of
primers that are annealed using high stringency conditions. The product is then ampli-
fied using one of the specific primers annealed under low stringency conditions to
generate a DNA profile. LSSP-PCR has been successfully applied to the characteriza-
tion of the SNP-rich human mitochondrial DNA (mtDNA) D-loop region for human
identity testing (6). LSSP-PCR eliminates the problem of irreproducible banding pat-
terns that are encountered when performing the low stringency amplification directly
with genomic DNA.
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In the following discussion, the model system for LSSP-PCR using capillary elec-
trophoresis (CE) is the mitochondrial DNA (mtDNA) hypervariable (HV) region (6).
The DNA from individuals was amplified (first step) using sequence-specific primers
to produce 1021-bp fragments containing the D-loop region. Each fragment was iso-
lated by electroelution using CE and UV detection, and subjected to a second amplifi-
cation (second step) using a single primer annealed under low stringency conditions.
This generated a range or profile of PCR products for each sample, which were
resolved and analyzed by CE with laser-induced fluorescence (LIF) detection. Low
stringency PCR methods use a single primer that is annealed at a temperature much
lower than its melting temperature, resulting in the formation primer-template mis-
matches. Thus, the primer anneals to both DNA strands at many locations, producing
a complex set of amplification products (5).

2. Materials
2.1. PCR Amplification (First Step)

1. The PCR mixture: 29 µL of deionized water, 5 µL of 10X buffer, 5 µL of genomic DNA
(10–20 ng), and 1 µL AmpliTaq polymerase (Perkin-Elmer, Foster City, CA). (See Note 1).

2. Add 5 µL of the primer pair (5 µM) to the first step amplification mixture. The primers
H408 (5'-CTGTTAAAAGTGCATACCGCCA-3') and L15996 (5'-CTCCACCATTA
GCACCCAAAGC-3'), generate a 1021-bp region of mtDNA which includes the D-loop.

3. Thermal cycling parameters: 94°C for 5 min; 35 cycles of 94°C for 45 s, and 55°C for 60 s;
74°C for 60 s and hold at 4°C.

2.2. PCR Amplification (Second Step)
1. The second PCR mixture: 18.4 µL deionized water, 2.5 µL of 10X buffer, 20 µL of primer

L15996 (12 µM), 5 µL of captured 1021-bp product, and 1.6 µL AmpliTaq DNA polymerase.
2. Thermal cycling parameters: 94°C for 5 min; and 35 cycles of 94°C for 60 s and 30°C for

60 s using the Perkin-Elmer 9600 thermal cycler.

2.3. CE System
1. Perform all CE at constant reverse polarity voltage of 238 V/cm (approx –8 µAmps).
2. Prepare the 3.5% (w/v) polymer by adding 2.0 mL of Fragment Analysis Reagent (Applied

Biosystems, Foster City, CA) to 0.4 mL of DNA Fragment Analysis Buffer (Applied
Biosystems) and 1.6 mL of sterile deionized water.

3. For LIF detection, add 0.5 µL TOTO-1 (Molecular Probes, Eugene, OR) to 2.0 mL of
polymer. Prepare the polymer daily and filter the solution before use with a 0.45-µm filter
(Gelman Sciences, Ann Arbor, MI).

4. Capillaries consisting of fused silica with polyamide coating (Polymicro Technologies,
Inc., Phoenix, AZ) with id of 100 and 50 µm are used. The total lengths will be deter-
mined by the CE system. A small section (2–4 mm) of the polyamide coating is burned
off to form detection windows located approx 40 cm from the injection end of the capil-
lary (effective length).

5. At the beginning and end of each day, condition the capillary by flushing at 2000 mbar
pressure with 0.3 N NaOH for 30 s, deionized water for 30 s, 1 M HCl for 30 s, and finally
deionized water for 2 min.

6. Operate the argon-ion laser (Model no. 2211-40ML, Cyonics Corporation, San Jose, CA) of
the LIF detector system at 4 mW. The emission spectrum of TOTO-1 is monitored at 540 nm.
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3. Methods
3.1. CE Isolation of PCR 1021-bp Fragment

1. Hydrodynamically inject the 1021-bp PCR-amplified (first step) products at 500 mbar for
0.5 min into a 100-µm id fused silica capillary.

2. Calculate the velocity (V) of the fragment by dividing the effective length of the capillary
(cm) by the migration time (min) to the detector window. Then multiply V and the dis-
tance (cm) from the window to the destination vial to determine the time at which the
fragment will be exiting the capillary into the destination vial (See Note 2).

3. During electrophoresis, monitor the mtDNA product at 260 nm until the 1021-bp frag-
ment approaches the destination vial then stop the electrophoresis.

4. Replace the destination vial with a 250-µL silica conical tube containing 10 µL of 1X
TBE solution, and electrophoresis the 1021-bp product into the vial. Do not use any
intercalator at this time to avoid any possible interference of the intercalator with the
second or low stringency PCR amplification.

5. Transfer the captured 1021-bp fragment into a sterile 0.65-mL Eppendorf tube and PCR
amplified (second step) with the L15996 primer using low stringency annealing conditions.

6. Run sample blanks between different DNA samples to confirm that no contamination or
carryover from the capture process remains in the system.

3.2. CE/LIF Optimization
1. The CE of LSSP-PCR products uses a 50-µm id fused silica capillary.
2. The 3.5% fragment analysis buffer now contains the intercalating dye. Load buffer into

the capillary at 2000 mbar of pressure for 6 min before each sample injection.
3. Inject samples electrokinetically at –5 kV for 0.1 min.
4. Because of the increased sensitivity of the CE-LIF system using dye intercalation, the

second step amplification products (LSSP-PCR products) needs to be diluted. Prepare a
1:100 stock solution of each sample. The final dilution is empirically determined by
experimentation to find an appropriate dilution of the samples to achieve signal responses
within the range of the detector (see Note 3).

3.3. Pattern Evaluation
1. The size range of LSSP-PCR products is determined by comparison to an external stan-

dard (low DNA mass ladder, Gibco-BRL, Gaithersburg, MD). A typical profile pattern
contains products ranging in size from approx 70–800 bp.

2. Identify any significant peak present in all samples using the DNA standard to confirm its
size. In the example (Fig. 1), the common peak was calculated to be 376 bp (marked with
an * on the electropherogram). All samples exhibited this intense product peak of approx
376 bp ± 2 bp when calculated using the low DNA mass ladder.

3. This 376-bp peak which is common to all samples served as an internal marker for align-
ment of the electropherograms for comparison of fragment patterns (see Note 4).

4. For a control experiment that demonstrates the reliability of the procedure, two mater-
nally related individuals should be included in any study. Since the mtDNA is maternally
inherited, these samples are expected to generate the same fingerprint pattern as seen in
Fig. 2 (see Note 5).

4. Notes
1. The step one PCR product analyzed using CE-UV can be used to determine relative con-

centration of PCR products by comparing the peak height of each sample. The relative
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concentrations are made uniform by adjusting the volume of captured product used for
the second step PCR amplification.

2. The migration time of the peak to be captured can be optimized for less than 15 min by
increasing the voltage.

3. Dilution of product for LIF detection can only be determined experimentally due to dif-
ferences in LIF systems and intercalator used and laser condition. Generally start with a
1:1000 dilution.

Fig. 1. LSSP-PCR product analysis. The LSSP-PCR profile of two individuals with frag-
ments ranging from approx 70–800 bp in lengths. The electrophoresis of LSSP-PCR products
(after dilution of 1:1000) used a 50-µm id fused silica capillary and 3.5% DNA fragment analy-
sis buffer containing the 2.5 × 10–10 M benzothiazolium-4-quinolinium dimer, TOTO-1. Elec-
trokinetic injection of –5 kV for 6 s and LIF detection at 540 nm. The LSSP-PCR primer L15996
(5'-CTCCACCATTAGCACCCAAAGC) amplified an intense product approx 376 bp in length
(labeled *) which was found present in all samples analyzed in this study. The two individuals
(A and B) demonstrate two different fragment patterns. Most notably, individual B has two frag-
ments with migration times greater than 35 min, whereas A has no fragments of this size.
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4. Although differences in the concentration of the 1021-bp template do not alter the pattern
of each LSSP-PCR profile, the amplitude of the profile did vary. Quantification of the
capture fragment and using a determined amount of template for the low-stringency
amplification may eliminate this intensity difference.

5. A logical continuation of this experiment is to use other primers and determine their
ability to generate different fragment patterns, as well as increase the number of samples
analyzed.
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DOP-PCR Amplification of Whole Genomic DNA
and Microchip-Based Capillary Electrophoresis

Paolo Fortina, Jing Cheng, Larry J. Kricka, Larry C. Waters,
Stephen C. Jacobson, Peter Wilding, and J. Michael Ramsey

1. Introduction
Universal or whole genome amplification by polymerase chain reaction (PCR) is a

rapid and efficient method to generate fragments representing the target sequence, as
well as to increase a limited amount of template. One of the most common PCR proto-
cols for total genome amplification is the interspersed repetitive sequence-PCR (IRS-PCR)
in which primers specific for human repeat-rich regions are used to generate PCR
products between adjacent repeated sequences (1). However, although IRS-PCR across
regions such as Alu families of human repeat has been demonstrated to be useful, the
nonuniform distribution of repeat-rich region within the human genome has been a
limitation. Alternative strategies have been proposed. In the primer-extension
preamplification (PEP), multiple rounds of extensions with Taq DNA polymerase and
a random mixture of 15-base oligonucleotides as primers produce multiple copies of
the template present in the sample (2–5). In a more demanding protocol, called linker
adaptor-PCR, RsaI restricted genomic DNA fragments are ligated to SmaI-cut pUC
plasmid. Subsequently, the inserts are amplified by PCR using the universal M13/pUC
sequencing and reverse sequencing primers and then released by EcoRI digestion (6).
The tagged random primer PCR (T-PCR) is a two-step PCR strategy which consists of
a pool of all possible 3'-sequences for binding to the target DNA and a constant 5'-region
for the detection of incorporated primers (7). Recently, degenerate oligonucleotide
primed-polymerase chain reaction (DOP-PCR) was developed to allow random ampli-
fication of DNA from any source (8–10). DOP-PCR uses a partially degenerate
sequence in a PCR protocol with two different annealing temperatures. It has been
successfully applied for amplifying entire genomes such as human, mouse, and fruit
fly, as well as isolated human chromosomes and cosmids (11). The technique has also
been used to prepare whole chromosome paint probes (11,12) for micro-FISH assays
(13–15), comparative genomic hybridization (16), to increase the amount of sample
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for genotyping (17), and genomic fingerprinting (18). The DOP-PCR primer consists
of three regions. The 5'-end carries a recognition sequence for XhoI (C•TCGAG), a
restriction endonuclease that cuts rarely within the human genome. This sequence can
be used for cloning, if desired. The sequence is then followed by a middle portion
containing six nucleotides of degenerate sequence (NNNNNN, where N = A, C, G, or T
in approximately equal proportions) and a 3'-end sequence containing six specific
bases (ATGTGG) which primes the reaction approximately every 4 kb (8,9). The prin-
ciple of the technique is that at a sufficiently low annealing temperature only the six
specific nucleotides included in the 3'-end of the degenerate oligonucleotide will
anneal to the genomic strand allowing the primer to initiate PCR. The PCR fragments
are then generated which contain the full length of the oligoprimer at one end and its
complementary sequence at the other end. Subsequently, the temperature is increased
to the level required for the full length of the degenerate primer to anneal. For addi-
tional details, we direct the reader to the original papers (8,9).

We have adapted the DOP-PCR technique to a three-microchip format (19). DOP-PCR
amplified genomic DNA produced in a first silicon-glass chip is transferred to a sec-
ond chip for a locus-specific, multiplex PCR of the dystrophin gene exons in order to
detect deletions causing Duchenne/Becker muscular dystrophy (DMD/BMD).
Amplicons from the multiplex-PCR are then analyzed by electrophoresis in a third
microchip. The analytical performance of the microchip capillary electrophoresis
(MCE) is also compared to conventional capillary electrophoresis (CE).

2. Materials
2.1. PCR Chips
2.1.1. Fabrication

1. Microfabricated, silicon-glass PCR chips (reaction vol 12 µL, surface area 210 mm2) are
manufactured using standard photolithographic procedures (20) (see Note 1). Each PCR
chip measures 14 × 17 mm and is etched to a depth of 115 µm. To produce a “PCR
friendly” surface layer, passivation is accomplished by thermal deposition of a 1000 Å
thick layer of SiO2 using standard deposition techniques (21–23).

2. Surface-polished Pyrex glass covers (14 × 17 mm) (Bullen Ultrasonics, Inc., Eaton, OH) and the
silicon chips are serially soaked in a H2SO4 (94%)/H2O2 (30%) (3/2, v/v) and then washed in
deionized distilled water. Each chip is then capped with the washed Pyrex glass cover.

3. The silicon chip is placed on an aluminum plate heated to 500°C on a PC-300 insulated
hot plate (Corning, Corning, NY). Temperature is monitored using a surface thermometer
(Hallcrest, Glenview, IL). Glass covers placed on top of each silicon chip are anodically
bonded together by applying 1000 V throughout the aluminum plate and glass cover with
a current of less than 1 mA.

2.1.2. Instrumentation
1. An APH-1000M D.C. power pack (Kepco, Inc., Flushing, NY) is used to apply the

required voltage.

2.1.3. Reagents
1. High molecular weight genomic DNA is extracted from human nucleated white

blood cells using standard, previously described protocols (24,25), commercially avail-
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able kits, or with an automatic DNA extractor. DNA concentration is adjusted to 20 ng/µL
(see Note 2).

2. DOP-PCR primer, (10 mM stock): 5'-CCGACTCGAGNNNNNNATGTGG-3' (22-mer,
where N = A, C, G or T in approximately equal proportions) (see Note 3).

3. Duchenne/Becker Muscular Dystrophy (DMD/BMD) PCR primers (26), (10 mM stock)
are as follows:
Pm: Forward: 5'-GAAGATCTAGACAGTGGATACATAACAAATGCATG-3'

Reverse: 5'-TTCTCCGAAGGTAATTGCCTCCCAGATCTGAGTCC-3'
Exon 3: Forward: 5'-TCATCCATCATCTTCGGCAGATTAA-3'

Reverse: 5'-CAGGCGGTAGAGTATGCCAAATGAAAATCA-3'
Exon 6: Forward: 5'-CCACATGTAGGTCAAAAATGTAATGAA-3'

Reverse: 5'-GTCTCAGTAATCTTCTTACCTATGACTATGG-3'
Exon 13: Forward: 5'-AATAGGAGTACCTGAGATGTAGCAGAAAT-3'

Reverse: 5'-CTGACCTTAAGTTGTTCTTCCAAAGCAG-3'
Exon 43: Forward: 5'-GAACATGTCAAAGTCACTGGACTCCATGG-3'

Reverse: 5'-ATATATGTGTTACCTACCCTTGTCGGTCC-3'
Exon 47: Forward: 5'-CGTTGTTGCATTTGTCTGTTTCAGTTAC-3'

Reverse: 5'-GTCTAACCTTTATCCACTGGAGATTTG-3'
Exon 50: Forward: 5'-CACCAAATGGATTAAGATGTTCATGAAT-3'

Reverse: 5'-TCTCTCTCACCCAGTCATCACTTCATAG-3'
Exon 52: Forward: 5'-AATGCAGGATTTGGAACAGAGGCGTCC-3'

Reverse: 5'-TTCGATCCGTAATGATTGTTCTAGCCTC-3'
Exon 60: Forward: 5'-AGGAGAAATTGCGCCTCTGAAAGAGAACG-3'

Reverse: 5'-CTGCAGAAGCTTCCATCTGGTGTTCAGG-3'
4. AmpliTaq DNA polymerase: 5 U/mL (Perkin-Elmer, Norwalk, CT).
5. 10X PCR buffer: (100 mM Tris-HCl, pH 9.0, 500 mM KCl, 15 mM MgCl2, 1% Triton X-100

(v/v), 0.1% gelatin (w/v)) (Perkin-Elmer).
6. TaqStart antibody (Clontech Laboratories Inc., Palo Alto, CA).
7. TaqStart antibody dilution buffer (Clontech Laboratories Inc.).
8. 10 mM stocks of dATP, dCTP, dGTP, and dTTP (Amersham, Arlington Heights, IL).
9. Acrylamide (Sigma, St. Louis, MO).

10. Ammonium persulfate (Sigma).
11. N,N,N',N'-Tetramethylethylenediamine (TEMED) (Sigma).
12. TO-PRO (Molecular Probes, Eugene, OR).
13. 10X TBE buffer (0.89 M Tris-base; 0.89 M boric acid; 0.02 M EDTA, pH 8.3) (Life

Technologies, Grand Island, NY).

2.2. PCR Chip Thermocycler
1. Fabrication: A custom fabricated device (Faulkner Instruments, Pitman, NJ) is used for

simultaneous thermal cycling of four PCR chips. The device incorporates a 9500/071/040
Peltier heater/cooler (ITI Ferrotec, Chelmsford, MA) centrally located under an oxygen-
free 40 × 40 mm copper block containing a YSI 44016 10 kΩ thermistor (Yellow Springs
Instruments, Yellow Springs, OH). A constant airflow of ~40 L/min is kept under the
thermal cycling device to dissipate heat.

2. Instrumentation: Airflow is monitored using an F-400 flowmeter (Gilmont Instruments,
Inc., Barrington, IL). A LDC-3900 modular laser diode controller (ILX Lightwave,
Boceman, MT) connects the heater/cooler to the thermistor through an RS232 inter-
face. The laser diode controller is connected to a 486 PC through a GPIB interface and
is controlled using a virtual instrument built on LabVIEW for Windows (National
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Instruments, Austin, TX), which automates thermal cycling giving cycle times of
approx 3 min.

2.3. Agarose Slab-Gel Electrophoresis
1. Power supply (Hoefer Scientific Instruments, Inc., San Francisco, CA).
2. Agarose gel apparatus (CBS Scientific Co, Del Mar, CA).
3. Agarose for gel electrophoresis such as Ultrapure Agarose (Gibco-BRL, Gaithersburg, MD).
4. Stock 10X ethidium bromide gel loading buffer (Sigma).
5. Stock electrophoresis running buffer: 10X TBE.

2.4. Entangled Solution Capillary Electrophoresis (ESCE)
1. System: A P/ACE system 5010 with a LIF detector (Beckman, Fullerton, CA) in the reversed

polarity mode (negative potential at the injection end of the capillary column) is used for
entangled solution CE. The excitation and the emission wavelengths are 488 nm and 520 nm,
respectively. The external temperature of the capillary column is set at 20°C. Postrun analyses
of the data are performed using the Gold Chromatography Data System (Version 8.0) (27).

2. Hydroxypropyl methyl cellulose (HPMC) (Sigma, Product: H 7509). Viscosity of a 2%
(w/v) aqueous solution of this polymer should be 3500–5600 cP at 20°C.

3. Surface modified fused silica capillary column DB-1, 27 cm × 100 µm (J & W Scientific,
Folsom, CA).

4. Glycerol (Sigma).
5. YO-PRO-1, fluorescent dye (Molecular Probes, Eugene, OR).
6. 10X TBE buffer.

2.5. Microchip Capillary Electrophoresis
1. Microchip Fabrication: CE microchips are fabricated using standard photolithographic, wet-

chemical etching and bonding techniques as previously described (28). Specifically, a
photomask is produced by first sputtering a 50-nm chrome film onto a glass slide and then
spinning a positive photoresist (Shipley 1811) onto the chrome film. The microchip channel
design (Fig. 1A) is produced by exposing the photoresist to a laser using a CAD/CAM laser
machining system (Argon-ion, 457 nm). The photoresist is developed and the exposed
chrome film is etched in CeSO4/HNO3. The design on the photomask, a simple cross with
sample, buffer, sample waste, and separation channels (lengths = 0.62, 0.5, 0.65, and
3.46 cm, respectively), is transferred onto a glass microscope slide using a positive photore-
sist and UV exposure, and the channels are etched with a dilute, stirred HF/NH4 solution.
Thermal bonding of a cover plate to the substrate forms a closed channel network, and
affixing cylindrical glass reservoirs where the channels extend beyond the cover plate with
epoxy (see Note 4) provides access. Channels are ~50 µm wide and ~10 µm deep. Electroos-
motic flow is minimized by covalently coating the channels with linear polyacrylamide (29).

2. Instrumentation: Control of the high voltage at the fluid reservoirs is performed using a
single high-voltage power supply (10A12-P4, Ultravolt) with voltage divisions in 5%
increments. High-voltage relays (K81C245, Kilovac) are used to toggle between the
sample loading and injection/analysis modes. The voltage control and relay switching are
computer-controlled using programs written in-house in LabVIEW (National Instru-
ments). Platinum electrodes provide electrical contacts from the power supply to the
solutions in the reservoirs. Electrophoretically migrating DNA fragments are monitored
using a single-point detection system (Fig. 1B) (30).

3. In Fig. 1B, an argon-ion laser operating at 514.5 nm and 5 mW (Omnichrome, Chino,
CA) is focused to a spot in the separation channel using a 100-mm focal length lens. The
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fluorescence signal is collected by a 20X objective (0.42 NA; Newport Corp., Irvine,
CA), followed by spatial filtering with a 1.0-mm pinhole (Melles Griot, Irvine, CA), and
spectral filtering with a 514-nm holographic notch filter (10-nm bandwidth; Kaiser Opti-
cal Systems, Inc., Ann Arbor, MI), and a 540-nm band-pass filter (30-nm bandwidth,
540DF30; Omega Optical, Brattleboro, VT). The signal is measured with a photomulti-
plier tube (77348; Oriel Instruments, Inc., Stratford, CT), and is then amplified (Keithley
428) and read into the computer using a multifunction I/O card (NB-MIO-16XL-42;
National Instruments).

3. Methods
3.1. DOP-PCR Amplification in a PCR Chip

1. PCR chips are filled through the entry port with 12 µL of the PCR reaction mixture. The
mixture contains 9.6 ng of high molecular weight human genomic DNA (see Note 2),
2.5 mM of each dNTPs, 10 mM Tris-HCl (pH 9.0), 50 mM KCl, 1.5 mM MgCl2, 0.1%
Triton X-100 (v/v), 0.01% gelatin (w/v), 1.2 U of Taq DNA polymerase (Perkin-Elmer),
132 ng TaqStart antibody and 0.48 µL of dilution buffer (Clontech Laboratories Inc.),
and 80 µM of the degenerate primer (see Note 5).

2. A negative control PCR chip is filled with 12 µL of the PCR reaction mixture but no DNA
sample.

3. DOP-PCR amplification for 1 cycle is run as follows: denature at 94°C for 8 min. Then,
for 8 cycles: denature at 94°C for 1 min, anneal at 30°C for 1 min, extend at 72°C for
3 min. For the last 28 cycles: denature at 94°C for 1 min, anneal at 59°C for 1 min, and
extend at 72°C for 3 min.

3.2. Agarose Gel Analysis of Amplified DOP-PCR Products
1. Gel Preparation: A 1.5% (w/v) agarose gel containing 1X TBE and standard ethidium

bromide gel loading buffer should be used to examine the size range of the DOP-PCR
chip amplified human genomic DNA.

Fig. 1. (A) Microchip design used for electrophoretic analysis of PCR-amplified DNA. (B)
Fluorescence-based single-point detection system used to monitor microchip capillary electro-
phoresis. See text for description.
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2. Sample Loading and Gel Electrophoresis: 4–6 µL of the DOP-PCR products are loaded.
Appropriate DNA size marker such as 125–150 ng of HaeIII digested φX174 DNA is
recommended. The gel is run at 110 V for 30–50 min. Amplicons, visualized under UV
light, range in size between 200 and 1000 bp.

3.3. Locus-Specific (DMD/BMD) Multiplex-PCR in a PCR Chip
1. PCR chips are filled via the entry port with 12 µL of the PCR reaction mixture, which

contains 0.24 mL of DOP-PCR amplified whole human genome DNA, 2 µM of each
dNTP, 1.2 U of Taq DNA polymerase, 132-ng TaqStart antibody and 0.48 µL of dilution
buffer and 1.08 µL of the mixture of 9 pairs of primers for DMD/BMD.

2. A negative control PCR chip is filled with 12 µL of the PCR reaction mixture as described
above, but with no DNA sample.

3. Locus-specific PCR amplification for 1 cycle is run as follows: denature at 94°C for
5 min. Then, for 30 cycles: denature at 94°C for 10 s, anneal at 63°C for 1 min, extend at
65°C for 1 min, and finally an extension at 65°C for 10 min.

3.4. Entangled Solution Capillary Electrophoresis
1. One µL of the multiplexed locus-specific PCR products is removed from the PCR chip

and diluted with 8 µL of deionized distilled water. This sample is loaded into the capillary
using a 7-s injection at 5 kV. Separation of the PCR products for 11 min is performed
at a field strength of 296 V/cm in 1X TBE, containing 5.0% (v/v) glycerol and 0.5%
(w/v) HPMC.

2. HPMC is dissolved in the buffer using the method previously recommended (31). The
buffer is filtered using a 4.0-µm filter and then degassed for 15 min by sonication.
TO-PRO-1, a DNA-intercalating, fluorescent dye is added to the above buffer to obtain a
final concentration of 1 µM.

3. Samples are analyzed on a surface modified fused silica capillary DB-1 (J & W Scien-
tific). The capillary column (27 cm × 100 µm) should be conditioned with 5 vol of dis-
tilled water followed by 5 vol of separation buffer, and then subjected to 30-min voltage
equilibration until a stable base line is attained. The column should be washed after each
run with fresh separation buffer for 42 s.

3.5. Microchip Electrophoresis
1. The microchip channels and all reservoirs are filled, by vacuum, with 3% linear polyacry-

lamide (LPA) in 0.5X TBE. The acrylamide is polymerized, either on or off chip, by the
addition of ammonium persulfate (0.025%) and TEMED (0.15%) at room temperature
(see Note 6). After the removal of polymer from the sample reservoir (polymer can be left
in the other three reservoirs or replaced with 0.5X TBE), it is rinsed with 0.5X TBE and
the sample to be analyzed is added. Typically, a marker DNA such as the HaeIII digest of
pBR322, at about 5 µg/mL in 0.5X TBE containing 1-µM TO-PRO, is used to align and
test the integrity of the chip. PCR-amplified samples are diluted in 0.5X TBE and adjusted
to contain ~1 µM TO-PRO.

2. A pinched sample loading scheme (28) is used to introduce the sample onto the sepa-
ration channel (Fig. 2). In the “sample loading” mode (Fig. 2B), the DNA sample is
electrophoretically migrated from the sample reservoir to the sample waste reservoir,
filling the cross intersection. In the “injection” and “analysis” modes (Fig. 2C, D),
the contents of the cross intersection are introduced into the separation channel and
electrophoretically separated. In these modes, the potentials applied to the sample
and sample waste reservoirs prevent bleeding of excess sample or sample waste
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into the separation channel. DNA fragment separation is monitored using an interca-
lating dye, TO-PRO, and fluorescence detection, 2.5 cm from the cross-intersection
(see Note 7).

4. Notes
1. Silicon-based chips for DOP-PCR and DMD/BMD multiplex PCR are from Alberta

Microelectronic Center, Edmonton, Alberta, Canada.
2. Template concentrations may range from as low as 25 pg/µL to 500 ng/µL.
3. Primers can be purchased from a commercial source or synthesized by a core laboratory

within a hospital/academic center.
4. Similar microchip designs have also been used to PCR amplify and electrophoretically

analyze DNA on a single microchip (32,33).
5. Presence of pseudogenes closely related to gene of interest, as well as the presence of other

members of super gene families, might limit the efficiency of genome-wide DOP-PCR
schemes.

6. Polymers generated on or off chip are equally effective for DNA separation. LPA solu-
tions up to 6%, polymerized as described, are readily replaceable in these microchips.

7. Typically, 20 or more electrophoretic runs can be made on a microchip prepared in this
manner without significant loss of resolution. Further use of the same microchip can be
made for electrophoresis by replacing the sieving matrix.
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Analysis of Triplet-Repeat DNA
by Capillary Electrophoresis

Yuriko Kiba and Yoshinobu Baba

1. Introduction
Recently, much attention has been focused on triplet-repeat expansions on the

human genome, because they are reported to cause a number of neurodegenerative
diseases such as the familial mental retardation, myotonic dystrophy, autosomal domi-
nant diseases, or Huntington disease, which are so called triplet-repeat diseases (1,2).
A hallmark of most of these diseases is the phenomenon of “anticipation,” which are
not easily explained by Mendel’s Laws of genetic inheritance. This phenomenon
includes a parental sex bias and a “decrease in the age at onset of the disease” or
severity of the disease in consecutive generations due to the tendency of the unstable
triplet repeat to lengthen when passed from one generation to the next. The expansion
of the triplet-repeat element is associated with the defect, in which the extent of the
expansion roughly correlates with the severity of the disease symptoms. The triplet-
repeat element expansions are not stable, and it is unclear precisely how the expansions
are directly associated with triplet-repeat diseases. Although several expansions encode
enlarged polyglutamine tracts within their encoded protein, which might be expected
to alter either the charge density and pI, or the folded structure of the protein, the mecha-
nism for the etiology and progression of most of these diseases is not yet understood.

In this chapter, we have attempted to establish an analytical technique for the inves-
tigation of the triplet-repeat expansion on human genome and DNA diagnosis of trip-
let-repeat diseases. Initially, denatured random sequence DNA markers are examined
to understand the standard electrophoretic behavior of ssDNA fragments. We could
successfully separate all of the ssDNA fragments by oligonucleotide length by capil-
lary electrophoresis (CE) within a very short time and with very high repeatability.
When four sets of single-stranded triplet-repeat oligonucleotide with a sequence
(CNG)n are examined as models of triplet-repeat DNA elements and are tested under
the same conditions, remarkably the mobilities of each of the triplet repeat oligonucle-
otides is much larger than random single-strand oligonucleotides of the same length or
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shorter length (3–6). This unusually high mobility of triplet-repeat oligonucleotides is
considered to be an effect of a characteristic higher order structure formed by G::C
base-pairing, which decreases the contour length of the triplet-repeat oligonucleotide
compared to a random single-strand oligonucleotide.

2. Materials
1. The DNA molecular marker (20-bp DNA ladder) is from Funakoshi (Tokyo, Japan).
2. An intercalating dye YO-PRO-1 is purchased from Molecular Probes (Eugene, Oregon, USA).
3. Methylcellulose (4000 cP) obtained from Sigma (St. Louis, MO, USA) is used as a separa-

tion matrix in a running buffer of: 50 mM Tris-base, boric acid, pH 8.5, 0.7% methyl cellu-
lose, 0.1 µmol/L YO-PRO-1.

4. All other chemicals are of analytical-reagent grade from Wako (Osaka, Japan).
5. Capillary: DB-17-coated capillary of 100 µm id, 0.1 mm coating phase thickness, 360 µm

od, 27 cm total length, 19.1 cm effective length (J&W Scientific) for the Beckman P/ACE
2100 system.

3. Methods
3.1. Oligonucleotides and ssDNA Size Markers

1. The 20-bp DNA molecular marker ladder (200 mg/mL) contains 50 fragments from 20–
1000 bp in increment each of 20 bp, and was diluted with Mili-Q water to 1–30 mg/mL.
The DNAs are stored at –20°C until use.

2. The 20-bp ladder marker is heated at 94°C for 2 s to ensure full denaturation before
electrokinetic injection into the capillary.

3. Ten types of ssDNA oligonucleotides are used as examples of triplet-repeat DNA ele-
ments. Four different triplet sequences with ten (CNG) repeats (CAG, CTG, CGG, CCG):

(CCG)10 (5.5 od, 0.19 mM) diluted to 0.6 nmol/mL with distilled water.
(CGG)10 (14 od, 0.49 mM) diluted to 1.6 nmol/mL.
(CAG)10 (18 od, 0.64 mM) diluted to 2.1 nmol/mL.

4. (CTG) repeats: 20 and 30 repeats of CTG are used in this study.
(CTG)10 (13 od, 0.46 mM) diluted to 1.5 nmol/mL, and when detection is by LIF

diluted to 1.0 nmol/mL for PDA.
(CTG)20 (36.5 od, 0.65 mM) is diluted to 1.1 nmol/mL,
(CTG)30 (48 od, 0.65 mM) is diluted to 1.3 nmol/mL.

5. As the samples of ssDNA with random sequences, ssDNA with 20-, 40-, 60-, and 80-mer
are synthesized using the sequence of p53, exon 7 as the template. The entire template
sequence is as follows:

5'-GTTGGCTCTGACTGTACCACCATCCACTACAACTACATGT
GTAACAGTTCCTGCATGGGCGGCATGAACCGGAGGCCCAT-3'

These fragments were also diluted with distilled water:
20-mer fragment (10.5 od, 0.61 mM) diluted to 1.2 nmol/mL.
40-mer fragment (9.5 od, 0.27 mM) diluted to 0.5 nmol/mL.
60-mer fragment (7.0 od, 0.13 mM) to 0.4 nmol/mL.
80-mer fragment (7.5 od, 0.11 mM) to 0.2 nmol/mL.

3.2. Capillary Electrophoresis
1. CE is performed on a Hewlett-Packard HP3DCE system. DNA samples are detected by

UV absorption spectroscopy at 260 nm with a photo diode array detector. The separation
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capillary on the HP3DCE system is a DB-17-coated capillary (100 µm id, 0.1 µm coating
phase thickness) with a total length 32.5 cm and an effective length 24 cm. The DNA
samples are electrophoretically fractionated by size at 30°C in a running buffer 50 mM
Tris-borate, pH 8.5, containing 0.7% methyl cellulose.

2. Capillary electrophoresis is also performed on a Beckman P/ACE 2100 system equipped
with a laser-induced fluorescence detector (LIF). The separation capillary on the P/ACE
2100 is a DB-17-coated capillary (100 µm id, 0.1 µm coating phase thickness) with a total
length of 24 cm, and with an effective length of 19.1 cm. The fluorescence of DNA inter-
calated with YO-PRO-1 dye, excited at 488 nm and detected at 560 nm.

3. DNA samples are introduced onto the P/ACE 2100 by electrokinetic injection into capil-
lary at 5 kV for 10 s. Each separation experiment is carried out repeatedly for 10 times to
evaluate the reproducibility of the separation of each test oligonucleotide. The DNA
samples are electrophoretically fractionated by size at 30°C in a running buffer 50 mM
Tris-borate, pH 8.5, containing 0.7% methyl cellulose, 0.1 µM YO-PRO-1. The electric
fields applied are 100 V/cm, 200 V/cm, and 300 V/cm.

4. The inside of the capillary is washed with 50% (v/v) methanol/water solution for 3 min
followed by a wash with running buffer for 3 min between each run.

3.3. Results
3.3.1. Sequence of Triplet Repeat Expansion Elements

1. The triplet-repeat disease genes identified so far can be separated into four groups
according to the loci of the expansion element in the gene (see Fig. 1).
The expansions are seen in:
a. The 5'-untranslated region (CCG repeat), FRAX: fragile X syndrome.

Fig. 1. Identified expanded triplets of triplet-repeat disease and their locations on the human
genome. FRAX: fragile X syndrome; DRPLA: dentatorubral pallidoluysian atrophy; HD: Hun-
tington disease; MJD: Machado-Joseph disease; SBMA: spinobulbar muscular atrophy; SCA:
spinocerebellar degeneration; FA: Friedreich ataxia; and DM: myotonic dystrophy.
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b. Translated regions (CAG repeat), DRPLA: dentatorubral pallidoluysian atrophy, HD:
Huntington disease, MD: Machado-Josef disease, SBMA: spinobulbar muscular atro-
phy, SCA: spinocerebellar degeneration.

c. Intron regions (GAA repeats), FA: Friedreich ataxia.
d. 3'-untranslated region (CTG repeat), DM: myotonic dystrophy.

2. As shown in Fig. 1, so far only 3 kinds of the CNG sequence repeat (CAG, CTG, CCG)
and the GAA sequence repeats have been identified as sequences associated with triplet-
repeat expansion diseases. The physiological function of such genes causing the particu-
lar disease is not yet completely understood.

3. The new method has been developed for DNA diagnosis of triplet-repeat diseases, termed
“repeat expansion detection” (RED) (4,5). The fragment produced by the RED reaction is
a single-stranded triplet-repeat oligonucleotide. It is necessary to accurately determine the
size of the fragment for the precise DNA-based diagnosis of the “triplet-repeat diseases.”

4. In this study we examine whether CE can be used as an effective tool for the analysis of
RED reaction (see Note 1). We examine the electrophoretic behavior of some synthetic
single-stranded triplet-repeat DNA fragments of the sequence structure (CNG)n as a
model of the RED products and of triplet repeat DNA, in comparison with the behavior of
a random sequence ssDNA size marker.

3.3.2. Random Sequence Single-Strand Elements
1. We first examine a 20-bp DNA ladder as a control marker denatured at 94°C for 2 s to

ensure single strandedness. Because the GC-contents of these fragments are each around
50%, they are considered to demonstrate a “standard” electrophoretic behavior. Figure 2

Fig. 2. CE separation of denaturated 20-bp DNA ladder. Capillary: 100 µm id, 360 µm od,
27 cm total length, 19.1 cm effective length. Running buffer: 50 mM Tris-base, pH 7.0–7.4,
50 mM boric acid, 0.7% methyl cellulose, and 0.1 µmol/L YO-PRO-1. Run conditions: electric
field: 100 V/cm; injection, 5 kV for 10 s; fluorescence detection: excitation 488 nm, emission
560 nm.
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shows the electropherogram of the denatured 20-bp DNA ladder. Each peak is separated
into two peaks representing the two complementary strands of each size of fragment, and
suggesting that the dsDNA markers are completely denatured into ssDNA. The DNA
fragments, with a range of 20–240 bp, are each well separated within 15 min.

2. To understand the electrophoretic behavior of DNA, we need accurate mobility data. We
examine the repeatability of migration time and mobility of denaturated single-stranded
DNA marker by CE, using 0.7% methyl cellulose as a separation matrix for DNA separa-
tion at 100 V/cm electric field, which is supposed to be the most suitable condition for the
tested DNA. The separations are performed 10 times for each sample. The mobility and
its relative standard deviation (RSD) is calculated for using each migration time of the 10
runs. This allows the repeatability of ssDNA separation by CE to be determined. The
results show that the maximum variation in mobility for all the fragment sizes of the
denatured 20-bp DNA ladder is less than 2%, implying a very accurate reproducibility of
each fragment separation.

3.3.3. Mobility of Triplet-Repeat Sequence Elements
1. We investigated the electrophoretic behavior of triplet oligonucleotides of 10 repeats of

CAG, CTG, CCG, and CGG as described in Fig. 1, as models of the triplet-repeat disease
DNA expansion elements. These sequences are each known to be the disease causing
triplet-repeat expansion elements of particular genes, except for CGG.

2. Figure 3 shows the electropherogram of triplet-repeat DNA fragment (CCG)10, superim-
posed into the electropherogram of denatured 20-bp DNA ladder. It is obvious from Fig. 3
that the migration time of triplet-repeat DNA fragment with 30-mer is much shorter than
the time expected from the migration of the DNA ladder markers, with the mobility
expected of a ~10–15-mer. A high electrophoretic mobility is observed for all of the
triplet-repeat oligonucleotides tested, regardless of their sequence. This is one of the out-
standing characters for triplet-repeat DNA.

3. Figure 3 also clearly shows that an additional peak appears, as well as the main peak of
triplet-repeat DNA. We have also evaluated the repeatability of the mobility of the trip-
let-repeat DNA fragments. The electrophoretic mobility and its RSD, over 10 indepen-
dent and contiguous runs, is calculated to have a variation of 1% or less, indicating that
each separation run can be performed with high accuracy, and that the high mobility of all
triplet-repeat oligonucleotides in CE is highly reproducible.

4. The Ogston model (6,7) was applied for further consideration to understand such an
unusual mobility of triplet repeat DNA fragments. The Ogston model is one of the most
commonly used mathematical theories for the analysis of the electrophoretic behavior of
small DNA fragment up to 200 bp. The mobility, µ, of a DNA molecule in a polymer
solution such as the methyl cellulose polymer used here, is related to the DNA size in
base-pair N, and the polymer concentration, T, as expressed as follows:

ln (µ) = ln (µ0) – C*T*N (1)

in which, µ0 is the mobility of DNA in a solution without polymer matrix, and C is a constant.
5. Figure 4 shows the Ogston plot of triplet DNA fragments, (CNG)10, and denaturated

20-bp DNA marker. The mobilities for tested triplet repeat oligonucleotides are much
larger than that of random ssDNA markers of equivalent length. This suggests that the
contour length of the triplet-repeat oligonucleotide becomes smaller than the contour
length of the random sequence marker, because of some characteristic higher-order struc-
tures formed by G:C base pairs within triplet-repeat DNA.
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6. The higher-order structures, which result in a contour DNA size smaller than expected for
a truly single-strand molecule, have a great effect on their electrophoretic mobility and
behavior. Since the oligonucleotides have a repeated sequence structure of CNG, the
molecule is likely to fold back on itself to form a higher-order structure stabilized by C:G
base-pairing (8).

7. In addition, the different triplet-repeat sequences have differences in their mobility, prob-
ably because of the different thermal stability of the higher-order structure of each
sequence due to the steric hindrance to folding imposed by the mismatched nucleotide N
in each repeated triplet.

3.3.3.1. MOBILITY OF TRIPLET-OLIGONUCLEOTIDES OF DIFFERENT LENGTH

1. To get more detailed information for the electrophoretic behavior for triplet-repeat DNA,
we use synthetic ssDNA as a control marker and compared the mobility of the sequence
(CTG)n, which is also known to occur in a triplet-repeat disease gene.

2. Three lengths of the oligonucleotide (CTG)n of 30-, 60-, 90-mer are analyzed and their
respective mobilities are compared with the mobilities of the synthetic a ssDNA marker
fragment in Fig. 5.

3. The migration time for these triplet-repeat oligonucleotides is shorter than expected,
although mobility increases with the increasing length of the oligonucleotides of (CTG)n
from the 30-mer > 60-mer > 90-mer (see Note 2). Thus, one of the characteristics of such

Fig. 3. CE separation of a denaturated 20-bp DNA ladder and of (CTG)10. Capillary: 100 µm
id, 360 µm od, 27 cm total length, 19.1 cm effective length. Running buffer: 50 mM Tris-base,
boric acid, pH 8.5, 0.7 % methyl cellulose, and 0.1 µmol/L YO-PRO-1. Run conditions: electric
field: 100 V/cm; injection, 5 kV for 10 s; fluorescence detection: excitation 488 nm, and emission
560 nm.
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triplet-repeat DNA fragments is that such fragments migrate faster than expected, from
comparisons with truly single-strand random DNA sequence of the same length, which
with random sequence cannot form stable, compact fold-back structures.

4. The electrophoretic behavior of 10X, 20X, and 30X repeats of the (CTG)n repeat element
are analyzed simultaneously. As anticipated, the mobility of the (CTG)20 and (CTG)30

oligonucleotides are also much larger than that of expected by the Ogston model (7).

3.3.4. Model of Folded Structure of Triplet-Repeat Oligonucleotides
1. Recent biomedical research has shown that triplet-repeat DNA with the sequence struc-

ture (CNG), forms specific higher-order structures, which effect on the genomic expres-
sion and is related to a particular kinds of diseases. Some hairpin-fold models have been
proposed involving ssDNA regions formed with 10X triplet-repeats elements.

2. Single-strand oligonucleotides of 10 repeats of the CTG sequence is thought to form two
kinds of structures in the solution:
a. The first is a stable fold-back structure, with the longest possible duplex stem made

by base-pairing between G:C to form duplex and with a mismatch pair of T::T inter-
vening between the duplex pairs, which because of its compact folded structure, the
flexibility of DNA is reduced although the persistence length increases, which reduces
the contour length of the DNA.

b. The second form is a quasi-stable structure to account for the minor component with
different electrophoretic behavior from the stable structure. This form could be the
result of a shift of the duplex stem to involve one less G:C base-pair and result also in
a short protruding sticky-end, possibly permitting weak alternating dimerization
between oligonucleotides (8).

3. Similar sets of stable structures can also be considered to form with other sequence trip-
let-repeat oligonucleotides tested. Thus, the difference sequences of each triplet-repeat
allows the several different higher-order structures to form, which differ in the compac-
tion of their hairpin structure depending on the steric hindrance imposed by the mis-
matched bases in the duplex region and the size of the single-strand fold back loop.

Fig. 4. Ogston plot of triplet DNA fragment (CNG)10 and of a denaturated 20-bp DNA marker.
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4. Notes
1. Interestingly, we can discover evidence of the formation of the higher-order structure by

ssDNA using some experimental data obtained by CE. It is obvious that capillary electrophore-
sis can be an effective tool for the analysis of higher order structure of DNA in addition to
physical techniques such as nuclear magnetic resonance (NMR), and thermal melting analysis.

2. Based on these experiments, we believe that CE could be an effective tool for the DNA
diagnosis of triplet-repeat diseases in the near future (5). Successful amplification and
isolation of expanded triplet-repeat DNA elements of target genes would provide the
basis for the accurate measurement of the length of the expanded triplet-repeat DNA with
the understanding and expectation of their precise higher-order structure which will result
in a measurable increase in electrophoretic mobility. An estimation of the molecular mass
of the expansion region element using an independent technique such as matrix-assisted
laser desorption ionization-time of flight (MALDI-TOF) spectroscopy (9) would also be
advantageous for full characterization of the expansion elements.
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Chemical Mismatch Cleavage Analysis
by Capillary Electrophoresis
with Laser-Induced Fluorescence Detection

Jicun Ren

1. Introduction
The chemical mismatch cleavage (CMC) analysis was first described by Cotton et al.

(1) and has successfully been used for detection and identification of mutations
in several genes implicated in causing human genetic disorders (2–7). Compared with
some current methods, such as denaturing gradient gel electrophoresis (8) and single-
stranded conformation polymorphism (SSCP) which detects polymorphism in short
DNA fragments, CMC has a higher diagnostic sensitivity and can analyze larger DNA
fragment lengths (9).

The CMC method involves the formation of heteroduplex dsDNA by annealing
ssDNA from the wild-type and the mutant allele. The two alleles can either be derived
from a heterozygous DNA sample or by combining two samples, one with wild-type
DNA and one containing the mutant allele. During denaturation and reannealing, four
duplexes are formed. Two of these will be the wild-type and the variant homoduplexes,
and the other two are heteroduplexes. The nucleotide base at the mismatch site of the
heteroduplex can react either with hydroxylamine or osmium tetroxide, which modify
unpaired cytosine (C) or thymine (T) residues, respectively. DNA is then cleaved at
the modified base(s) by piperidine, and the cleavage products are size separated by
denaturing gel electrophoresis and detected using autoradiography (1,2), or by fluo-
rescence (5–7,10). The method can efficiently detect a single point mutation as well as
a small insertion or deletion.

Capillary electrophoresis (CE) has emerged as an attractive alternative to gel elec-
trophoresis techniques for the analysis of DNA fragments with the advantages of speed,
automation, and small sample requirements, combined with high separation efficiency
(11–16). Low viscosity sieving media like short-chain linear polyacrylamide (SLPA)
have the additional advantages of efficient filling of small dimension (<75 µm) capil-
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laries with sieving medium (17–19). Small dimension capillaries ensure efficient heat
dissipation and thereby fast analysis without loss of resolution. When coupled to laser-
induced fluorescence detector (LIF), CE analysis is characterized by unsurpassed sen-
sitivity. CE-LIF has been used for analysis of the CMC products and has successfully
detected the T833C and G919A mutations of the cystathionine β-synthase gene (CBS)
(20). The basic protocol of CMC analysis based on CE is demonstrated in Fig. 1.
Compared with the conventional CMC analysis based on slab-gel electrophoresis, the
CE format affords relatively high resolution of ssDNA (down to 1 nt), precise size
assessment of CMC products, sensitive detection with small sample requirement and
fast analysis. Thus, CMC combined with CE-LIF is suitable for the screening of known
mutations that give expected CMC products. It can also be used to detect unknown
mutations, the location of which is indicated by the fragment size.

Fig. 1. A schematic protocol for CMC analysis using CE-LIF.
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2. Materials
2.1. DNA Extraction

1. Whole blood samples.
2. The QIAquik Blood Kit (HT Biotechnology Ltd., UK), (see Note 1).
3. Eppendorf centrifuge with cooling.

2.2. PCR Reaction
1. Reaction tubes (thin-walled, Gene Amp).
2. Fluorescein-labeled primers. For example: the following primers are used for amplifica-

tion of the exon 8 of CBS gene containing T883C and G919A mutations:
5'-fluorescein-ACTGGCCTTGAGCCCTGAA-3' (forward), and
5'-fluorescein-AGGCCGGGCTCTGGACTC-3' (reverse).

3. 10X PCR buffer (HT Biotechnology Ltd., UK): 100 mM Tris-HCl, pH 9.0, 500 mM KCl,
15 mM MgCl2, 0.1% (w/v) gelatin and 1% Triton X-100, stored at –20°C.

4. 1.25 mM dNTP (dATP, dGTP, dCTP and dTTP), stored at –20°C.
5. Super Taq DNA Polymerase (HT Biotechnology Ltd., UK).
6. dd-Water: double-distilled and purified on a Milli-Q Plus water purification system

(Millipore, Bedford, MA).
7. PCR thermocycler (Perkin-Elmer).

2.3. Formation and Purification of Heteroduplex DNA
1. Buffer A: 3 mM Tris-HCl, pH 7.7, 1.2 M NaCl, and 3.5 mM MgCl2.
2. QIAquick PCR Purification Kit (QIAGEN Co. Germany).
3. TE buffer (1X): 10 mM Tris-HCl, 1 mM EDTA, pH 8.0.

2.4. Chemical Cleavage Reactions (see Note 2)
1. 4 M Hydroxylamine (Sigma Chemical Co.) adjusted with diethylamine to pH 6.0. The

stock hydroxylamine solution should be aliquoted into 1-mL Eppendorf tubes and stored
at –70°C; it is stable for up to 3 mo under these conditions.

2. 4% Osmium tetroxide solution (Sigma Chemical Co.). This stock solution should be
stored at 4°C, and is stable for at least 3 wk.

3. N-(2-hydoxyethyl)piperazine-N'(2-ethane sulfonic acid) (HEPES).
4. 0.3% Osmium tetroxide solution containing 2% pyridine, 0.5 mM EDTA and 5 mM

HEPES, pH 8.0 (use fresh immediately after dissolution).
5. tRNA (Sigma Chemical Co.): 315 mg/L sol, stored at –20°C.
6. 1 M Piperidine (make up fresh).
7. Stop buffer: 0.3 M sodium acetate, 0.1 mM EDTA, pH 5.2.
8. 100% Ethanol (keep at –20°C).
9. 70% Ethanol (keep at –20°C).

2.5. Measurement of Size of Chemical Cleavage Products
1. Fluorescein-labeled DNA marker standard (50–500 bp).
2. Formamide (AR grade).

2.6. CE Procedure
1. The <75-µm id polyacrylamide-coated capillary has an effective length of 30–40 cm

(19,21).
2. CE instrument with LIF detector and an argon-ion laser with 488-nm emission.
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3. Short-chain linear polyacrylamide (21).
4. TBE buffer (1X): 89 mM Tris-base, 89 mM H3BO3, 2 mM EDTA, pH 8.3.
5. 7 M Urea in 1X TBE buffer, pH 8.3.

3. Methods
3.1. DNA Extraction

1. Collect whole blood samples (at least 200 µL).
2. Extract the DNA from whole blood using the “QIAquik Blood Kit” according to the

instructions from the manufacturer (QIAGEN) (see Note 1).
3. Store the purified DNA at 4°C.

3.2. PCR Reaction
1. 100 µL PCR mixture contains: 10 µL of 10X PCR buffer, 10 µL of 1.25 mM dNTP, 2 µL

of 10 µM each of the forward and reverse primers, 1 µL Taq DNA polymerase (1 U), 5 µL
DNA (at least 100 ng), and 72 µL of dd-water.

2. The PCR reaction requires an initial denaturation at 94°C, 4 min, followed by 36 cycles
of: denaturation: 94 °C for 30 s, annealing: 58°C for 40 s, extension: 72°C for 20 s, and a
final extension: 72°C for 7 min.

3.3 Formation of Heteroduplex DNA
1. Mix 100 µL of PCR product with 60 µL buffer A.
2. Heat the mixture at 96°C for 6 min.
3. Followed by DNA strand annealing at 42°C for 1.5 h.

3.4. Purification of Heteroduplex DNA
1. Transfer the heteroduplex DNA solution into a 1-mL Eppendorf tube, then add 2.5X

volume of 100% ethanol (cold) and then mix gently.
2. Place the mixture into refrigerator and stand it for 1 h at –20°C.
3. Recover PCR product by centrifugation at 10,000g for 10 min at 4°C (see Note 3).
4. Wash the DNA pellet once with 500 µL of 70% ethanol by centrifugation at 10,000g for

10 min at 4°C.
5. Further purify the heteroduplex DNA using a QIAquick PCR Purification Kit according to

the instructions of the manufacturer. The final volume of the purified DNA sample is 50 µL.

3.5. Hydroxylamine Modification Reaction
1. Mix 5 µL of DNA with 20 µL of 4 M hydroxylamine, (see Note 4).
2. Incubate the mixture at 37°C for 60 min.
3. Add 200 µL of stop buffer to the mixture and transfer it to ice to stop the modification

reaction.
4. Precipitate the DNA with ethanol:

a. Add 2.5X (the aqueous volume) of cold 100% ethanol and incubate for 1 h at –20°C.
b. Recover the DNA by centrifugation at 8000g at 4°C for 10 min.
c. Rinse the DNA pellet twice with 500 µL of cold 70% ethanol.

3.6. Osmium Tetroxide Modification Reaction
1. Mix 5 µL of DNA with 18 µL of 0.3% osmium tetroxide solution and 2 µL of 315 mg/L

tRNA, (see Note 4).
2. Incubate the mixture at 25°C for 20 min.
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3. Add 200 µL of stop buffer to the mixture and transfer it to ice to stop the modification
reaction.

4. Precipitate the DNA with ethanol.
a. Add 2.5X (the aqueous volume) of cold 100% ethanol and incubate for 1 h at –20°C.
b. Recover the DNA by centrifugation at 8000g at 4°C for 10 min.
c. Rinse the DNA pellet twice with 500 µL of cold 70% ethanol.

3.7. Piperidine Cleavage Reactions
1. Dissolve the DNA pellets from the hydroxylamine or the osmium tetroxide modification

reactions into 50 µL of 1 M piperidine (see Note 5).
2. Incubate the mixture at 90°C for 30 min.
3. Transfer the mixture to ice and then lyophilize the samples under vacuum, (see Note 6).

3.8. CE Procedure
1. Prepare a 6% SLPA solution in 1X TBE buffer containing 7 M urea as a denaturing siev-

ing medium (see Note 7).
2. Use 1X TBE as the electrophoresis separation buffer.
3. Rinse the new polyacrylamide-coated capillary with the separation buffer for 5 min.
4. A thin capillary (<75 µm id) should be used when LIF detection is compatible with the

concentration of cleavage products.
5. Fill capillary with the 6% SLPA solution.
6. Introduce the DNA samples by electrokinetic injection, at –2 kV, for 6 s.
7. Run the CE at reverse polarity at constant electric field at –20 kV under denaturing buffer

conditions at 25°C, typically for 20–25 min (see Note 8).
8. Replace the sieving medium in capillary between each run.

3.9. Detection of Chemical Cleavage Products
1. Add 12 µL 80% formamide to the lyophilized product and then dissolve it completely.
2. Heat the product at 95°C for 5 min and then cool it in ice water for 10 min.
3. Run the CE procedure at –20 kV under denaturing buffer conditions at 25°C, typically for

20–25 min (see Note 8).
4. Identify the genotype of the sample according to its electropherogram (see Note 9).
5. Figures 2 and 3 show the typical electropherograms of the cleavage products derived

from T833C and G919A genotypes of CBS gene, respectively (see Note 10).

3.10. Measurement of Size of Chemical Cleavage Products
1. Mix the DNA marker and the purified PCR product and dissolve into 12 µL of 80%

formamide at 95°C for 5 min and then cool it in ice water for 10 min.
2. Run the CE procedure at –20 kV under denaturing buffer conditions at 25°C, typically for

20–25 min (see Note 8).
3. Regress the data and obtain the equation of the calibration curve (fragment size vs rela-

tive migration time) for the marker using PCR product as internal standard.
4. Calculate the size of the cleavage products on the basis of their relative migration times

and the equation of the calibration curve (see Note 11).

4. Notes
1. The high-quality template DNA needs to be used in PCR reaction. We suggest that DNA

is extracted from whole blood using the QIAquik Blood Kit, or classic methods such as
phenol/chloroform extraction and ethanol precipitation.
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2. SAFETY WARNING: Both osmium tetroxide and piperidine are toxic chemicals. Both
skin and eye contact must be avoided completely. The handling and chemical cleavage
reactions should be performed under a fume hood. The supernatants of ethanol precipita-
tion after osmium tetroxide modification should be carefully collected for safe disposal.

3. Purification of the heteroduplex DNA should be performed in two steps. The first step
involves the removal of the large amount of salts present in heteroduplex solution by
simple ethanol precipitation, as the heteroduplex solution contains a large amount of salts
which greatly reduce the recovery of DNA using QIAquik PCR Purification Kit directly
from heteroduplex formation buffers. The second step involves using the QIAquik PCR

Fig. 2. Electropherograms of CMC cleavage products obtained using hydroxylamine as the
chemical probe. PCR products are treated for 60 min at 37°C with 3.8 M hydroxylamine. (A)
Wild-type sample; (B) T833C mutant heterozygous sample; (C) G919A mutant heterozygous
sample; and (D) mixture (at ratio 1:1) of wild-type DNA sample and G919A mutant homozy-
gous sample, (see Note 12). The electrophoresis was carried out under denaturing conditions at
25°C and the applied voltage was –20 kV. The letter P denotes peaks derived from residual
primers and degradation products; RFI, relative fluorescent intensity. Reproduced from Clini-
cal Chemistry, 1996; 44, 2108–2114.



CMC Analysis by CE-LIF 237

Purification Kit for the removal of the fluorescent materials and fluorescein-labeled prim-
ers from the desalted DNA. The labeled materials interfere with the detection of the cleav-
age products.

4. The conditions used during the chemical cleavage reactions significantly affect the yield
of the chemical cleavage reaction products and thus the detection of the cleavage prod-
ucts. We recommend using conditions for the chemical modification reactions that are in
the range:
Hydroxylamine modification: 3.0–3.8 M hydroxylamine at 35–37°C, for 45–75 min. Osmium
tetroxide modification: 0.2–0.4% osmium tetroxide at 25–30°C, for 15–25 min.

5. The chemical modifications of unpaired nucleotides and the piperidine cleavage reactions
can conveniently be performed in PCR apparatus, which offers precise temperature control.

6. In the conventional CMC protocol, after piperidine cleavage the cleaved products are
collected by ethanol precipitation. In order to avoid loss of DNA during ethanol precipi-
tation step, we suggest that the products from piperidine cleavage should be lyophilized
rather than precipitated, which is suitable for the treatment of a large number of samples.

7. SLPA has low viscosity and is a good sieving medium used in DNA separation. Commer-
cial CE instruments use automated pumps and capillaries can be easily filled and SLPA
medium replacement can be easily carried out. High resolution of ssDNA (down to 1 nt)
can be obtained using 6% SLPA as the sieving medium. Other commonly used media
such as poly(ethylene oxide), cellulose derivatives, and long chain polyacrylamides have
high intrinsic viscosity and significantly poorer DNA resolution compared to SLPA siev-
ing medium. The hydroxypropyl methyl cellulose and poly(ethylene oxide) media are not
generally suitable for commercial CE instruments as high concentrations are required for
high-resolution performance which precludes easy filling of the capillary.

Fig. 3. Electropherograms of CMC cleavage products obtained by osmium tetroxide as
chemical probe. The PCR products were treated for 20 min at 25°C with 0.32% OsO4. Traces
are: (A) a wild-type DNA sample; and (B) a T833C mutant heterozygous sample. The electro-
phoresis was carried out under denaturing conditions at 25°C and the applied voltage was –20 kV.
The letter P denotes peaks derived from residual primers and degradation products: RFI, rela-
tive fluorescent intensity. Reproduced from Clinical Chemistry, 1996; 44, 2108–2114.
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8. The electrophoresis current should be about 10–20 µA to avoid Joule heating.
9. The yields of the cleaved products depend significantly on the mismatch nucleotides

occurring in the heteroduplexes, and in the adjacent sequence environments of the
mismatch sites. Some studies including ours show that the G/T mismatch from a G-A, or
a C-T mutation is inactive or only weakly reactive to osmium tetroxide modification.

10. The uncleaved heteroduplex product is used as an internal standard. The use of the rela-
tive migration time instead of the migration time can improve the reproducibility and
precision of the size measurement of cleavage products.

11. The sequence-specific migration prevents the identification of the exact localization of
the mutation site by CMC. The mutation location should be subsequently determined by
DNA sequencing.

12. The CMC analysis can be used for the detection of homozygous mutant samples. Here,
heteroduplex formation is obtained by mixing (1:1) the patient’s DNA sample with a
known wild-type DNA sample to create heteroduplex molecules containing mismatch sites.
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Quantitation of mRNA by Competitive PCR
Using Capillary Electrophoresis

Stephen J. Williams and P. Mickey Williams

1. Introduction
The high sensitivity of the reverse transcriptase-polymerase chain reaction (RT-PCR)

allows the amplification of low abundance mRNA transcripts, but the biomedical
research and diagnostics community have increasing interest in the ability to accu-
rately quantify the amounts of mRNA in cell samples. Although theoretically it should
be possible to calculate the starting copy number from a consideration of the effi-
ciency of the reverse transcription step of the reaction and the number of PCR cycles
performed, it is widely recognized that this approach is flawed and can lead to highly
inaccurate results (1).

The accumulation of PCR product during the amplification phase of the reaction
can be described by the equation,

[P]n = [X] (1 + E)n (1)

in which, n is the number of PCR cycles, [P]n is the PCR product concentration after
n cycles, [X] is the starting copy number after the reverse transcription step (starting
concentration of cDNA) and E is the efficiency of the amplification. To accurately
calculate [X], E must be known and be constant from reaction-to-reaction. This is not
always the case, since E is sensitive to variations in the reaction conditions and to the
presence of inhibitors in the reaction. Small changes in E can yield large changes in
the final product concentration, due to the exponential nature of the PCR amplification
process. In addition, if enough cycles are performed the PCR reaction enters the “pla-
teau” phase, whereby [P]n approaches a maximum value and Eq. 1 is no longer valid.
The exponential amplification aspect of the PCR reaction can shut down in this man-
ner, if the supply of primers and/or the nucleotides are depleted, or if the DNA poly-
merase ceases to function effectively (for example, due to denaturation). In the plateau
phase, if renaturation of the duplex product becomes dominant over primer annealing,
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this also effectively competes out the initiation of amplification and prevents further
efficient product accumulation.

The reverse transcription step of RT-PCR is also associated with an efficiency factor:

[X] = [R] E′ (2)

in which, [R] is the concentration of the expressed message, and E′ is the amplification
efficiency for transcription. E′ is also subject to considerable variation and is particu-
larly sensitive to salt concentration. Fortunately, many of the practical problems asso-
ciated with RT-PCR can be accounted for by the incorporation of an internal standard
into the reaction mix, to provide a reference to correct for reaction conditions and for
variation of E and E′. Quantitative competitive RT-PCR (QC RT-PCR) is a technique,
when performed under carefully optimized conditions, that leads to accurate and
reproducible quantitation of mRNA.

1.1. Quantitative Competitive RT-PCR
Traditionally, slab gels have been used to separate and quantitate QC RT-PCR

reaction products. More recently, capillary electrophoresis (CE) incorporating laser-
induced fluorescence (LIF) has emerged as an attractive alternative. CE-LIF offers
many advantageous features: ease of automation, fast analysis times, and high sensi-
tivity. The use of capillaries filled with noncrosslinked, replaceable gels ensures that
run-to-run migration times of the analytes are reproducible, because each run is per-
formed in fresh gel with identical formulation.

QC RT-PCR requires the development of an “internal standard” (also termed, “com-
petitor,” “control”) that acts as a internal control or reference for the efficiency of the
reaction. Ideally, the standard should be RNA rather than DNA sequence to account
for the variability in the reverse transcription step of the reaction. For accurate results,
the internal standard RNA must have a number of key features:

1. The primer-annealing sequence must be identical to that of the target sequence.
2. The standard must be largely similar in sequence to that of the target RNA, with a small

deletion or insertion to allow electrophoretic size discrimination.
3. Above all, the standard must have an amplification efficiency equal to that of the target.

The methods used for generating the internal standard are not reviewed in this chapter.
Instead the reader is referred to the detailed protocols supplied by O’Connell et al. (1).

QC RT-PCR analysis is generally performed by undertaking a series of several
replicate RT-PCR reactions, with each reaction containing equal amounts of total
RNA, while the amount of the internal standard added into the series of replicates is
varied. The reactions are made replicate by performing the process under identical
conditions, and stopping all of the reactions at the same number of PCR cycles. The
amplified products are analyzed using CE or slab-gel electrophoresis. The internal
standard template competes with the target template for the reaction components such
as, the primer, the Taq DNA polymerase, the nucleotides, and so on. When the initial
concentration of the target exceeds that of the standard, the predominant PCR product
is derived from the target sequence. In the reverse case, when the concentration of the
standard exceeds that of the target, the standard PCR product predominates. At the
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point where the starting concentrations of target and standard templates are identical,
equal amounts of target and internal standard PCR product are generated. At a given
cycle number, plotting the log of the ratio of the concentration of internal standard and
target PCR products, (log [(standard)/(target)]), vs the log of the initial RNA internal
standard concentration added to the reactions, (log [internal standard]), yields a straight
line graph. The gradient of the line is equal to 1 when the reaction efficiencies of the
target and standard are equal. The initial starting concentration of mRNA can then be
determined by extrapolating to the x axis from the y value of zero (log 1 = 0). Figure 1
illustrates this approach.

Ideally, precise quantitation involves validating the system with a range of known
input copy numbers for both target and standard sequences. Given the correct choice
of an internal standard, an attractive feature of QC RT-PCR is that the unknown mRNA
may be quantified during either the log-linear phase of the PCR reaction, or during the
plateau phase of the reaction. This is advantageous because it is unnecessary to verify
that the electrophoretic analysis is performed with a product generated at a particular
number of cycles that lies in the exponential region of the amplification. Instead, one
can assay the product at some high cycle number (for example, 40 cycles) without
regard for the reaction kinetics at this point. Indeed, allowing the reactions to proceed
to this later plateau phase ensures there is enough product to prevent any detection
sensitivity problems.

1.2. CE Analysis of QC RT-PCR Products
Most QC RT-PCR assays result in amplification of products in the 100–500-bp range.

Given that the target and internal standard sequences should match one another closely in
terms of sequence, and therefore length, CE methodologies adopted for QC RT-PCR
analysis should have the capability of separating DNA fragments up to 500 bp, with approx
10–20-bp resolution. The choice of the capillary sieving polymer is an important decision
that considers speed of analysis, ease of use, and desired separation performance.

A distinction between noncrosslinked gel sieving matrices employed in CE can be
made on the basis of the ease of replacement of the gel in the capillary. Gels, such as
0.75% (w/v) hydroxyethyl cellulose (HEC), can generally be pumped in and out of the
capillary at pressures < 20 PSI. Whereas higher viscosity gels, for example the high
molecular weight linear polyacrylamides, require either polymerization in situ or much
higher pressure (>100 PSI) to replace them in the capillary. In addition, many of the
low viscosity gels do not require polymerization by the user, which can be a signifi-
cant advantage in terms of ease and speed of matrix preparation and the speed of
capillary regeneration between runs. In these cases, it is necessary only to dissolve a
known amount of the polymer in the appropriate buffer solution. Generally speaking,
it is possible to use the low viscosity gels for separation of double-stranded PCR prod-
ucts in the size range and with the resolution appropriate for QC RT-PCR analysis.

1.2.1. Capillary Coating
The modification of the internal surface of a fused silica capillary to suppress elec-

troosmotic flow is critical for high efficiency separation of DNA (2). The most com-
mon and most successful treatment has been covalent attachment of polyacrylamide to
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the surface. A detailed protocol for this type of surface derivitization is included in the
methods section. It should be noted that some replaceable polymer sieving matrices
are considered to be “self-coating.” Certain modified polyacrylamides, for example,
can absorb to the capillary wall, and provide effective suppression of the electroos-
motic flow. The absorbed polymer can be either the sieving polymer itself or a low
concentration of an additional polymer that is added to the separation matrix. In either
case, ample flushing of the bare fused silica capillary with the matrix prior to the
separation usually ensures a good wall coating.

Fig. 1. The QC RT-PCR method. (A) Model electropherograms obtained when the ratio of
[internal standard]:[target] is: (i) 1:10; (ii) 1:5; (iii) 1:2; (iv) 1:1; (v) 2:1; (vi) 5:1, and (vii) 10:1.
(B) Graphical analysis to determine the concentration of starting target RNA for the model
system depicted in (A).
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1.2.2. Signal Detection
The sensitivity of UV detection suffers in CE because of the short optical pathlength

(~75 µm) provided by the internal diameter of the capillary. Without the use of large
reaction volumes and desalting procedures to allow large amounts of product to be
loaded on capillary UV detection will most likely provide insufficient sensitivity for
QC RT-PCR product analysis. LIF is the preferable detection technique. Fluorescent
labels can be incorporated into PCR products through the use of fluorescent primers,
or alternatively post-PCR labeling is possible by adding a fluorescent intercalating
dye to the CE sieving matrix.

1.3. Future Development of QC RT-PCR
The methodologies presented in this chapter allow the reader to perform accurate

and reproducible quantitation of mRNA using QC RT-PCR, with analysis using CE-LIF
(see Note 1). The benefits of using CE-LIF as an end point detection technique lie in
the speed, the sensitivity and the ease of automating the assay procedure. For example,
commercial 96-capillary array instruments are available for high-throughput applica-
tions in clinical diagnostics. In the future, rapid multiplexed PCR product sizing may
be accomplished on miniaturized, disposable electrophoresis chips, which are already
under development. We also expect to see fully integrated microfabricated devices
incorporating sample preparation, PCR amplification and electrophoretic sizing and
detection (3). For QC RT-PCR such devices are attractive since they minimize user
intervention, allow automation of all steps in the process, and speed the “sample-to-
answer” times, potentially to within several minutes.

2. Materials
2.1. RNA Extraction

1. RNA extraction is most easily accomplished using one of the readily available commer-
cial kits. For example, RNeasy kits (QIAGEN. Inc., Valencia, CA) provide sufficiently
pure RNA for RT-PCR analysis.

2. Most kits are based on the original protocols of Chirgwin et al. (4), Chomczynski and
Sacchi (5) or Boom et al. (6), which may be employed if desired.

2.2. RT-PCR Reagents
1. As with RNA extraction methods, many sources are available for the necessary RT and

PCR enzymes. We prefer to perform both RT and PCR reactions in a single tube, rather
than as separate reactions. The advantage of a single tube reaction is that errors and con-
tamination, associated with sample transfer, are eliminated.

2. Several single tube reaction strategies are available: use a single enzyme which possesses
both a thermally stable RT and DNA polymerase activity, for example, rtTh (Applied
Biosystems, Foster City, CA), or use a mixture of two enzymes such as MuLV RT and
AmpliTaq Gold (Applied Biosystems) which provide thermally stable RT and DNA poly-
merase activity, respectively. Both approaches have been successfully employed for QC
RT-PCR.

3. Additional reagents necessary for combined RT-PCR reactions, such as nucleotides, buff-
ers, and so on can also be purchased in kit form, for example, GeneAmp rtTh RT-PCR kit
(Applied Biosystems).
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2.3. Capillary Electrophoresis
1. The CE analysis of QC RT-PCR reactions should be performed on a system equipped with

LIF detection (argon-ion laser excitation is assumed in the following protocol description).
2. Fused silica capillaries (Polymicro Technologies Inc., Phoenix, AZ) are typically 40 cm

long with a 75 µm id.
3. Linear polyacrylamide derivatization of the capillary surface requires hydrochloric acid,

sodium hydroxide, acetic acid, acetonitrile, 3-methacryloxypropyltrimethoxysilane,
acrylamide, ammonium persulfate (APS) and TEMED (Sigma St Louis, MO).

4. Hydroxypropyl methyl cellulose (HPMC) can be obtained from Sigma.
5. The DNA intercalating dye, thiazole orange (TO), can be purchased from Aldrich (Aldrich

Chemical Company, Milwaukee, WI).
6. Tris/Borate/EDTA (1X TBE: 89 mM Tris-base, pH 8.5, 89 mM boric acid, 2 mM EDTA)

can be prepared from the individual components, or be purchased as a prepared 10X stock
solution (Research Genetics, Huntsville, AL).

3. Methods
The following protocols guide the reader through setup, execution, and analysis of

a successful QC RT-PCR experiment. The generation of the RNA internal control is
not discussed in detail. Instead, the reader is referred to O’Connell et al. (1).

3.1. RNA Extraction
1. RNA is prepared from the tissue or cells of interest using commercial mRNA isolation

kits, following the suggested protocol of the manufacturers (see Note 2).

3.2. Reverse Transcriptase-Polymerase Chain Reaction
The steps outlined below are specific to a rtTh, single tube, single enzyme reaction kit.

1. Using a commercially available RT-PCR kit, prepare a master mix of reaction compo-
nents on ice, as described in the manufacturer’s supplied protocol.

2. Split the master mix into the desired number of aliquots. The exact number of RT-PCR
reactions performed will depend on the precision of quantitation required, and on any
prior knowledge of the initial RNA concentration.

3. In the absence of information about the latter, it is advisable to span a wide range of
concentrations at which the internal standard is added to the reaction mixtures. A suitable
range might cover 5 orders of magnitude (i.e., 102–107 copies), in which case 5X RT-PCR
reactions would need to be performed.

4. Spike each RT-PCR reaction with the internal standard at the relevant concentration fol-
lowed by a constant amount of total RNA sample (~50 or 100 ng).

5. RT is performed at 60°C for 30 min to generate cDNA products from the mRNA templates.
6. The RT reaction is immediately followed by the PCR process, in which sufficient product

is generated for detection. The cycle temperatures are generally, denaturation at 95°C for
15 s, annealing at 55–65°C for 30 s, extension at 72°C for 30 s (see Note 3).

7. The number of PCR cycles performed varies, but generally 40 cycles are sufficient even
for the detection of initially single copy mRNA species (see Note 4).

3.3. CE Analysis of RT-PCR Reactions
1. Derivitization of the capillary surface to suppress electroosmotic flow can be accom-

plished as follows (steps 1–4). Flush the capillary with 1 M HCl for 1 h. Rinse the capil-
lary with 20 capillary volumes of water and then flush with 1 M NaOH for a further hour.
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2. Prepare a solution of 0.4% (v/v) 3-methacryloxypropyltrimethoxysilane (Bind Silane),
0.2% acetic acid in acetonitrile, and flush the capillary for 3 h. This results in a coating of
bifunctional reagent on the inner capillary surface.

3. Prepare a 3% (w/v) acrylamide solution in water and degas the solution under moderate
vacuum (~15 mm/Hg) for 1 h. Prepare a fresh 10% (w/v) solution of APS in water.

4. Add 10 µL of the APS and 5 µL of TEMED to 1 mL of the degassed acrylamide solution
and then immediately flush the capillary with 20 capillary volumes of this solution. Cap
the capillary ends to prevent evaporation and leave the solution overnight to polymerize
onto the capillary surface. Following the polymerization, rinse the capillary with water
and store it in a dry place until it is required.

5. Dissolve HPMC (0.5% w/v) in a 1X TBE (89 mM Tris-base, 89 mM boric acid, 2 mM
EDTA, pH 8.5) buffer with overnight stirring at room temperature (see Note 5). Filter the
sieving matrix through a 1.2-µm membrane filter. While gently stirring the polymer solu-
tion, add the TO intercalator dye to a final concentration of 1 µM (see Note 6).

6. Degas the polymer solution under 30 mm Hg vacuum prior to use. The capillary is filled
with the polymer under pressure for each run.

7. Samples can be injected into the capillary using either hydrodynamic injection or electro-
kinetic injection (see Note 7). The capillary should be refilled with fresh polymer for
each injection. Typical injection conditions would be 5 s at 0.5 psi for a hydrodynamic
injection, and 10 s at 5 kV for an electrokinetic injection.

8. Electrophoresis of the samples should be performed at approx 300 V/cm, which for a 40-cm
capillary corresponds to an applied voltage of 12 kV.

3.4. Data Analysis
1. Tabulate the target and the internal standard peak areas for each RT-PCR reaction elec-

tropherogram. The identities of peaks representing the target and internal standard can be
confirmed by CE analysis of individual reactions containing only one of the products. In
addition, the comparison of the migration times of these peaks with the migration times
of a DNA size ladder, run under identical separation conditions, provides further confir-
matory evidence (see Note 8).

2. If the size difference between the internal standard and target product is small (as it should
be to ensure matched amplification efficiencies), then it is unnecessary to correct for the
length dependence of dye intercalation. By a similar argument, migration time normal-
ization of the peak areas is also expected to have only a minor effect on the accuracy of
quantitation (see Note 9).

3. Plot a graph of the log of the ratio of the internal standard peak area/target peak area (y axis)
vs the log of the initial internal standard concentration (x axis). A linear plot with a slope
close to 1 should be obtained (see Note 10).

4. The initial starting concentration of the mRNA can be determined by extrapolating to the
“x” axis from a “y” value of zero (log 1 = 0) (see Fig. 1). If the curve is nonlinear, the
amplification efficiency of the target and control do not have a constant relationship, and
thus accurate quantitation is not possible (see Note 11).

4. Notes
1. The commercialization of “real-time” or “kinetic” PCR reactions allows the user to quan-

titate mRNA levels using RT-PCR, but without the need for electrophoretic separation of
the reaction products. The technique reduces the time and effort, but requires dedicated
instrumentation to perform the assay. Currently, two commercial systems are available,
from Applied Biosystems and from Roche Molecular Biochemicals (Indianapolis, IN).
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Briefly, the cycle-by-cycle accumulation of PCR product is monitored in real-time by
following the degradation of a dual-labeled TaqMan® fluorescent probe. The 5'
nucleolytic activity of Taq DNA polymerase cleaves the probe, allowing the fluorescent
labels to become spatially separated and thus increasing fluorescent signal. Input mRNA
levels can be calculated at a threshold fluorescence level based on a correlation between
the mRNA concentration and PCR cycle number. Increase in product concentration can
also be monitored using the incorporation of fluorescent DNA intercalators.

2. The method of choice should allow the RNA to be fully purified, free from contaminating
ribonuclease activity, proteins and genomic DNA. Obviously, ribonuclease activity will
degrade the RNA. Contaminating proteins may inhibit the efficiency of enzymatic ampli-
fications and genomic DNA may serve as a target for amplification, confounding the
quantitative results.

3. When using MuLV or AMV reverse transcriptase in a “2 enzymes—1 tube reaction,” the
temperatures for the reverse transcription step are usually set at 48°C. The optimum primer
annealing temperature is determined by the specific reaction makeup and the sequences of
the primers, and should be optimized for each new primer set and target mRNA.

4. Since quantitation is possible and accurate even in the plateau phase of the PCR reaction,
it is advisable to perform QC RT-PCR analysis in this region of the amplification reaction
to minimize sensitivity problems during product detection.

5. A variety of different polymer sieving matrices provide good separation of dsDNA in the
size range 50–500 bp. Linear polyacrylamide and derivatives of polyacrylamide are per-
haps the most widely used. Premixed solutions, optimized for a particular DNA size range,
can be purchased commercially. In-house derivitization of these solutions is not recom-
mended because of the inherent variable nature of this type of polymerization process.
Cellulose derivatives, such as HPMC or HEC, are also highly effective for separation of
DNA of this size, and need only be dissolved in the appropriate buffer system prior to use.
The removal of fine, undissolved particles of the matrix celluloses by passage through a
1.2-µm membrane filter under low pressure is necessary for uniform electrophoresis runs.

6. The detection limit for TO is around 4 amol of dsDNA per fragment band. TO is effi-
ciently excited by the 488-nm line of the argon-ion laser. Fluorescence can be collected at
520 nm with a suitable band-pass filler.

7. Electrokinetic injection imparts a bias on the sampling, since the analytes are injected
into the capillary based on their electrophoretic mobility, given by the relationship:

Q = µ epr2ECt

in which, Q is the quantity of the analyte injected, µep is the analyte electrophoretic mobil-
ity, r is the radius of the capillary, E is the applied field strength, C is the concentration of
the analyte, and t is the time of the injection. In addition, the quantity of analyte injected
is influenced by the overall salt concentration of the sample because of the sample-stack-
ing phenomenon (7). Whereas the peak area of an individual analyte will be affected by
the above factors, the relative peak area (target/internal standard) will not change. In this
respect, the internal standard acts as a control for the variability of the injection. Note that
this ratio is also self-correcting for other separation parameters, such as the run-to-run
variability of intercalator dye incorporation. In the event that detection sensitivity is lack-
ing, the sample can be desalted and injected electrokinetically to improve the signal
strength. The easiest method of desalting is using membrane dialysis (8). Removing salts
from a reaction product can increase the amount of product that can be electrokinetically
loaded and hence the signal by up to two orders of magnitude.
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8. If the target is expressed in low levels, <10 copies/cell, the likelihood of non-specific
amplification products is increased, and the resulting electropherogram can be difficult to
interpret due to the multiple product peaks. Many potential steps can be taken to mini-
mize the nonspecific amplification, such as selecting an alternative primer set, hot-start
PCR, nested primer reactions, increasing the annealing temperature, and so on. In a complex
electropherogram, the identity of a peak may be ascertained if pure target and standard
RNA can be analyzed individually. Pure target RNA can be produced by conventional
molecular biology techniques.

9. To normalize for the length dependence of dye intercalation, multiply the area of the
internal standard peak by the ratio of the number of target base pairs/the number of stan-
dard base pairs.

10. The gradient of the plot of log ([standard]/[target]) vs log [initial standard] gives informa-
tion on the relationship of the amplification efficiencies of target versus standard. A slope
equal to 1 is generally accepted as evidence that both target and standard have matched
efficiencies. However, Hayward et al. (9) have noted that in certain cases the value of the
gradient in these plots can be misleading. A more rigorous approach to demonstrate equal
amplification efficiencies involves performing multiple RT-PCR reactions containing
standard and target at known concentration. Reactions are stopped at various cycle num-
bers (for example every 3 cycles from cycle 25–50) and the products analyzed by CE.

11. A possible source of error during QC RT-PCR analyses is the formation of heteroduplex
molecules during the PCR stage of the reaction. A heteroduplex is a duplex formed
between either strand of the target and the complementary strand of the standard product.
Errors in quantitation can occur if the heteroduplex comigrates with either the target peak,
or with the internal standard peak, resulting in an over-estimation or under-estimation of
a particular product. Errors due to the formation of a heteroduplex are more likely in
situations where the ratio of internal standard to target is very high, or very low (i.e., a
large excess of either product). CE peaks with shoulders, or with non-Gaussian shapes can
be indicative of the formation of heteroduplexes.
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Quantitative RT-PCR
from Fixed Paraffin-Embedded Tissues
by Capillary Electrophoresis

Giorgio Stanta, Serena Bonin, and Maurizio Lugli

1. Introduction
It is possible to analyze RNA extracted from paraffin embedded-tissues that have

been fixed in formalin (1–3). In fact, all biopsy or surgical tissues are routinely fixed
and paraffin-embedded and conserved for many years for future examination, and
present a very valuable medical and research resource for epidemiological studies,
and for the development of public health policies. The specific analysis of RNA
remaining embedded in carefully preserved tissues facilitates the utilization of human
pathological tissue samples for such diagnostic purposes.

Some of the methods for the quantitative extraction of RNA from microdissection
of fixed tissues (2,4) propose to utilize single 6–8-µm histological sections dissected
from the paraffin blocks. The RNA is chemically isolated with standard procedures
and is then first transcribed into cDNA and then subsequently amplified with the poly-
merase chain reaction (PCR) as double-strand DNA. These methods are derived from
techniques used to quantify RNA from fresh tissue samples (5,6). However, the
quantitation of RNA from paraffin-embedded tissues present specific problems that
cannot be resolved with a competitive analysis, because of RNA degradation may
have occurred in the preserved samples. Since degradation is presumably random in
such tissues, the relative amounts of a target RNA and several internal RNA “stan-
dards” may be able to be used to infer the relative ratios of each of the RNA species.
These relative amounts of RNA may then be related to amounts known to occur in
fresh tissues. We describe a relative, quantitative analysis of specific RNA sequences
from human tissues that have been fixed and then paraffin-embedded, with the use of
capillary electrophoresis (CE) technology.

For each gene specific mRNA, there is linear relationship which must be estab-
lished between the initial amount total RNA and the amount of specific gene product,
after reverse transcriptase-PCR (RT-PCR). This involves the determination of the
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range of the linear relationship for the log of the initial concentration of total RNA and
the log of the concentration of specific product (7,8). Briefly, the method involves the
reverse transcription of RNA with Avian Myeloblastosis Virus Reverse Transcriptase
(AMV-RT-ase) using gene specific antisense primers, in which a variable number of
cycles of PCR amplification are performed. The number of cycles must be in the range
of linearity between the log of the amount of amplification product and the number of
cycles. The level of degradation of each different RNA sample can be different. For
this reason, it is necessary in the application of quantitative RT-PCR in paraffin-
embedded tissues to standardize the quantity of specific gene product by comparison
with the expression at mRNA level of another “housekeeping gene” like β-actin or
glyceraldehyde 3-phosphate dehydrogenase (GAPDH). The amplification products are
quantified by CE with laser-induced fluorescence (LIF) detector. The methods here
reported are already described in other publications of the authors (2,4,7,8).

2. Materials
1. Digestion solution (100 mL) for RNA: consists of 40 mL of 4 M guanidine thiocyanate, 3 mL

of 1 M Tris-HCl pH 7.6, 2.4 mL of 30% sodium N-Lauryl sarcosine, and 54.6 mL of
diethyl pirocarbonate (DEPC)-treated H2O (see Note 1).

2. β-Mercapto-ethanol: 0.28 µL must be added per 100 µL of the digestion solution just
before use.

3. Proteinase K: 20 mg/mL: solubilize the protein in 50% DEPC-treated water and 50%
glycerol, and store at –20°C until use.

4. Phenol equilibrated in water.
5. Glycogen: a solution of 1.0 mg/mL in water. Store in aliquots at –20°C until use.
6. Tris-EDTA buffer, 1X: 10 mM Tris-HCl, pH 8.0, 1 mM EDTA. Make a 10X stock solu-

tion and dilute with DEPC water for use. Store the stock at room temperature.
7. 50 mM Tris-HCl, pH 8.0 (stock solution 1M). Store the stock at room temperature.
8. Ethanol for DNA precipitation (100 mL): 95% ethanol (96.7 mL) with the addition of 3 M

sodium acetate pH 7 (3.4 mL), store at –20°C until use.
9. AMV-RT-ase: obtain from Biochemicals suppliers, e.g., Promega.

10. AMV buffer 1X: 50 mM Tris-HCl, pH 8.3, 50 mM KCl, 10 mM MgCl2, 10 mM DTT, 0.5 mM
spermidine. This buffer is stored as 5X stock solution in small aliquots at –20°C until use.

11. The dNTPs are aliquoted together in a stock solution 10 mM each and stored at –20°C.
12. Oligonucleotides: both sense and antisense PCR primers are made as stock solutions at

30 pmol/µL and stored in small aliquots at –20°C.
13. Taq DNA polymerase can be obtained from Pharmacia BioTech.
14. PCR buffer 1X: 10 mM Tris-HCl, pH 8.3, 55 mM KCl. The buffer is stored as a 10X stock

solution at –20°C.
15. eCAP® LIF FLUOR dsDNA 1000 Kit: (part number 477407, Beckman Coulter, CA).

This kit contains: eCAP® Coated Capillary 47 cm × 100 µm id, eCAP® Gel Buffer, and
EnhanCE® Intercalator.

3. Methods
3.1. Cutting Paraffin Sections

1. Sections 6–8 µm thick are cut with a microtome. It is not necessary to change the blade
for every sample to ensure cleanliness because the paraffin in the tissue cleans the micro-
tome blade at every cut.
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2. We routinely clean the blade after each sample with xylene to eliminate paraffin residues.
Place the cut sections into sterile 1.5-mL Eppendorf tubes (4).

3.2. Microdissection
1. A very easy and inexpensive method can be used to separate in a specimen tissue from

different surrounding tissues (e.g., tumor tissue from surrounding normal tissues).
2. The histological sections must be cut in sequence, the first section is stained immediately

with hematoxilin and eosin to allow for tissue recognition and for the specimen location
to be determined. The immediately subsequent sections are separated under a stereomi-
croscope with a sterile needle and the desired tissue component collected.

3.3. Deparaffinization
1. The first step for the RNA extraction from paraffin-embedded tissues is the elimination

of the paraffin fixative. Paraffin is solubilized using an organic solvent such xylene. The
tissue is then washed several times with ethanol to completely eliminate residual xylene, as
even small amounts will block the activity of the enzymes used in the subsequent steps (4).

2. Place a maximum of five sections (each of 6–8 µm) in a 1.5-mL Eppendorf tube, and
solubilize the paraffin by washing twice with 1 mL of xylene for 5 min at room tempera-
ture. Pellet the tissue section by centrifugation at 7000g after each wash, and carefully
remove the solvent by micropipet.

3. Wash the tissues with 1 mL of absolute ethanol for 10 min, and once with 95% ethanol to
remove residual xylene. Pellet the tissue section by centrifugation at 7000g after each
wash and carefully remove the ethanol by micropipet.

4. Air-dry the tissue in a thermoblock at 37°C with the tube lids open for about 20 min.

3.4. Protein Digestion
1. The proteins must be removed from the preserved tissue by digestion with proteolytic

enzymes (2,4).
2. Add 1 vol (100–300 µL) of digestion solution containing β-mercapto-ethanol to each

dried section. This is usually from 100–300 µL, but depends on the quantity of tissue.
3. Add proteinase K to a final concentration of 6 mg/mL (see Note 2).
4. Incubate the tissue overnight at 45°C with gently swirling in a thermomixer.

3.5. RNA Extraction
1. Add 1 vol of a 70:30 (v/v) mixture of phenol-water:chloroform to each tube.
2. Mix the emulsion thoroughly by vortexing for several times, then place the tube in ice

for 15 min.
3. Then centrifuge at top speed (7000g) in a microcentrifuge for 20 min at 4°C.
4. Collect the upper aqueous phase into a new tube. Take care to avoid the proteinaceous

interface between the two phases.

3.6. RNA Precipitation
1. The small amounts of RNA can be concentrated by precipitation with isopropanol. Gly-

cogen is added as an inert “carrier” to aid precipitation of the RNA.
2. Add 5 µL of glycogen (1 mg/mL) and 1 vol of isopropanol to the aqueous phase and keep

the solution at –20°C for 48 h. A long incubation at –20°C is necessary to obtain an
efficient and quantitative precipitation of the fragmented RNA species.

3. Pellet the RNA by centrifugation in a microcentrifuge at 7000g for 20 min at 4°C.
4. Wash the pellet in 100 µL of 75% ethanol stored at –20°C. The RNA pellet can be safely

stored at –80°C for very long time with 75% ethanol until use.
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5. Prior to decanting the ethanol, pellet the RNA by centrifugation at 7000g in a microcen-
trifuge for 5 min, and air-dry the pellet.

6. Resuspend the RNA pellet in 25 µL of DEPC-treated water and store at –80°C until use.
About 1–2 µg of total RNA is isolated from one tissue section of 1 × 1.5 cm and 6 µm thick.

3.7. mRNA Quantification
1. Messenger RNA can be quantitatively extracted and estimated from paraffin-embedded

tissues with RT-PCR and CE analysis.
2. Two oligonucleotides are used, one in mRNA sense and one in antisense orientation. The

latter is used for the reverse transcription. The sense and the antisense oligonucleotides
must locate in two successive exons of the gene, to allow for amplification of a “short”
product. The short product is distinguished from potential “long” amplification products
from contaminant genomic DNA, which contains introns separating the exon sites.

3. The segments of mRNA chosen for studies are usually very short, between 75 and 100
bases, because the degradation of the RNA in tissue samples would preclude accurate
quantification if longer products were chosen (see Note 3).

4. The amplification conditions must be determined very carefully because a relative
quantitation is only possible when the log of total RNA has a linear relationship with the
log of quantity of the specific gene amplification product. These conditions depend on
the amount of RNA and the number of amplification cycles.

5. Moreover, the RNA degradation must be normalized using as comparison a well-
expressed “housekeeping gene” mRNA (7,8).

3.7.1. Reverse Transcription
1. In order to use similar quantities of target RNA for each sample estimation, total RNA is

measured by UV absorption in a spectrophotometer (see Note 4).
2. Then the different samples are diluted to the same concentration of total RNA.
3. In a final vol 10 µL, the RNAs are incubated at 42°C for 60 min with 2.5 U of AMV-

Reverse Transcriptase (Promega) in 1X AMV buffer, 1 mM dNTPs and 15 pmol (0.5 µL)
of downstream antisense primer.

3.7.2. cDNA Amplification
1. Add 40 µL of a master mix containing 1X PCR buffer, lacking Mg ion (because already

present in the AMV buffer), 15 pmol of upstream primer and 1.2 U of AmpliTaq
Polymerase.

2. Denature the DNA for 3 min at 95°C in a Thermocycler. Many suitable machines are
available, but cyclers with fast thermal ramp rates are preferable.

3. Carry out thermal cycling for: 5 cycles of 95°C/1 min, 55°C/1 min, 72°C/1 min followed
by between 30–55 cycles of 95°C/30 s, 55°C/30 s, 72°C/30 s.

4. In the case when oligonucleotides are rich in C+G or poor in C+G, the cycling conditions
should be changed by evaluating the specific melting temperature.

3.7.3. Capillary Electrophoresis
1. CE analysis on P/ACE 5010 (Beckman Coulter, Fullerton, CA) is used with LIF detec-

tion. Separations are carried out in the reversal polarity mode (anode at the detector side).
2. The LIF detection uses an argon-ion source (excitation: 488 nm, emission: 530 nm).
3. The analysis of PCR products is conducted using the eCAP dsDNA 1000 Kit (Beckman

Coulter), comprising, a coated capillary (100 µm id and 47 cm), filled with Tris-borate-
EDTA buffer containing a replaceable linear polyacrylamide (LPA) sieving matrix.
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4. The unlabeled PCR products are visualized directly by the addition of 0.4 µg/mL of the
fluorescent intercalator EnhanCE (Beckman Coulter) to the buffer system.

5. The capillary is set at 20°C during the run. Samples are injected hydrodynamically for
90 s at 0.5 psi, and separation is carried out at 15 kV for 30 min.

6. Since the PCR fragments amplified from specific cDNA templates are of different lengths,
several different PCR amplification samples can be co-injected and are analyzed simulta-
neously in the same capillary.

7. Data is collected and analyzed using Gold Software version 8.1 (Beckman Coulter). This
software allows us to standardize the data for each gene product directly, relative to the
estimate of expressed β-actin (9). We use this to estimate the level of degradation of RNA
in the tissue samples as general index of RNA degradation.

8. The logarithms of the estimated quantity of amplified cDNA (peak area) and the logarithms
of the concentrations of total RNA submitted to RT-PCR or the number of amplification
cycles are compared by a linear regression method. A correlation coefficient is calculated
from the regression that can be used to normalize the estimate of specific gene expression.

3.8. Search for Linearity Conditions
1. A linear relationship is found to exist between the log of the quantity of total RNA and the

log of the specific amplified gene product being examined (7,8).
2. The conditions for linear amplification of RNA extracted from formalin-fixed and paraf-

fin-embedded tissue must be determined empirically, taking into account that most of the
RNA is highly degraded.

3. Since genes are expressed to different extents in tissues, the specific gene products must
be amplified using different numbers of cycles for detection. For paraffin-embedded tis-
sues, RT-PCR amplification usually remains linear for between 30 and 60 cycles of
amplification for most (low-medium) abundance mRNA sequences.

4. The second step of the determination of the linear amplification phase of the RT-PCR
reaction is to test the chosen number of cycles with increasing quantities of cDNA that is
synthesized by starting with between 8 and 2000 ng of total RNA for 100 µL of amplifi-
cation solution. The logarithms of the peak area of the different amplified cDNA product
behave in a linear relationship for most of the mRNAs, in the range between the log of
125–1000 ng of total RNA.

3.9. Standardization of the Extent of RNA Degradation
1. Because of the possible different levels of RNA degradation, comparison among samples

cannot be made directly. The results must be standardized on the basis of quantitation of
a well-expressed, reference mRNA in every tissue, such as that of β-actin, or GAPDH.

2. In order to standardize the data, we calculate the mean value of the peak area of the
reference mRNA for all the cases studied. The mean value is then divided by the results of
the peak area for the reference sequence of each sample and the ratio multiplied by the
peak area value of the specific mRNA to compare (7,8).

3. For quantitation purposes, we use common master-mixes for all the steps of the case
study analysis. The procedure of standardization of RNA degradation can be performed
also for each sample by the coamplification of the reference and the target RNAs (9), with
a direct standardization.

4. Notes
1. Note that the guanidine thiocyanate is toxic, manipulate it under a chemical hood.
2. The digestion is performed in the presence of 1 M guanidine thiocyanate to protect RNA.

Although proteinase K remains active throughout the digestion process and does not self-
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digest appreciably, high concentrations of proteinase K are needed for efficient digestion
of the tissue proteins (10).

3. RNA extracted from paraffin-embedded tissues using this method is highly degraded,
with fragments ranging from 100 to 200 bases. The level of degradation is variable from
sample to sample, depending on the conditions used for tissue fixation and paraffin-
embedding. For an efficient RT-PCR analysis is advisable to only amplify fragments of
100 bases or less.

4. The spectrophotometer quantitation at 260 nm ([RNA] µg/µL = Absorbance 260 × 40 ×
10–3 × Dilution factor) is not accurate because of the high dilution of the RNA samples
obtained from paraffin-embedded tissues. Although only an approximate quantitation of
the total extracted RNA is determined by UV absorption, this does not prevent accurate
RT-PCR quantification of particular genes, because all of the results are standardized by
reference to defined endogenous RNA products.
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Differential Display Analysis
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1. Introduction
Differential display polymerase chain reaction (DD-PCR), originally described

by Liang and Pardee in 1992 (1), has been utilized to study gene expression events
in a  myriad of biological processes. These processes include cell differentiation,
hormonal regulation of gene expression, apoptosis, and carcinogenesis (2–11). The
technique involves extraction of RNA from two or more tissue samples, then reverse
transcription of the total RNA into single-strand cDNA using a 3' anchored oligo-dT
primer. The single-strand cDNA is converted by PCR amplification into double-
strand cDNA using the same oligo-dT primer and a random arbitrary primer, and
represents a subset of the total mRNA. Standard protocols usually describe the
incorporation of a radiolabeled nucleotide into the PCR reaction product, which
allows the PCR products to be visualized by autoradiography following separation
by polyacrylamide gel electrophoresis. The resulting differential banding patterns
generated from two or more samples are compared to identify differentially
expressed cDNA fragments.

Since DD was introduced, numerous technical modifications and improve-
ments have been reported including nonisotopic and fluorescent methodologies
(12–20). One fluorescent adaptation of the standard DD-PCR (FDD-PCR) reac-
tion has been developed that takes advantage of the specificity, selectivity, and
differential fluorescence of three dye labeled oligo-dT primers (21). This fluo-
rescent protocol offers a number of advantages including: higher throughput, the
ability to simultaneously screen and compare banding patterns from three differ-
ent primer combinations, and decreased time and expense compared to tradi-
tional isotopic methods. FDD-PCR has been successfully applied to the analysis
of gene expression in a wide range of organisms and tissues. This range includes
bacteria, established cell lines, primary human cells and tumor samples, and the



260 Zhao and George

tissue obtained in a variety of disease states, such as viral infection, breast can-
cer, and psychiatric diseases.

Methods for DD using either isotopic or fluorescent labels have been devel-
oped for the analysis of DD-PCR products using slab-gel electrophoresis, which
allows for the simultaneous comparison of numerous samples. Adaptation of the
FDD-PCR method to a capillary electrophoresis (CE) format however, offers
several further advantages for analysis such as automated sample loading and
more uniform electrophoresis. Although DD-PCR bands are readily recoverable
from slab gels, this is not easily achieved from the capillary separated formats.
At present, the capillary format offers the potential for the fraction collection of
bands of interest. Experiments have demonstrated that FDD-PCR can be easily
adapted to the CE format of the Perkin-Elmer ABI 310 Genetic Analyzer. The
analysis of FDD-PCR products can be performed with equal precision and
reproducibility on both the ABI 377 DNA sequencer and the ABI 310 Genetic
Analyzer (22). Both the DNA sequencer and capillary methodologies offer a
higher throughput means for sample screening than the conventional radioactive
DD-PCR. A prototype CE system that allows for high precision fraction collec-
tion of microliter volumes of fluorescent PCR products using a sheath flow col-
lection device has been described by Müller et al. (23). Suitable modifications to
CE systems that would allow for fraction collection of FDD-PCR products would
eliminate the need for gel-based fragment isolation and would greatly increase
the analytical throughput of FDD-PCR (24). Coordination of slab gel and CE
methods offers the best of both worlds, high throughput and precision in
detection of differentially displayed fragments by CE, and the ease to isolate
particular differentially displayed fractions of interest from gels. In this chapter,
the protocols for the use of the Perkin-Elmer ABI 310 Genetic Analyzer (CE
system) for the detection and identification of FDD-PCR generated EST patterns
are described.

2. Materials
2.1. RNA Isolation and Purification

All chemicals and reagents are molecular biology grade.

1. TRIzol LS (Life Technologies, Gaithersburg, MD).
2. Chloroform.
3. Isopropyl alcohol.
4. 95% (v/v) Ethanol.
5. 70% (v/v) Ethanol solution.
6. DEPC-treated water (Quality Biologicals, Gaithersburg, MD).
7. Agarose.
8. Formamide.
9. 37% (v/v) Formaldehyde stock.

10. TBE buffer: 89 mM Tris-base, pH 8.3, 89 mM boric acid, 10 mM EDTA.
11. RNA Loading buffer: 50% glycerol, 1 mM EDTA, 0.4% bromophenol blue.
12. Ethidium bromide.
13. Amplification grade DNase I (Life Technologies).
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2.2. Fluorescent Differential Display
2.2.1. Reverse Transcription

1. Superscript II RNase H-reverse transcriptase (200 U/µL) (Life Technologies) (see Note 1).
2. 5X First Strand Buffer: 250 mM Tris-HCl, pH 8.3, 375 mM KCl, 15 mM MgCl2.
3. 25 mM MgCl2.
4. 0.1 M Dithiothreitol.
5. dNTP mix: 10 mM each of dATP, dCTP, dGTP, and dTTP.
6. DEPC-treated water (Quality Biologicals).
7. HPLC purified degenerate sequence anchor primers (50 µM) (V = A, C, or G degeneracy)

(see Note 2):
5'-6-carboxyfluorescein (6-FAM) labeled oligo-dT12VA;
5'-4,7,2',4',5',7'-hexachloro-6-carboxyfluorescein (HEX) labeled oligo-dT12VC;
5'-4,7',2',7'-tetrachloro-6 carobxyfluorescein (TET) labeled oligo-dT12VG primers.

Table 1
Sequences of the Arbitrary Primers

Primer Sequence

OP-01 5'-TACAACGAGG-3'
OP-02 5'-TGGATTGGTC-3'
OP-03 5'-CTTTCTACCC-3'
OP-04 5'-TTTTGGCTCC-3'
OP-05 5'-GGAACCAATC-3'
OP-06 5'-AAACTCCGTC-3'
OP-07 5'-TCGATACAGG-3'
OP-08 5'-TGGTAAAGGG-3'
OP-09 5'-TCGGTCATAG-3'
OP-10 5'-GGTACTAAGG-3'
OP-11 5'-TACCTAAGCG-3'
OP-12 5'-CTGCTTGATG-3'
OP-13 5'-GTTTTCGCAG-3'
OP-14 5'-GATCAAGTCC-3'
OP-15 5'-GATCCAGTAC-3'
OP-16 5'-GATCACGTAC-3'
OP-17 5'-GATCTGACAC-3'
OP-18 5'-GATCTCAGAC-3'
OP-19 5'-GATCATAGCC-3'
OP-20 5'-GATCAATCGC-3'
OP-21 5'-GATCTAACCG3'
OP-22 5'-GATCGCATTG-3'
OP-23 5'-GATCTGACTG-3'
OP-24 5'-GATCATGGTC-3'
OP-25 5'-GATCATAGCG-3'
OP-26 5'-GATCTAAGGC-3'
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2.2.2. PCR Amplification
1. 10X PCR buffer II: 100 mM Tris-HCl, pH 8.3, 500 mM KCl.
2. 25 mM MgCl2.
3. dNTP mix: 100 µM each of dATP, dCTP, dGTP, and dTTP.
4. 10 µM of Arbitrary decamer primers, see Table 1 (Operon, Alameda, CA).
5. AmpliTaq DNA Polymerase (5 U/µL) (Perkin-Elmer, Norwalk, CT). Store at –20°C but

not in a frost-free freezer.
6. Centrisep Columns (Princeton Separations, Adelphi, NJ).

2.3. Capillary Electrophoresis
1. Formamide.
2. Blue Dextran.
3. GeneScan TAMRA-500 molecular mass standard (PE Biosystems, Foster City, CA).
4. POP-4 Polymer (PE Biosystems).

3. Methods
3.1. RNA Isolation and Purification

1. Sample Homogenization: Homogenize solid tissue samples using a glass homogenizer in
0.75 mL of TRIzol LS per 50–100 mg of tissue.

2. Cells: cells grown in monolayer cultures can be homogenized directly by adding 0.3–0.4 mL
of TRIzol LS per 10 cm2. Cells grown in suspension should be collected by centrifugation
and then the cell pellet lysed by repetitive pipeting in 0.75 mL of TRIzol per 5 – 10 × 106

animal, plant, or yeast cells, or per 1 × 107 bacterial cells. Incubate the homogenized
samples for 5 min at 15–30°C.

3. Add 0.2 mL of chloroform per 0.75 mL of TRIzol LS reagent. Cap the tubes securely and
shake vigorously for 15 s. Incubate the samples for 2–15 min at 15–30°C, then centrifuge
samples at no more than 12,000g for 15 min at 2–8°C to pellet cell debris.

4. Transfer the upper aqueous phase of the lysate to a clean tube. Then precipitate the RNA
by adding 0.5 mL of isopropyl alcohol per 0.75 mL of TRIzol LS reagent used in the
initial homogenization. Incubate the samples at 15–30°C for 10 min.

5. Centrifuge the samples at 2–8°C for 10 min at a speed no greater than 12,000g. Gently
remove the supernatant. Wash the RNA pellet once in 1 mL of 75% ethanol per 0.75 mL
of TRIzol LS reagent used in the initial homogenization. Mix the sample by vortexing
and centrifuge at a speed no greater than 7500g for 5 min at 2–8°C.

6. Wash the pellet again in 1 mL of 95% ethanol per 0.75 mL of TRIzol LS reagent used in
the initial homgenization. Mix the samples by vortex mixing and then repellet by cen-
trifugation at a maximum of 7500g for 5 min, at a temperature of 2–8°C.

7. Briefly, air-dry the RNA pellet, then dissolve the RNA in 50 µL of RNase-free water.
8. Quantitate the amount of recovered RNA by determining the absorbance at A260/280.
9. Incubate 10–100 µg of total RNA with 10 U/µL of RNase-free DNase in 10 mM Tris-HCl,

pH 8.3, 50 mM KCl, 1.5 mM MgCl2 for 15 min at 37°C.
10. Repeat the TRIzol LS extraction of the DNase I treated RNA pellet recovered in step 9 as

outlined in steps 1–7.
11. Evaluate the integrity of the RNA on a 1.0% agarose gel containing 7% formaldehyde by

loading 2 µg of DNase treated RNA per lane (see Note 3).
12. The purified RNA samples may be stored at –70°C until use (see Note 3).
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3.2. Fluorescent Differential Display
3.2.1. Reverse Transcription

1. Set up three separate reverse-transcription reactions for each RNA sample in three sepa-
rate PCR tubes, each tube containing one of the three different oligo-dT12 anchored prim-
ers (see Note 4). Each 20-µL reverse transcription reaction contains:

5X First Strand buffer 4 µL
0.1 M DTT 2 µL
dNTP mixture (10 mM) 1 µL
DNase-treated total RNA (0.1 µg/µL) 3 µL
Anchored oligo- dT12 primer (50 µM) 1 µL
Superscript II RNase H-reverse transcriptase 1.5 µL
DEPC-treated H2O 7.5 µL

2. Add 3 µL of the mRNA, 1 µL of the anchored oligo-dT12 primer and 7.5 µL of DEPC-
treated water to a PCR tube. Heat the tube at 65°C for 5 min to denature the RNA.
Cool the mixture on ice then add 8.5 µL of the master mix containing the remaining
components.

3. Incubate the complete reaction at 42°C for 60 min.
4. Inactivate the Superscript II RNase H-reverse transcriptase enzyme by heating at 95°C

for 5 min.
5. Keep reactions on ice, or at 4°C prior to proceeding to the PCR reaction. Reactions can be

stored at –20°C for up to 1 mo (see Note 5).

3.2.2. PCR Amplification
1. Set up three separate reactions for each anchored oligo-dT and arbitrary primer combina-

tion. Each 20-µL PCR reaction contains:
10X PCR II buffer 2 µL
25 mM MgCl2 1.36 µL
dNTP mixture (100 µM) 0.67 µL
Anchored oligo- dT12 primer (50 µM) 1 µL
Arbitrary primer (10 µM) 1 µL
AmpliTaq DNA Polymerase (5 U/µL) 0.5 µL
RT-mix from reverse transcription 2 µL
DEPC-treated water 11.47 µL

2. PCR amplification reactions are performed in a Perkin-Elmer Model 9600 thermocycler.
The reaction is for 40 cycles of: 94°C for 30 s, 40°C for 2 min, and 72°C for 30 s, fol-
lowed by a final extension step at 72°C for 5 min.

3. Following PCR amplification, mix 5 µL of each of the three differentially labeled fluores-
cent PCR products for a final volume of 15 µL. Free the cDNA reaction products of
unincorporated primers using Centrisep columns (Princeton Separations, Adelphi, NY)
(see Note 6).

4. Prepare the Centrisep columns by rehydrating each column with 800 µL of DEPC-treated
water. Allow columns to stand at room temperature for 2 h prior to use. Remove the top
and bottom caps from the columns, place the column in a 2-mL collection tube and centri-
fuge at 750g for 2 min.

5. Add 15 µL of the PCR product to the center of each column, place the column in a fresh
1.5-mL tube, and centrifuge at 750g for 2 min. Dry the specimens in a speed vacuum until
completely dry.
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6. Resuspend the purified cDNA products in 6 µL of DEPC-treated water. Store reactions at
–20°C (see Note 5).

3.3. Capillary Electrophoresis of FDD-PCR Samples
1. Prepare samples for electrophoresis by mixing 0.5 µL of the mixed PCR products with

8 µL of a 10:1 formamide-TAMRA-500 molecular mass standard mix (see Note 7).
2. Denature the cDNA samples for 2 min at 90°C.
3. Place the samples on ice for 5 min.
4. Load the samples into a sample rack and place on the Perkin-Elmer ABI model 310

Genetic Analyzer.
5. The electrophoresis parameters are dependent on the length of the capillary and the gel

matrix employed (see Note 8). For a 47-cm capillary (36 cm to detector) and POP-4
polymer use the following run parameters (see Note 9):

Injection voltage: 15,000 V
Injection time: 5 s
Electrophoresis voltage: 15,000 V
Electrophoresis time: 30 min
Electrophoresis temperature: 60°C
Virtual filter C

6. It is not necessary to run the electrophoresis for greater than 30 min as the majority of
FDD-PCR products are less than 800 bp.

7. Although conventional slab-gel electrophoresis of the DD-PCR products allows for direct
sample comparison of samples in the different gel lanes, the FDD-PCR products run on
the ABI 310 must be compared to one another using GeneScan 2.1 software. Experiments
have demonstrated that both methods provide equal resolution and comparable results
(22). Analysis of FDD-PCR products using the ABI 310 offers an alternative to laborato-
ries that want to perform differential display that do not have access to an ABI 377. An
example of the data generated using the ABI 310 and the GeneScan 2.1 software is pre-
sented in Fig. 1.

8. The ABI 310 Genetic Analyzer lacks fraction collection capabilities, therefore, differen-
tially expressed fragments cannot be isolated. Preliminary experiments using two differ-
ent prototype CE instruments capable of fraction collection have shown that differential
bands can be identified, isolated, and reamplified, however, standard protocols for this
application have not been established.

4. Notes
1. Comparison of many different reverse transcriptase enzymes in our laboratory has

revealed that Superscript II RNase H-reverse transcriptase demonstrates a higher repro-
ducibility and maximizes the yield of transcripts. This difference is observed as an
increase in the number of both differential and nondifferential fragments in the down-
stream analysis.

2. The fluorescently labeled  oligo-dT primers must be HPLC purified to avoid background
fluorescence on both the ABI 310 and ABI 377 fluorescence analysis systems.

3. Any RNA extraction procedure can be utilized provided it produces high quality full-
length mRNA. In our laboratory, alternative RNA extraction protocols have been utilized
with equal success. RNA quality can be assessed using a number of methods, however, a
denaturing RNA gel is the best method (25). High-quality RNA is characterized by sharp,
intact 28S and 18S ribosomal bands and a minimum of smearing should be evident above,
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between, and below the ribosomal bands. Store RNA in aliquots at –70°C for up to 1 yr.
Aliquot the RNA in single use quantities to avoid repeated freezing and thawing.

4. One of the main criticisms of DD is the lack of reproducibility of the reactions. A number of
factors can contribute to reaction variability including, the quality of the reagents, variation in
the pipeting volumes, contamination or impurity of RNA samples, and so on (18). To improve
the reproducibility of the DD-PCR reaction we recommend the following measures:

Fig. 1. GeneScan electropherograms of FDD-PCR samples run using the ABI 310 Analyzer.
The FDD-PCR patterns were generated with arbitrary primer OP-02 and cDNA from MCF7
cells (top), a breast cancer cell line, mouse mammary tumor samples A (middle) and B (bottom),
respectively. The size of fragments displayed across the horizontal axis at the top of the electro-
pherogram is in base pairs, and the relative fluorescence signal (peak) intensity is displayed
along the vertical axis. A representative, differential display fragment of approx 360 bp is illus-
trated, and can be seen in the mouse mammary tumor B sample (bottom).
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a. Use uniform reagents and avoid mixing reagents from the different lot numbers.
b. To avoid pipeting and volume errors, utilize large volume master mixes as much as

possible, set up all samples for a particular primer combination simultaneously.
c. Perform all reactions in duplicate, include positive and negative controls with all

reactions. We recommend the use of two independent negative control reactions. (1)
a “reagent control” with water in the place of cDNA to assess to purity of the reagents,
and (2) a “no RT control” with RNA in place of the cDNA to evaluate the level of
DNA contamination in each RNA sample.

5. Lyophilized FDD-PCR products can be stored at –70°C for up to 1 mo. FDD-PCR prod-
ucts that have been resuspended in DNase-free water are stable for 1 wk at 20°C.

6. It is essential to remove any residual unincorporated fluorescent primer from the cDNA
products. Unincorporated fluorescent primer would contribute to the background fluores-
cence during the DD analysis.

7. The amount of sample loaded onto the capillary is a function of the volume of the dena-
tured sample in the mixture, the injection voltage, and the injection time. Each of the
primers has a different fluorescent moiety with a very narrow absorption spectrum. Over-
loading the column with sample results in a strong fluorescent signal that can interfere
with the discrimination between individual fluorescence signals due to spectral overlap
of the dyes. Although the parameters described for use are optimal for good signal to
noise ratios, sample volumes as much as 1 µL can be analyzed.

8. Most FDD-PCR products range in size of 100–800 bp.
9. Alternative sieving polymers were tested for CE separations, however the POP-4 polymer

provided the best separation for this particular application. Importantly, each polymer
requires slightly different electrophoresis parameters that must be determined empirically.
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Capillary Array Electrophoresis Analyzer

Masao Kamahori and Hideki Kambara

1. Introduction
The Human Genome Project is a challenging and important project for the future of

mankind (1). It has driven the development of various analytical instruments as well
as methods (2). The development of an automated DNA sequencer with a fluorescence
detection system has been a key factor for the success of the genome project. The first
generation of DNA sequencer has used a slab gel. The DNA sequencing throughput
per system was only 20 kb/d when the genome project started in 1990 (3). It was
proposed that it would take more than thirty years to sequence the entire human
genome without a drastic improvement in DNA sequencing technology. The desired
throughput of the new DNA sequencer would be 1 Mb/d (4).

DNA sequencing by capillary electrophoresis (CE) seems to be very attractive
because of its high-analysis speed and convenient handling properties, such as the
ease of sample injection and a very high speed in base reading (5,6). However,
the actual base reading throughput of a conventional CE apparatus is not large because
it has only one electrophoresis migration lane. A system capable of massive parallel
DNA sequencing in a short period of time has to be developed for realization of a very
high throughput, such as 1 Mb/d. Various DNA sequencing technologies including,
sequencing by hybridization (7,8), ultra-thin slab-gel electrophoresis (9), and capillary
array gel electrophoresis (CAE) (10–18) have been developed for the realization of
high-throughput DNA sequencing. Among these, CAE seems the most promising tech-
nology to achieve the high-throughput DNA analysis target. Importantly, a capillary
array system can also be successfully applied to other associated genomic analyses
such as rapid, high-throughput DNA screening (19), gene expression profiling (20),
and DNA band sorting (21). These other techniques are also becoming very important
techniques for post-genome investigations, such as for drug discovery and for DNA
diagnostics (22,23).
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1.1. Requirements of Capillary Array Systems
Three capillary array systems are presented in this chapter including, CAE systems

using a sheath-flow technique (10,11), a multiple on-column capillary array system
combined with side-entry laser irradiation (12), and a capillary array system with a
DNA fragment sorting device (21) (see Note 1).

1.1.1. Relationship Between Fragment Mobility and Gel Matrix
The first methods used to obtain a rapid gel electrophoresis for DNA sequencing

was a slab-gel system with optimized conditions for fast electrophoresis (24). The
migration time of a DNA fragment depends on the concentration of the crosslinked
acrylamide gel, the electric field strength, the gel temperature, and the migration path
length. The migration speed of a DNA fragment is proportional to the applied electric
field strength, however a very high electric field produces a large amount of Joule
heat, which causes DNA band broadening and destruction of the gel. Migration lanes
that occupy a small cross-sectional area avoid many of the above drawbacks. There-
fore, a capillary gel or an ultra-thin slab gel is used to obtain a rapid DNA analysis.
Besides increasing the electric field, the optimization of electrophoresis conditions is
also important to obtain a high-speed analysis.

The dependence of migration time on the gel concentration is shown for several
different sizes of DNA fragments in Fig. 1. The time required for a DNA migration
increases with gel concentration; therefore, a low gel concentration is better for a rapid
DNA analysis. The use of a low concentration gel, which has a large pore size, is limited
by two factors. The first one is the difficulty in producing a slab gel with an acrylamide
concentration lower than 3% T (total concentration), because polymerization does not
occur uniformly across such a wide area. This problem can be overcome by the use of
a capillary tube as the gel supporter. The second factor is the reduction of DNA band
spacing by the use of low gel concentration, which reduces the fragment resolution.

The gel concentration dependence of DNA band spacing for various DNA frag-
ment lengths is shown in Fig. 2. Although the band spacing is dependent on gel con-
centration at a low gel concentration, it is almost independent of the gel concentration
at a high gel concentration, over 6% T acrylamide for DNA fragments over 300 bases.
Since the width of the DNA band does not change much with different gel concentra-
tions, low gel concentration is usually superior to high concentration for rapid gel
electrophoresis and usually has sufficient band resolution. Both capillary gel electro-
phoresis and slab gels have many similar separation characteristics and employ similar
gel formulations. For both a low gel concentration is generally better for a high-speed
analysis. An acrylamide concentration as low as 4% T (total concentration) and 5% C
(crosslinker) and including 7 M urea is used for DNA sequencing. An unpolymerized
premix of this formula has a low viscosity and can easily be injected into a capillary to
be polymerized. Gel-filled capillaries can be used repeatedly. More recently, a low
concentration polymer gel has been used instead of the premix, which is easily injected
into a capillary and is used without polymerization in the capillary (25). The use of
polymer gel makes it possible to operate a fully automatic system including the auto-
matic replacement of the gel in the capillary after each electrophoresis run.
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1.2. Fluorescence Detection
The speed of DNA fragment migration and the base reading in a conventional slab-gel

electrophoresis run is about 1 base/min. In the new rapid capillary gel electrophoresis
system, the target throughput is one order of magnitude higher than the conventional DNA
sequencer, 400–1000 kb/d! In order to realize this target throughput, the base reading speed
must be greater than 10 bases/min (1 base/6 s). Because at least 10 data points are neces-
sary to record one DNA fragment peak in an electropherogram, fluorescence signal mea-
surements must be made every 0.6 s. Usually, capillaries with an inner diameter smaller
than 0.1 mm are used for sequencing. Since the width of a DNA band is typically about 0.4
mm (26), the volume of one band is about 2 nL in such a capillary. Assuming that the DNA

Fig. 1. Dependence of the migration time of DNA fragments on acrylamide concentration.
The migration time of fragments increases approximately in proportion to the square of the
acrylamide concentration, which indicates that the use of low gel concentration is superior for
a rapid electrophoresis than a high concentration gel. A slab gel of 22-cm migration path length
is used with an electric field strength of 40 V/cm.
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fragment concentration in one band is 10–9 M, this rate of detection requires about 10–18 mol
of DNA fragment to be color selectively detected in 0.6 s. This requires a highly sensitive
detection system as well as an efficient laser irradiation system.

1.2.1. Fluorescence Emission
In a fluorescence detection system, the emitted fluorescence photon number along

the irradiated region per second is “I.” “I” is represented by Eq. 1, in which Io, ε, φ, l,
s, and M are respectively, the initial laser flux density, the molar absorption coeffi-
cient, the quantum yield, the length of the irradiated region, the surface area to be
irradiated, and the molar concentration.

I = IoεφlsM (1)

Only a part of the emitted fluorescence can be detected by a detector, which is
mostly determined by a solid angle of the detection optics. The solid angle for the
fluorescence detection “Ω” is represented by Eq. 2 using an image magnification
factor, “m” of the optical system, and an F value (= f/D), where f and D are the focal
length and the diameter of the lens, respectively.

Ω = m 2 / (16 F 2(m + 1)2) (2)

Assuming that the concentration of the target DNA fragment is 10–9 M, the number
of fluorophore molecules in an irradiated region in a capillary (0.075 mm id, 0.1 mm od) is
calculated to be 2.6 × 105. Argon-ion laser (488 nm) of 10 mW emits about 2.5 × 1016

photon/s. When the laser beam is focused to a 0.1 mm diameter, the flux density of the
laser is 3.2 × 1018 photon/s/mm2. As an absorption coefficient and a quantum yield of
a fluorophore are about 80,000 cm–1M–1 and 0.5, respectively, the emission from the
irradiated region is estimated to be 2.3 × 107 photon/s.

Fig. 2. Dependence of DNA band spacing on acrylamide concentration. For DNA fragments
as long as 400 bases the band spacing during a gel electrophoresis is almost constant at 4% T
acrylamide. This observation indicates that it is possible to run the electrophoresis rapidly (high
electric field) without losing resolution by using a low acrylamide concentration gel.
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When the F value of a lens is 1, the number of photons collected by the detecting
optics with m = 1 is about 3.6 × 105/s. The number of photoelectrons per s collected by
the detector is about 32,000, by assuming that the transmission efficiency of an optical
filter and the quantum yield of the photodetector (CCD) are 0.3 and 0.3, respectively.
When a photomultiplier tube (PMT) is used as a detector, the quantum yield is 0.05. In
a rapid analysis, the detection is carried out every 0.6 s. This means about 19,000
photoelectrons have to be detected within this brief detection period. If the color selec-
tive detection is carried out, the number of photoelectrons will be much smaller be-
cause some of the fluorophore tags cannot be excited as efficiently as the above
estimations. The number of emitted photoelectrons also becomes much smaller if the
laser beam scanning irradiation is used.

1.2.2. Arrangement of Detectors
The duty cycle of the detection is determined by the ratio of the inner diameter of a

capillary and the length of irradiated region (= outer diameter × number of capillaries).
Consider the case of 100 capillaries with an outer diameter of 0.15 mm and an inner
diameter of 0.075 mm. If the duty cycle of the laser irradiation is 1/200 then the num-
ber of photoelectrons, which can be detected with a PMT coupled with a lens having a
large F value of 0.6, becomes approx 44. This can be improved by raising the laser
flux density until the photobleach of fluorophore occurs during the measurement
period. Generally, a fluorophore having an emission at a long wavelength region has a
small photobleach cross-section (27) and gives a large total emission before it is
 photobleached.

An efficient way of laser irradiation is the side-entry laser irradiation where a laser
is introduced from the direction parallel to the capillary array plane. By this configura-
tion, the laser irradiation efficiency increases by more than one order of magnitude
and an intense fluorescence emission signal can be obtained. Although the configura-
tion is good for procuring a high sensitivity, it is not easy to make this configuration in
a capillary array system, because the laser beam is scattered and diffracted by capillar-
ies and would not transmit easily through the array. There are two possible ways to
overcome the difficulty: a “sheath-flow” method and a “multiple-focusing” method as
explained later in this Subheading 2.3.

2. Materials
2.1. Capillaries

1. Capillaries are supplied from Poly-Micro Technology in Arizona (see Note 2).
2. For a sheath-flow system, the inner and the outer diameters of capillaries were 0.075 mm

and 0.20 mm, respectively. They are coated with black polyimid film to decrease the
fluorescence emission from the capillary edges.

3. For the on-column detection system, the capillaries have an inner diameter of 0.075 mm
and an outer diameter of 0.35 mm.

4. The black polyimid coat is removed in the irradiation area to create an optical window for
excitation and signal measurement.

5. Acrylamide is obtained from Gibco-BRL (NY). A crosslinked acrylamide gel (4% T, 5% C)
is produced in a capillary of 50 cm, at a low temperature of 10°C, and under high pressure
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to prevent the bubble formation in the polymerizing gel. The gel-filled capillaries are
then cut into 25 cm to be arrayed for DNA analysis (see Note 3).

2.2. Fluorophore Detection
1. In a CAE system the analysis of all four dideoxy-terminated fragment species must be

done in each individual electrophoresis lane because of the “capillary to capillary” differ-
ences in fragment migration. Consequently, four-color tagging of the fragments is used.

2. Generally the emission maximum wavelengths of fluorophores are very close to the opti-
mum excitation wavelengths, therefore one laser can excite only one fluorophore species
efficiently.

3. The energy transfer phenomenon can be used to improve the excitation efficiency for the
fluorophores, which have the excitation maximum far from the laser wavelength. Energy
transfer fluorophores increase the difference between the excitation maximum and the
emission maximum of fluorophores. Four energy-transfer dyes or “Big Dyes” from both
Amersham-Pharmacia Biotech and Perkin-Elmer-Applied BioSystems Division (PE-
ABD) respectively give twice the detection sensitivity of conventional color tags. DNA
sequencing samples are generated with the Sanger method DNA sequencing kits from
PE-ABD (Foster City, CA), or from Amersham-Pharmacia Biotech (Buckinghamshire,
England). The sequence fragment production is carried out according to the protocols
recommended by the manufacturers.

4. The sample injection is carried out electrokinetically; therefore, ionic components other
than the target fragments should be eliminated before the injection. The reaction products
are precipitated in ethanol followed by dissolution in formamide prior to injection.
Recently, Karger et al. (28,29) reported a method using poly(ethersulfone) ultrafiltration
membranes and spin columns to remove template and salt from the sequencing products.
This method improves both the amount of sample in each injection and the reproducibil-
ity of sequence runs.

5. As a high sensitivity is required for DNA band detection during CE, even the minor emis-
sion component, which has the same wavelength as those of fluorophores in an excitation
light source, should be eliminated. A band pass filter having the transmission wavelength
of the excitation light source is put on the laser source. This is useful in reducing the
signal background due to the scattering of the minor components in the light source.

6. A cooled CCD camera (TEA/CCD-1024EM/1, Princeton Instruments, Inc., Trenton, NJ)
is used with a focusing lens of F = 1.2 and f = 50 mm from Canon.

7. An image splitting prism coupled with four-color filters from Omega (Omega Optical,
Brattleboro, VT) is used to make four-color dotted-line images of the irradiated positions.
The transmission maximum wavelengths of the filters are 549, 567, 595 and 620 nm.

8. Fluorophore excitation is carried out with an argon-ion laser (488 nm, 20 mW, Spectra
Physics, CA), or a YAG laser (532 nm, 15 mW, Coherent, CA).

3. Capillary Array Instruments
There are two types of laser irradiation for detecting fluorescence in capillary array

instruments: a laser irradiation on columns of electrophoresis tubes and a laser irradia-
tion at a sheath-flow region (see Note 1). A capillary array instrument with a laser
scanning coupled with a confocal microscope technology has been reported by Mathies
et al. (10,11). In this system, a bundle of capillaries is placed on a moving stage of a
confocal microscope. Fluorescence is detected with four photomultiplier with color
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selective filters. The scan rate is 3 Hz. This type of capillary array instrument is com-
mercialized by Molecular Dynamics (Sunnyvale, CA).

Another type of irradiation is an expanded laser beam irradiation from the forward
direction of the capillary array plane, which has been proposed by Yeung et al. (16).
The signal detection is carried out with a CCD camera. The irradiation efficiency of
the method is not high because the total amount of irradiation per capillary is low.
Thus it requires a high power laser.

3.1. Side-Entry Laser Irradiation
The most efficient irradiation method is the “side-entry laser irradiation” where a

laser beam is introduced from the direction perpendicular to the capillary array plane,
to irradiate all the capillaries simultaneously (12–15,17,30). There are two types of
systems with the side-entry irradiation, “multiple on-column irradiation” and “sheath-
flow irradiation.”

3.2. Multiple On-Column Irradiation
The Fig. 3 shows the trajectories of a laser irradiating capillaries placed in various

conditions. When the centers of the capillaries are all positioned on one line with an
accuracy of 5 m in air, a laser beam can pass through all of the migration lanes in each

Fig. 3. The trajectory of a laser beam passing through multiple gel-filled capillaries. As the
refractive index of an acrylamide gel is smaller than that of a quartz capillary, the gel tube acts
as a concave lens which defocuses the laser beam. Only when the capillaries are placed in the
air, and the ratio of their inner and the outer diameters is smaller than 0.2, does a laser beam
pass through many gel capillaries without the beam becoming significantly defocused.
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of the capillaries. The multiple on-column irradiation system is very simple. However,
this geometry requires a precise positioning of capillaries in an on-column system. A
laser irradiates the gel through the capillary tube surfaces because a laser beam is
scattered and refracted by capillary tubes, which act as lenses that prevent the laser
beam from passing through all the capillaries. A laser beam can be focused repeatedly
by the capillaries if the ratio of the inner and outer diameter of the capillaries is less
than 0.2 mm. The attenuation of the laser power by the reflection at capillary surfaces
is about 5% per capillary and 20 capillaries can be irradiated without serious laser
power attenuation due to the reflection. The attenuation is reduced by putting all the
capillaries in water, or by having materials with the same refraction index as the cap-
illary tubes. However, the laser diverges because gel columns inside the capillaries act
as concave lenses, due to the refractive index of the separating gel being smaller than
that of the quartz capillaries.

Figure 4 shows a DNA sequencing electropherogram obtained with a side-entry
on-column irradiation system. The fluorescence detection is carried out with a CCD
camera with an image splitting prism coupled with four-color filters.

Figure 5 shows that the focusing property of the on-column irradiation system can
be improved by placing rod lenses made of quartz between every capillary (10). The
laser focusing is greatly improved and the laser attenuation by reflection at boundaries
is reduced. More than 50 capillaries can be irradiated without serious power attenua-
tion with a side-entry on-column irradiation in the system. Optical fibers placed
between the emitting points and the CCD camera can be used for the color selective
fluorescence detection instead of the image splitting prism. The detecting sensitivity
of the system is about 10–12 M of FITC-labeled DNA. This corresponds to about 1000
DNA molecules in one band.

3.3. Sheath-Flow Irradiation

Figure 6 illustrates a detailed schematic view of the sheath-flow cell and optical
detection system. The DNA fragments are separated in the gel-filled capillaries and
are then eluted from the ends of the capillaries into a buffer solution in an optical cell.
A sheath-flow is created in the cell to carry DNA bands to the laser-irradiated region
before they diffuse. The bands are laser irradiated and their signal emissions are
detected.

Figure 7 shows a schematic view of the sheath-flow instrument. One obstacle to
applying the side-entry irradiation through a capillary array is the presence of capil-
lary tubes themselves at the irradiated region. If the glass capillary tubes can be
removed, and the laser irradiation achieved through liquid alone then highly efficient
fluorescence excitation and detection can be realized. Sheath-flow technology removes
the capillary tubes from the irradiation/detection area to achieve highly efficient laser
irradiation and fluorescence detection in a capillary array system (12,13). The flow
solution is supplied from a buffer solution bottle placed 10 cm above the sheath-flow
cell and the flow is created by gravity.  The flow speed is about 0.08 mm/s, which is
almost comparable to the migration speed of DNA fragments through the gel matrix.
If the buffer flow speed is much faster than the speed of DNA migration in the gel, the
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Fig. 4. Electropherogram of DNA sequencing fragments obtained with a CAE system with a “multiple on-column irradiation” system.
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DNA concentration decreases in the sheath-flow signal detection region. In contrast a
very slow sheath-flow reduces the band resolution and also makes the flow unstable.

Figure 6 also shows the principle of the color separation by the image splitting
device. Fluorescence is emitted from each migration lane, which gives a dotted line
image on a CCD detector. To detect the fluorescence image color selectively, an image
splitting prism coupled with four-color filters is placed in front of the focusing lens.
One dotted line image is divided with the optics and the through-pass color filters to
produce the four-color images. The transmission wavelengths of the filters are
designed so as to pass the emission signals from the set of four fluorophores supplied
by PE-ABD. Such a capillary array analyzer with a sheath-flow is available from
Hitachi, and from Perkin-Elmer-ABD - Hitachi.

4. DNA Migration in a Gel
From the viewpoint of a rapid analysis, the optimum condition for a DNA analysis

is dependent on the target DNA sizes. The typical DNA base reading speed is about
500 bases/2 h; however, a much faster analysis is possible by optimizing the run con-
ditions in accordance with the target DNA sizes. There are two models for DNA frag-
ment migration, the Ogston model and the reptation model. DNAs are separated by
their sizes during passing through gel pores.

The way that DNA migrates in a gel is influenced by the size of the fragments. If
the size of a DNA is smaller than the pore size, rapid DNA migration and separation
analysis is possible by applying a high electric field. Figure 8 shows that for a DNA

Fig. 5. A schematic view of the “multiple on-column irradiation” system. The laser beam is
refocused by each of the rod lenses placed between each of the capillaries and a collimated
beam is maintained across the array.
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fragment smaller than 300 bases in a 6 cm long, 4% T and 5% C crosslinked acrylamide
gel can be analyzed with one base resolution in 5 min by using an electric field of
300 V/cm. In such a rapid analysis system, the exposure time of each fluorescence signal
is as small as 0.1 s, and a highly sensitive detection system is required. In contrast, such
a rapid analysis requires the reduction of the time necessary for prerunning the gel or in
preparing the gel, because the time spent on these activities is no longer negligible.

On the other hand, if the DNA fragment is larger than 300 bases, which is larger
than the pore size, and the DNA is stretched during migration, which causes a poor
resolution for DNA sizing. Therefore, a low electric field is preferable for separating
larger DNA fragments and consequently analysis time markedly increases compared
to the time necessary for short fragments.

5. Other Capillary Array Gel Analyses and Technology
CAE can be used for DNA band sorting, which is important for gene discovery and

gene hunting. There are at least two major gel methods, gel electrophoretic analysis
(31–33) and “DNA chip” analysis of DNAs (34,35) which have been used success-
fully for gene expression analysis and for clarifying the functions of genes. Gel elec-
trophoresis methods are still important for DNA fragment analysis such as “differential
display” and “amplified fragment length polymorphism” (AFLP) (31–33) because only
electrophoresis methods can analyze unknown DNA fragments by size. DNA frag-

Fig. 6. A schematic view of a part of the capillary array DNA analyzer system illustrating
the “sheath-flow” detection cell. DNA fragments are separated in the gel capillaries and are
then eluted from the anodic ends of the capillary into buffer solution in the sheath-flow cell.
The separated fragments are carried to the laser-irradiated region by buffer flow and are detected
without significant diffusion of the sample. Sheath-flow buffer exits the flow cell through drain
capillaries immediately adjacent to the anodic ends of each of the separation capillaries.
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ments expressed in a tissue exposed to one treatment may not be expressed in the same
tissue under another treatment regime. The differentially expressed mRNAs can be
detected by selective amplification techniques, such as AFLP. An example of differ-
ential display by AFLP methodology is shown in Fig. 9, in which two or more electro-
pherograms are compared and identify gene fragments that are expressed differentially
in the different tissue or treatments.

5.1. DNA Fragment Collection
In conventional gel electrophoresis, the DNA bands are cut out from the gel and

extracted to further analyze their DNA sequence. This is both time consuming and
labor intensive. However, DNA fragment collection can be done automatically by a
capillary analyzer with a sampling tray. Karger’s group (36) have reported the devel-
opment of such a fraction collector on a capillary gel electrophoresis instrument.

More recently, we have also developed a DNA fragment sorter, based on an
extension of the capillary array sheath-flow cell system (21). A schematic view of this
instrument is shown in the top panel of Fig. 10. The apparatus consists of a capillary
array DNA sequencer part, and a DNA fragment sampling part. Additional open
capillaries and sampling tubes to collect DNA bands are placed below the DNA separa-

Fig. 7. A schematic view of a capillary array DNA analyzer with a sheath-flow cell. DNA
fragments are irradiated in the sheath-flow region to produce a fluorescent, dotted-line image.
The fragment images are detected with a cooled CCD camera, coupled with an image splitting
prism and color selective filters.
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Fig. 8. A part of an electropherogram of DNA fragments obtained in a rapid mode. DNAs up
to 300 bases can be separated by one base in 5 min with a short gel-filled capillary.

Fig. 9. Electropherogram of tissue-specific cDNA fragments produced by the AFLP pro-
cedure (31–33). Several of the DNA fragments (238, 239, 240, indicated by arrows) are
differentially expressed in accordance with the treatment imposed on their tissues of origin.
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tion capillaries, interspaced with a connecting sheath-flow cell. DNA fragment signals
are monitored at the sheath-flow cell to control the movement of the sampling tray.

Two DNA fragment groups are labeled with different fluorophores. They are mixed
and analyzed by the CAE with a sheath-flow coupled with a crosslinked polyacryla-
mide gel as the sieving material. Reusable crosslinked polyacrylamide gel capillaries
are used because both ends of the capillaries are used, the inlet for sample injection as
well as the outlet for DNA band sorting, and there is no space to inject a replaceable gel.
The laser irradiation and fluorophore detection are carried out at the sheath-flow cell,
then a buffer solution including the desired DNA fragments is drained through open

Fig. 10. Illustration of an automated DNA fragment sorter (upper panel) with 16 capillaries
using sheath-flow detection with sample collecting trays and tubes. The DNAs separated and
eluted from the gel-filled capillaries are irradiated with a laser in the sheath-flow cell to emit
fluorescence and are detected. The fluorescence signal is used to control the drive of the sam-
pling trays to allow collection of individual DNA fragments. Sheath-flow buffer exits the flow
cell through drain capillaries immediately adjacent to the anodic ends of each of the separation
capillaries and carries the DNA fractions to the sample trays. Sixteen different trays are con-
trolled independently to target multiple DNA bands from different samples. The lower panel
demonstrates the purity of individual collected fragments, which are reamplified by PCR after
collection and electrophoresized.
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capillaries into collection tubes. This occurs when the signal balance of the two differ-
ent fluorophores changes to over a threshold value, and then an automated sampling
operation takes place. The electrophoresis buffer solution including any DNA bands is
captured in a plastic tube on a moving tray. The sampled DNA fragments are in low
concentration in the relatively large volume of electrophoresis buffer, however the
individual DNA fragments can be recovered by PCR and then identified by sequenc-
ing. This capillary gel electrophoresis system is very effective in sorting and recover-
ing individual DNA fragments (Fig. 10, bottom panel).

6. Notes
1. To further increase the number of capillaries in an array system, two-dimensional arrays

of capillaries are being developed. Mathies’s group (18) have reported a system having
1000 capillaries in one system, where all the irradiation points of capillaries are placed
upon a circle. Both the laser beam emitter and the photodetector are placed at the center
of the circle, and both instruments are rotated past the capillary array to irradiate the
capillaries and to receive the fluorescence emissions. Such ultra high-throughput CAE
systems will be very useful for both DNA diagnostics such as mutation detection and
genotyping or for drug discovery experiments.

2. A capillary can be used for at least five times for DNA sequencing if the crosslinked
polyacrylamide gel matrix contains urea. When a crosslinked polyacrylamide gel without
urea is used, such as if the analysis target is dsDNAs, then the capillary can be used at
least for a maximum of 30 times.

3. A high-throughput capillary array system is very useful for a rapid screening of many
DNA samples and this demands a fully automated instrument. In order to speed-up capil-
lary operations and to speed instrument turn-around between analysis runs, a replaceable
separation gel is superior to the fixed, reusable gel. At present, various different replace-
able polymers have been reported to be useful as sieving materials. The properties of
these different matrices are reviewed in reference (37).
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DNA Sequencing at Elevated Temperature
by Capillary Electrophoresis

Peter Lindberg and Johan Roeraade

1. Introduction

The human genome initiative (1–3) has spurred the development of analytical
instrumentation for high-throughput DNA sequencing. Originally carried out only in
poly(acrylamide) slab gels, DNA sequencing is currently to an increasing extent
performed in the capillary electrophoresis (CE) format, utilizing narrow bore columns
filled with a polymer sieving matrix (4). The advantages of the latter technique are the
analysis speed, the possibility of online detection and quantitation, as well as the ease
of automation, whereas the advantage of the former technique is the parallel capacity
of the gel slab. In order to obtain parallel capacity also in the CE format, capillary
array electrophoresis (CAE) systems have been developed in recent years (5–8), for
use in high throughput sequencing applications. Another less obvious feature of the
slab-gel systems is that the DNA separation is carried out at temperatures above ambi-
ent, due to the heat generated by the relatively large currents (compared to CE) that
are present in these systems during electrophoresis (9). Elevated temperature has
positive effects on the base calling accuracy, the analysis time, and the amount of
DNA sequence data that can be obtained from an electrophoretic separation (10). In
CE, the generally low currents generated and the efficient heat dissipation from the
column prevents any appreciable temperature rise during the analysis, so an external
heating source must be employed. A number of CE setups that have been designed to
operate at elevated temperatures are described in this chapter, along with some funda-
mental information on DNA sequencing, on the principles of CE, as well as on the
DNA structure and the formation of hairpin loops. The effects of elevated tempera-
tures on the polymer separation matrix and on the migration of DNA fragments are
discussed as well.
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2. Methods
2.1. DNA Sequencing According to the Sanger Protocol

1. The Sanger protocol (11) is currently the most frequently employed technique for the
preparation of DNA-fragment ladders for sequencing experiments. The technique utilizes
an enzyme, DNA polymerase, in order to replicate DNA from a template DNA strand.
The DNA template can originate from natural materials such as lyzed animal cells, plant
cells, or bacteria. Prior to sequencing, the target DNA sequence is isolated and amplified,
utilizing the polymerase chain reaction (PCR) technique (12).

2. A primer oligonucleotide is attached to the ssDNA template (Fig. 1A), followed by the
incorporation of the four deoxynucleotides (dATP, dTTP, dCTP, or dGTP) or one of
the four corresponding 2', 3'-dideoxynucleotide analogs (ddATP, ddTTP, ddCTP, or
ddGTP) into the growing complementary chain. The chemical structure of a dideoxy-
nucleotide is shown in Fig. 1B.

3. The occasional incorporation of, e.g., ddATP instead of dATP leads to the termination of
a particular chain. The random process eventually results in a ladder of differently sized
strands (Sanger fragments) that all terminate with ddATP. Four sets of Sanger fragments
that terminate with, respectively, ddATP, ddTTP, ddCTP, or ddGTP, are produced in
parallel reactions carried out in individual test tubes. The primer can be tagged with a
fluorescent marker (13) to facilitate optical detection by laser-induced fluorescence (LIF)
(14). When each set of Sanger fragments is analyzed by gel electrophoresis, information
on the positions of the bases (A, T, C, or G) in the DNA sequence is obtained (13).

4. In an improved sequencing procedure (15), the various dideoxynucleotides are tagged
with fluorescent markers that have different emission spectra. The four dideoxnucleotides
can now be added to the same reaction mixture, and the necessary number of analyses
that have to be carried out are reduced from four to one.

2.2. Capillary Electrophoresis
1. CE (16–21), is a development from the original slab-gel electrophoresis technique. In

CE, the separation is performed in a fused silica capillary column of typically 50–100 µm
id filled with a suitable buffer, such as a phosphate or a Tris-borate solution in the mM-
range. Due to the small cross-sectional area of the column, currents are low (in the
µA-range) and little heat is generated, even when electric field strengths of several hun-
dred V/cm are employed. The use of such elevated electric fields leads to short analysis
times (typically 30 min or less).

2. A schematic drawing of a typical CE setup is shown in Fig. 2. As can be seen in the
figure, the capillary column is connected to a high voltage supply via inlet and outlet
buffer vials equipped with platinum electrodes. A detector cell for UV-VIS absorbance or
LIF-detection is situated in the far end of the column, near the column outlet.

3. In order to inject a sample, the inlet buffer vial is temporarily substituted for a vial con-
taining the sample solution. A sample plug is introduced into the column by application
of a controlled pressure or a defined voltage for a certain period of time. The column is
repositioned into the buffer-containing vial and the voltage is reapplied. Under typical
CE conditions, i.e., capillary zone electrophoresis (CZE), all sample components, regard-
less of charge, are carried past the detection zone by a substantial electroosmotic flow
(22) that originates from charged silanol (SiO) groups on the column inner wall.

2.3. Sieving Polymer Matrices Used in CE
1. Capillary gel electrophoresis (CGE) (23) is a special mode of CE, in which the separation

column is filled with an in situ polymerized crosslinked or linear sieving matrix, such as



DNA Sequencing at Elevated Temperature 291

polyacrylamide (PAA). CGE is utilized for the analysis of charged biomolecules, e.g.,
DNA and SDS-treated proteins, which cannot be separated in free solution (24). In situ
polymerized polyacrylamide gel columns are very effective for DNA sequencing
applications (25).

2. However, when utilized repeatedly for the analysis of more or less impure samples, these
columns have a very short lifetime (26). Due to this problem, replaceable, low viscosity
polymer solutions (27) such as linear polyacrylamide (LPA), e.g., (28), poly(dimethyl
acrylamide) (PDMA) (29), or poly(ethylene oxide) (PEO) (30) have become more and
more popular as sieving matrices for DNA sequencing by CE.

Fig. 1A. A schematic outline of the Sanger protocol for DNA sequencing.

Fig. 1B. The chemical structure of a dideoxynucleotide.
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2.4. The Biased Reptation Model of DNA Migration
1. Three principal models exist that describe DNA migration in a polymer matrix, the Ogston

model (31), the reptation model (32), and the biased reptation (BRM) model (33,34).
2. The first model applies to DNA fragments that are within the same size range as the

average matrix pore, and pictures the migrating DNA as spheres of random coiled poly-
mer strands that are subject to the sieving action of the pores.

3. The second model applies for fragments that are larger (or considerably larger) than the
average matrix pore, and visualizes the DNA molecules as more or less elongated rods
that migrate head first through available pores in a reptile-like fashion (denominated as
reptation).

4. The third model, the BRM-model, describes the electric field effect on DNA fragments,
undergoing reptation. According to this model, the charged DNA fragments assume an
elongated conformation in the electric field. Size based separation can no longer occur
and the fragments start to comigrate in a single band. The BRM-effect on DNA migration
becomes most severe in the high-molecular-mass regime of the Sanger-fragment-ladder
and is adversely affected by high field strength. Generally, the electric field strengths that
can be employed for the large fragments are therefore restricted to 150–200 V/cm.

2.5. Secondary Structures in Single-Stranded DNA Fragments
1. A study of the nucleotide interactions in the dsDNA helix is helpful for understanding

how folded secondary structures, i.e., hairpin loops, are formed in ssDNA fragments (35).
The nucleotides, which are repeating units of the polynucleotide DNA chain, are com-
posed of a deoxyribose sugar unit, a phosphate unit, and one of the four bases adenine
(A), thymidine (T), cytosine (C), and guanine (G).

Fig. 2. Schematic of a typical CE setup.
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2. In the DNA helix, two polynucleotide chains are intertwined in a helical pattern, in which
the bases occupy the central region whereas the sugar-phosphate backbone is situated on
the outside. The bases on opposite chains form base pairs that stabilize the helix. As can
be seen in Fig. 3, (A) and (T) are connected by two hydrogen bonds, whereas the G-C
base pair has a stronger interaction with three hydrogen bonds.

3. An ssDNA fragment in solution is free to assume other conformations than the helical,
which facilitates the intramolecular interaction between nucleotides via hydrogen bond-
ing and the formation of secondary structures (36). This is especially true for fragments
with base sequences rich in the more strongly interacting bases (G) and (C) (37), as is
shown in Fig. 4. A DNA fragment that contains a hairpin-loop structure will migrate
faster through the gel matrix than an unfolded fragment that has identical base composi-
tion. Thus, the dependence of migration time on molecular weight is lost, and the inter-
pretation of the DNA base sequence from the position of the peaks in the electropherogram
becomes impossible. In the literature, this situation is referred to as a compression, e.g.,
(38), or the formation of compressed peaks.

Fig. 3. Hydrogen bonds between base pairs.
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2.6. Chemical Denaturation of DNA
In order to suppress compressions, urea and formamide are routinely utilized as

hydrogen bond disrupting additives to the gel buffer during the separation of ssDNA
fragments (39).

2.6.1. Urea
1. Buffer solutions with a very high urea concentration (7–8 M) are often utilized, which is

near the urea saturation point. A disadvantage with the use of these solutions is that urea
precipitation can occur, and subsequently, the precipitated salt can contaminate sensitive
surfaces on analytical equipment, such as optical components. Moreover, when replace-
able polymer matrices are employed for the separation, the use of large urea amounts
adds to the viscosity of the matrix, leading to a prolonged polymer refill-cycle (40).

2.6.2. Formamide
1. Formamide, which is a stronger denaturant than urea, is frequently added to denaturing

buffers to further increase the hydrogen bond disrupting capability (38–42). However, it
has been reported that the use of high formamide concentrations in gel buffers can lead to
increased separation times and reduced lifetime of polyacrylamide gels (38,41).

2. When G-C rich DNA sequences are analyzed, the use of chemical denaturants may not
totally prevent the formation of loop structures in ssDNA fragments (38), and it can be
necessary to carry out the separation at a temperature above the ambient.

2.7. Heat-Assisted Denaturation of DNA
1. Three principally different approaches have been utilized to provide a controlled heating

of the CE column during the separation of Sanger fragments. In the first approach, the
separation column is surrounded with a stream of temperature controlled, hot air (10,43–47).
In the second approach, a jacket, in which a temperature-controlled liquid is circulated,
encloses the column (40,48–53). In the third approach, the CE column (28,54–60), or the
separation channels of chip-based systems (46,61), is in contact with a heated solid surface.

2.7.1. Heated Air
1. Table 1A provides a review about the use of heated air devices, and some important

experimental parameters from a number of selected references are presented. The first
heated air device was described by Lu et al. (43), which utilized a commercial propor-
tional temperature controller (Model CTC-1A, Melabs, CA) to maintain a constant tem-
perature within a Plexiglas box that contained the separation column (43–45).

2. A similar device was constructed by Schmalzing et al. (46), which utilized a thermal air
cycler (manufacturer not stated) that was regulated by a temperature controller obtained
from Omega Instruments (Stamford, CT).

Fig. 4. The conformation of a folded and a nonfolded oligonucleotide. Reprinted from
ref. 37, pp. 307–321 by courtesy of Marcel Dekker, Inc.
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3. In Fig. 5, a heated air system constructed by Lindberg et al. (47), is depicted. The CE unit
consisted of a Plexiglas box with a high-voltage safety interlock and a high-voltage sup-
ply, (±) 0–30 kV, constructed from a Spellman CZE 100 (Plainview, NY) unit. The source

Fig. 5. Setup for CE at an elevated temperature utilizing a heated air stream. Reprinted
from ref. 47.

Table 1A
Review of Methods, in Which a Temperature Controlled Air Stream Is Utilized
for Heating the CE Column During the Analysis of Sanger Fragments

Running conditions Column parameters

ta Eb id/od lc Types of sieving
Reference (°C) (V/cm) (µm) (cm) matrices

H. Lu et al. (43) 25–50 ± 0.5 300 20/150 35 4% Td PAAe

in situ prepared
J. Zhang et al. (10) 60 ± 0.5 150 50/192 39 5% (w/v)f LPA

in situ prepared
D. Schmalzing et al. (46) 45 200 75/365 36 4% (w/v) LPA

replaceable
P. Lindberg et al. (47) 50 ± 0.1 200 50/375 40 (30) 10.9% T PDMA

in situ prepared

aAnalysis temperature data.
bElectric field strength employed.
cEffective column length (data on the length of the separation column that is situated within the

heated zone is given within parentheses).
d%T = (g acrylamide + g N, N'-methylenebisacrylamide)/100 mL solution.
eLongRanger™ gel (AT biochemicals, Malvern, PA).
f(w/v) = weight of polymer added to a specified volume of buffer solution.
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of warm air was a heating gun, Steinel HL 2002 LE from Germany. The gun had a built-
in electronic temperature control so it could be adjusted easily within the required tem-
perature range of 40–60°C. A polyurethane foam insulation tube was employed as a guide,
in order to establish a flow of hot air around the separation column. Pt-100 elements
positioned directly in front of the heating gun outlet as well as on the far end of the tube
were utilized for temperature monitoring with an accuracy of 0.1°C.

2.7.2. Heated Liquid
1. Table 1B provides a similar overview to that given in Table 1A, but describes CE devices that

employ a heated liquid jacket for providing a controlled elevated temperature during the analy-
sis of Sanger fragments. The first to utilize this approach was Ruiz-Martinez et al. (48). In this
design, the separation capillary was inserted into a stainless steel capillary column of 380 µm
id, which in turn was mounted within a surrounding water jacket. Fung et al. (40) also
employed a water jacket for temperature control. The jacket that held the capillary had an
internal diameter of 1 cm, and water from a thermostat-controlled bath was circulated at a rate
of 0.2 L/min. A liquid containing jacket has also been utilized for temperature control in
commercial CE equipment, e.g., in the P/ACE series from Beckman Coulter (Fullerton, CA)
(49,50,51) and in the Biofocus 3000 system from Bio-Rad Laboratories (52,53).

2.7.3. Solid-State Heat Exchangers
1. In the third approach to temperature control, the column is kept in contact with a solid-state

heat exchanger element (see Table 1C for summary). Such a design was first described
by Klepárník et al. (54).

Table 1B
Review of Methods, in Which A Liquid-Containing Heating Jacket Is Utilized
for Temperature Elevation During the CE Analysis of Sanger Fragments

Running conditions Column parameters

ta Eb id/od lc Types of sieving
Reference (°C) (V/cm) (µm) (cm) matrix

Ruiz-Martinez et al. (48) 32 250 75/360 18 (10) 6% (w/v)d LPA,
replaceable

Fung et al. (40) 35–65e 267 75/365 35 2.9% (w/v) PEO,
replaceable

Kargerf (50) 30 100, 175 75/375 20, 50 4% Tg, 5% Ch

PAA, in situ
prepared

aAnalysis temperature data.
bElectric field strength employed.
cEffective column length (data on the length of the separation column that is situated within the

heated zone is given within parentheses).
d(w/v) = weight of polymer added to a specified volume of buffer solution.
e2°C/min temperature programmed gradient.
fUtilized the Beckman Coulter P/ACE 5000 CE instrument (49), equipped with a LIF-detection

module.
g%T = (g acrylamide + g N,N'-methylenebisacrylamide)/100 mL solution.
h%C = g N,N'-methylenebisacrylamide/(g acrylamide + g N,N'-methylenebisacrylamide).
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2. A schematic of the column-heating element is shown in Fig. 6. A plug of heat conducting
epoxy (Norcure 228, Northern Labs, Greenwich, CT) was cast within a copper tube. Uti-
lizing a Teflon tube as a template during the casting process, the epoxy plug was fitted
with a centered cylindrical hole with a diameter of 380 µm that could contain a standard
fused silica separation capillary. Subsequently, when heated to a temperature above 35°C,
the epoxy resin expanded to a tight fit around the separation capillary. The expansion
process was reversible, and thus the resin loosened its grip upon cooling, which facili-
tated an easy replacement of the capillary.

3. The heat was provided by a Capton heating element, KH-108/2 (Omega, Stanford, CT)
attached to the copper tube utilizing a high thermal conductivity paste, Omegatherm 2000
(Omega) and Teflon tape. A platinum sensor F31052 (Omega) was attached in a similar
manner, and utilized for temperature measurements. A microprocessor controller, CN
76000 (Omega) facilitated temperature settings in the 25–100°C range. The authors sug-
gest that the Capton heating unit may be substituted for a peltier element, in order to
provide a more rapid cooling or to more easily create temperature gradients. In the Perkin-
Elmer ABI Prism 310 DNA Analyzer (60–63), the solid-state heat exchanging principle

Table 1C
Review of Methods, in Which a Solid State Device
Is Utilized for the Controlled Heating of the CE Column
During the Analysis of Sanger Fragments

Running
conditions Column parameters

ta Eb id/od lc Types of sieving
Reference (°C) (V/cm) (µm) (cm) matrix

Klepárník et al. (54) 25–60 250 75/365 30 (25) 3% (w/v)d LPA
replaceable

Schmalzing et al.e (46) 45 200 40 × 90f 11.5g 4% (w/v) LPA
replaceable

Liu et al.e (61) 35–40 150 50 × 130f 7g 3–4% (w/v) LPA
replaceable

Madabhushih (62) 42 160 50/360 40 6.5% (w/v) PDMA
replaceable

Xiong et al.h (63) 42 160 50/375 36 6% (w/v) PDMA
replaceable

aAnalysis temperature data.
bElectric field strength employed.
cEffective column length (data on the length of the separation column that is situated within the

heated zone is given within parentheses).
d(w/v) = weight of polymer added to a specified volume of buffer solution.
eA microchip was employed for the separation.
fDepth and width of etched channel structure in a fused silica wafer.
gThe entire microchip was heated.
hA Perkin-Elmer-Applied Biosystems CE instrument, the ABI Prism 310 Genetic Analyzer (60),

was utilized for the separations.
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is utilized as well, although in this case the separation capillary is positioned between a
heated plate and an insulated plate (60).

2.7.4. Heat Exchangers and Microfabricated Devices
1. Schmalzing et al. (46) employed the solid-state heating principle for temperature control

of a microfabricated chip device. The microchip was positioned on a temperature-con-
trolled alumina heater block. Alternately, Liu et al. (61) utilized a hollow aluminum plate
that is thermostat controlled by a constant flow of temperature controlled water, in order
to heat their chip device with microfabricated CE channels.

3. Results
3.1. Stability and Sieving Performance of the Polymer Matrix

1. Running at elevated temperature during the electrophoretic separation of Sanger frag-
ments can affect the polymer matrix, including the buffer components, in a number of
ways. First, chemical degradation of the sieving polymer can occur. Second, the sieving
properties of the matrix can change. Third, decomposition of denaturing buffer compo-
nents such as urea and/or formamide is accelerated. These temperature-induced effects
altogether set the upper limit of the temperature range that can be employed to ~60°C
(54). Additional data is listed in Table 1A–C.

3.1.1. Chemical Degradation of the Sieving Polymer
1. Polymers, e.g., polyacrylamide, which have pendant groups that are prone to hydrolysis,

can develop charged sites in the gel matrix and this is a problem that is likely to increase
at elevated temperatures (64). Righetti’s group (65) has suggested a number of N-substi-
tuted hydrolytically stable acrylamido monomers, which can be utilized for work at ele-
vated temperatures.

3.1.2. Changing Sieving Properties of the Polymer Matrix
1. Figure 7 shows schematic representations of a DNA molecule migrating through either

(A) a crosslinked gel, and (B) a linear polymer matrix (66). CE columns that contain an in
situ polymerized, crosslinked gel matrix cannot be operated at temperatures significantly
above room temperature without a serious degeneration of the matrix (23) with a few
reported exceptions (44,47).

2. On the other hand, columns that are filled with the more flexible linear polymer matrices
are much more tolerant to changes in the operating temperature (54). However, in a linear

Fig. 6. Setup for CE at an elevated temperature utilizing a solid-state heat-exchanging
device. Adapted from ref. 54.
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matrix, the pores are assumed to have a limited lifetime (67) that will be reduced even
further as the temperature rises and the friction between polymer strands is reduced. Also,
under these conditions, large analytes can distort the polymer mesh more easily through
the action of constraint release (34).

3. In order to conserve the sieving performance of the separation matrix as the temperature
is raised above ambient, it is a sound strategy to increase the molecular mass of the poly-
mers in the matrix and/or to increase the polymer concentration (68).

3.1.3. Decomposition of Chemical Denaturants
1. The chemical denaturants urea and formamide slowly decompose in solutions kept at

room temperature, and this effect is accelerated at temperatures above the ambient (26,54).
The charged decomposition products of formamide will increase the current during elec-
trophoresis (26,54), which can lead to increased problems with band-broadening due to
the formation of a steeper radial temperature gradient in the separation column (22).

2. Fung et al. (40) reported that the degradation products of urea in some way interacted with
the PEO polymer used in their experiments, resulting in reduced separation efficiency.

3.2. Effects of Elevated Temperature on DNA Migration
1. The use of an elevated temperature during electrophoresis is beneficial for the separation

of Sanger fragments in three different ways. First, compressions can be resolved. Second,
the analysis time is considerably reduced. Third, the length of DNA sequence that can be
read from the electropherogram can increase (see Note 1).

Fig. 7. A schematic, showing the structures of a crosslinked gel and a linear polymer matrix.
Reprinted from ref. 66.
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3.2.1. Resolved Compressions
1. Compressed peaks can generally be resolved by utilizing the combined denaturing effect

of hydrogen-bond-disrupting buffer additives and an elevated temperature.
2. An example of this effect is shown in Fig. 8, depicting separations of T-terminated Sanger

fragments from the bacteria Moraxella (47) performed with 10.9% T crosslinked PDMA
gel filled columns. The columns that contained 7 M urea, were employed for analysis at
25°C and at 50°C (upper and middle traces, respectively), and the lower trace depicts a
reference run at 50°C performed with a 10.9% T linear PDMA-column. Note, how the
severe compression of fragments 134 and 137 observed at 25°C (upper trace) has disap-
peared completely at the higher temperature.

3. Another example is depicted in Fig. 9 (54), showing sequencing data collected from the
analysis of a region of M13mp18 DNA. Columns are filled with a replaceable 3% (w/v)
LPA matrix containing 3.5 M urea and 30% formamide (Fig. 9A,C), or containing 7 M
urea (Fig. 9B). The compressions I and II shown in the figure that were present at 25°C
(Fig. 9A) were equally well resolved at 50°C utilizing either of the denaturant composi-
tions (Fig. 9B,C).

3.2.2. Reduced Analysis Time
1. An increase in the migration speed of Sanger fragments with increasing temperature have

been observed, both in linear (45,54) and crosslinked (44,47) polymer matrices, leading
to a substantial gain in analysis time.

Fig. 8. Examples of electropherograms that show separations of a DNA-sequencing sample
obtained from the bacteria Moraxella, at room temperature and at an elevated temperature.
Adapted from ref. 47.
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2. In Fig. 10 (45), this effect is illustrated with three close-ups of electropherograms depict-
ing separations of Sanger fragments performed in 5% (w/v) LPA at 20°C (upper trace), at
40°C (middle trace), and at 60°C (lower trace). Another example of this effect can be
seen in the upper and middle traces of Fig. 8 (47).

3. In the linear matrices, the increase in migration speed is associated with a reduced poly-
mer solution viscosity due to the decrease in frictional forces between polymer strands
discussed in Subheading 3.1.2. In the crosslinked matrices, the flexibility of the
covalently interconnected mesh cannot be expected to increase with increasing tempera-
ture to the same extent. Instead, an enhanced ability of the Sanger fragments to pass
through the rigid pores of the mesh due to a temperature induced change in DNA
persistence length, is a more likely cause to the observed migration speed increase (44).

3.2.3. DNA Reading Length
1. The DNA reading length is the number of bases of DNA sequence that can be identified

in an electrophoretic separation before the onset of biased reptation (see Subheading 2.4.).
The BRM-model predicts that a rise in the temperature employed during electrophoresis
will increase the thermal energy (and thermal translation) of the migrating DNA frag-
ments (33). The increase in thermal energy should counteract the electric field orientation
of the fragments and lead to an extended reading length.

2. The theoretical predictions have been shown to be correct for separations of Sanger frag-
ments in linear polymer matrices (45,54). However, when crosslinked gels were utilized,
the opposite effect, reduced reading lengths at elevated temperatures were observed both
by Lu et al. (44) and by Lindberg et al. (47). At present, the reason for the discrepancy
between theory and practice in the case of crosslinked gels remains unclear. It has been
suggested (44,45) that the mechanism of DNA migration in such matrices might differ
fundamentally from the mechanism of constraint release (see Subheading 3.1.2.) postu-
lated for linear matrices (34).

Fig. 9. Sequencing data collected from the analysis of a region of M13mp18 DNA performed
utilizing a 3% (w/v) LPA matrix, containing 3.5 M urea and 30% formamide (A and C), or
containing 7 M urea (B). The compressions I and II that were present at 25°C (A) were resolved
at 50°C using either of the denaturant compositions (B and C). Reprinted from ref. 54.
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3.3. Analysis of Sanger Fragments by CE at Elevated Temperatures
1. Table 2A–C depicts analysis time data and DNA reading length data which originate from

the various CE methods for the separation of Sanger fragments at elevated temperatures (see
Subheading 2.7.) listed in Table 1A–C. The reported data may not reflect the full-developed
potential of the different CE setups described, i.e., other combinations of polymer matrix,
analysis temperature, and electric field strength may lead to further improvements. Also, the
reading length data from various researchers are difficult to compare due to the lack of a
common reading length definition, and due to the use of more and less advanced base-calling
software programs in order to extract more information from raw sequencing data (10,56,59).
One suggested way is to define the reading length as being the DNA fragment size where the
resolution between adjacent peaks in the electropherogram, representing fragments that differ
only one base in size, drops below 0.5 (46,47,63).

2. However, the following conclusions can be made from the data presented in the Table
2A–C. The state-of-the-art in the separation of Sanger fragments may be represented by a
CE method that utilizes the following operating parameters:

Fig. 10. Examples of electropherograms that show separations of Sanger fragments obtained
from the DNA sequence M13mp18, performed in 5% (w/v) linear polyacrylamide at 20°C
(upper trace), at 40°C (middle trace), and at 60°C (lower trace). Reprinted from ref. 45.
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a. An elevated temperature of 50–60°C.
b. Moderate electric fields of 150–200 V/cm.
c. High molecular mass linear polymers.
d. A separation column having an effective length of 30–40 cm. An example that falls

within the state-of-the-art category is the separation of 640 bases in 120 min per-
formed by Zhang et al. (10), utilizing a column filled with 5% (w/v) in situ polymer-
ized LPA. Another example is the separation of 687 bases in 70 min by Klepárník et
al. (54), utilizing a 3% (w/v) replaceable LPA. Further examples are the separation of
600 bases in 110 min utilizing a 6.5% (w/v) replaceable linear PDMA matrix by
Madabhushi (62), as well as the separation of 660 bases in 110 min by Xiong et al.
(63) utilizing a linear 6% (w/v) linear PDMA matrix.

3. Very rapid electrophoretic separations of Sanger fragments have been performed at
elevated temperatures, utilizing microfabricated chip devices (46,61) (see Tables 1C and
2C). Recently, Liu et al. (61) demonstrated four-color DNA-sequencing up to 600 bases
after emergence of the primer within 20 min, on a 7-cm long channel filled with a 4%
(w/v) LPA matrix. The sequencing performance of this system is approaching the
performances of the above state-of-the-art CE-systems, at a much reduced analysis time
(see Note 2).

Table 2A
Separation Performance of CE Systems, in Which
a Temperature-Controlled Air Stream Is Utilized for Heating the Column

Reference Analysis time (min) DNA sequence reading length (bases)

Lu et al. (43) 51 517 (700)a

Zhang et al. (10) 120 640
Schmalzing et al.b (46) — —
Lindberg et al. (47) 120 303c

aThe DNA sequence out to 517 bases could be read directly from the electropherogram. Compari-
son of the electropherogram with the known DNA sequence led to an additional identification of frag-
ments up to 700 bases.

bData not reported.
c303 bases of the DNA sequence could be read with a resolution of 0.5.

Table 2B
Separation Performance of CE Systems, in Which
a Liquid-Containing Heating Jacket Is Used
for both Temperature Elevation and for Control

Reference Analysis time (min) DNA sequence reading length (bases)

Ruiz-Martinez et al. (48) 30 350
Fung et al. (40)a — —
Karger (50) 50 500b

aData not reported.
b500 bases of the DNA sequence could be read with a resolution of 0.5.
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4. Notes
1. Performing the electrophoretic separation of Sanger fragments at an elevated temperature

has a positive effect on the resolution of compressed peaks (47,54). Also, the reading
length can be increased, although the analysis time is reduced (45,54). However, care
must be taken not to operate at too high temperatures (above 60°C) for a prolonged period
of time, since the polymer matrix and the buffer components will degrade. Furthermore,
it is advantageous to utilize a linear sieving polymer of a type that is stable to hydrolysis,
e.g., N-substituted polyacrylamides (64,65).

2. Presently, CAE instruments for DNA sequencing that dramatically increase the sample
processing capacity are becoming commercially available, e.g., the, Perkin-Elmer-Applied
Biosystems 3700 DNA Analyzer (69). CAE microplates for DNA sequencing applica-
tions are currently under development (70). The next step will most likely be to equip
CAE-units for work at temperatures above ambient. We believe that the designs that uti-
lize a temperature controlled air stream (43–47) or a temperature-controlled heated plate
(46,54,60) should be the easiest to adapt for CAE-use, as the capillary array does not need
to be arranged within a specially dedicated heating jacket. However, optical components
can be affected, such as the alignment between the moving parts of a scanning LIF system
(5). Also, if heated air is employed, an air stream can easily stir up dust particles present
that could interfere with the light path of the laser beam. Thus, a number of critical factors
must be taken into account, which require some creative engineering in the design of
future large throughput sequencers.

A rapid development of commercial CAE-instrumentation has occurred after the
initial preparation of the manuscript. Also, more technical information has become
available from the instrument manufacturers. At present, in July 2000, several manu-

Table 2C
Separation Performance of CE Systems, in Which a Solid-State Device
Is Utilized for both Temperature Elevation and for Control

Reference Analysis time (min) DNA sequence reading length (bases)

Klepárník et al. (54) 70 687 (800)a

Schmalzing et al.b (46) 14 400c

Liu et al.e (61) 20 500 (600)d

Madabhushie (62) 120 600f

Xiong et al.e (63) 110 660g

aSingle base resolution was obtained up to 687 bases, but the DNA sequence could be read up to
800 bases and longer.

bA microchip was employed for the separation.
c400 bases of the DNA sequence could be read with a resolution of 0.5.
d500 bases of the DNA sequence could be read with a resolution of 0.5. The sequence could be read

up to 600 bases, utilizing base calling software.
eA Perkin/Applied Biosystems CE instrument, the ABI Prism 310 Genetic Analyzer (60), was uti-

lized for the separations.
f600 bases of the DNA sequence could be read with a resolution of 0.59.
g660 bases of the DNA sequence could be read with a resolution of 0.5.
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facturers, e.g., Amersham Pharmacia Biotech, Beckman Coulter, Inc., and Applied
Biosystems offer instrumentation that can operate at temperatures above ambient.
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DNA Sequencing in Noncovalently Coated Capillaries
Using Low Viscosity Polymer Solutions

Ramakrishna Madabhushi

1. Introduction
Capillary electrophoresis (CE) has become an alternative to slab-gel electrophore-

sis for DNA separations due to its many advantages such as speed, increased separa-
tion efficiency, requires minute amount of sample, and automation of sample loading
(1). Currently, high-throughput DNA sequencing is performed exclusively by slab-gel
electrophoresis coupled to fluorescence detection systems. However, slab-gel electro-
phoresis involves labor-intensive steps such as gel pouring, sample loading, and long
electrophoretic run times. These disadvantages reduce the overall throughput effi-
ciency of a slab-gel system making it less than ideal. One of the main goals of the
Human Genome and other large scale sequencing projects is to increase the through-
put rate with a commensurate reduction in the cost-per-base sequenced. A limitation
of CE has been that only one capillary could be run and monitored at a time, so that the
total experimental throughput is no better than with slower slab-gel system with mul-
tiple lanes. However, the recent introduction of the multiple capillary instruments,
such as the ABI Prism 3700 DNA Analyzer (2) and the MegaBACE (3), may have the
potential to meet the high throughput demand.

The two most important components for DNA separations by CE are the separation
medium and the capillary inner wall coating. Due to the historic use of polyacrylamide
for slab gels, crosslinked polyacrylamide gel-filled capillaries were used initially for
the separation of DNA sequencing reaction products by CE. However, gel-filled cap-
illaries are difficult to prepare without the formation of bubbles and have short lifetime
because of electroosmosis and capillary inlet fouling with template DNA (1). The use
of noncrosslinked sieving media instead of rigid gels has greatly enhanced the utility
of CE by eliminating the need to change the capillaries frequently. Instead, due to the
flowability of noncrosslinked solution, the medium can be replaced after each electro-
phoresis run by pumping fresh medium into the capillaries making the process more
convenient and economical (1).
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1.1. Capillary Surface Modification

The silica surface is rich in silanol groups and their ionization starts at around pH
3.0 and continues to beyond pH 10.0. Ionization of silanols results in the formation of
an electrical double layer near the surface boundary associated with a Zeta potential
(ζ). Under the influence of an applied voltage, the positively charged mobile layer
migrates toward the cathode, resulting in the phenomenon of electroosmotic flow
(EOF). EOF in a bare capillary is generally an order-of-magnitude higher than in
coated capillary and prevents DNA migration toward the anode; even low levels of
EOF can severely degrade resolution. Additionally, adsorption of analytes onto high-
energy surfaces such as silica degrades separation efficiency. Internal coatings of the
capillaries can reduce the surface potential as well as reduce the distance between the
analyte and the silica surface. This in turn reduces both the EOF and analyte-wall
interactions, and makes the separation possible. An equation was derived by Hjertén
(4) to quantify electroosmotic mobility (µEOF) for a coated capillary, integrating over
the viscosity with respect to potential.

µEOF = (ε/4π) ∫0
ζ dψ(x)/η

in which, ε is the dielectric constant, ψ(x) is the potential at a distance x from the
surface, and η is the viscosity at the interface.

There are several different approaches to exert control of EOF or to eliminate EOF,
and each method has some advantages and disadvantages (5,6). However, in all the
cases (except the application of a radial electric field), the techniques involve altering
the chemical properties of the buffer or the capillary wall to reduce ζ. For DNA sepa-
rations, capillaries coated with nonionic polymers are the most effective to suppress
EOF, by increasing the viscosity at the interface and to reduce DNA-wall interactions.
Covalently capping the surface silanols with small molecules may reduce the EOF
significantly, however, that approach is not good enough for increased separation effi-
ciency, which indicates that strong DNA-wall interactions continue to occur in the
absence of a surface polymer coating (7).

1.1.1. Covalent Coatings

There are several coating methods reported to achieve the surface modification of
silica (6,8). However, only notable references in the context of DNA sequencing are
discussed in this chapter. Hjertén’s method is the most popular covalent coating
method, in which the silica surface is first reacted with a bifunctional acrylic mono-
mer, 3-(trimethoxysilyl)propylmethacrylate, followed by graft polymerization with
acrylic monomer such as acrylamide (4). This results in polymer coating onto the
silica surface. Several groups have adopted this method and have successfully reported
DNA sequencing in polyacrylamide coated capillaries (9). These coated capillaries
however, have a short lifetime. Cobb and colleagues (10) developed coatings via
hydrolytically more stable Si-C bonds using a variation to Hjertén’s method. In their
procedure, the capillary surface is first treated with SOCl2 to generate Si-Cl groups
followed by a Grignard reaction with vinyl magnesium bromide to generate polymerizable
vinyl groups. Polymerization of acrylic monomers such as acrylamide with surface
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vinyl moieties results in a polymer coating. Polyacrylamide coatings made by this
method were reported to be stable for up to 110 sequencing runs (11), whereas more
than 400 runs were performed using poly([acryloylethoxy] ethyl glucopyranose) and
poly(bishydroxyethyl acrylamide) coatings (12).

Menchen and colleagues (13) demonstrated DNA sequencing using DB®-210 (J&W
Scientific, Folsom, CA) fluorocarbon coated capillaries. Whereas Carrilho et al. (14)
and Salas-Solano et al. (15) used poly(vinyl alcohol) (PVA) coated capillaries, which
are also commercially available from Beckman Instruments (Fullerton, CA). These
PVA coated capillaries gave more than 300 sequencing runs at elevated temperatures,
but required thorough washing with deionized water after 5 consecutive runs to main-
tain the efficiency of the column. In addition to that, these capillaries had to be washed
and filled with water for overnight storage (15).

Covalent coating methods require in situ synthetic steps which are sometimes cum-
bersome and are compounded by problems such as capillary fouling with reagents and
coating inhomogeniety (7,16). Furthermore, covalently coated capillaries are more
expensive than uncoated capillaries. Most importantly, these coatings have finite life-
time and are irreversible in practice, making it less than ideal for high-throughput
environment.

1.1.2. Noncovalent Coatings
Silica surface modification by polymer adsorption, a noncovalent method, is an

attractive alternative to covalent methods since it is simple, reversible in principle,
and involves no additional synthetic steps. This approach eliminates in situ polymer-
ization and offers the utilization of tailor-made polymers for surface modification.
The polymer solution needs to be simply flushed through the capillaries to coat them.
Alternatively, addition of small amounts of these coating polymers to other sieving
polymers allows the use of uncoated capillaries. The on-line repeated regeneration of
the capillary surface is an attractive feature for high-throughput instruments with
potential cost benefits.

Poly(ethylene oxide) (PEO) was utilized to adsorb onto highly acidified capillary
surface and 30 sequencing runs were performed in a single capillary by regenerating
the surface after every run with an acid wash (7). Poly(dimethyl acrylamide) (PDMA)
and polyvinylpyrrolidone (PVP) are also noncovalent coating polymers and were used
for DNA sequencing (9,17,18). These polymers suppress EOF and DNA-wall interac-
tions better than PEO due to their strong adsorption characteristics. At least 100
sequencing runs were performed in a PDMA coated capillary before surface regenera-
tion was required (9). A life time of 30 runs was reported for PVP-coated capillaries
applied for the separation of the D1S80 allelic ladder (19).

Since noncovalent coating by an uncharged polymer occurs via adsorption, coating
stability depends on the temperature, the pH of the medium, and the nature of the
polymer as well as the solvent. This of course, dictates the choice of a particular polymer
coating for a given set of separation conditions. The lifetime of the coating also depends
on the purity of the DNA sample as well as the amount of sample loaded. In this
chapter, we will deal primarily with the synthesis and characterization of PDMA for
its dual usage as a noncovalent coating material and a sieving matrix in DNA sequencing.
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2. Materials
2.1. PDMA Synthesis

All the chemicals are analytical grade reagents from Aldrich (Milwaukee, WI).
1. N,N-dimethyl acrylamide (DMA).
2. Ammonium persulfate (APS).
3. N,N,N',N'-tetramethylethylenediamine (TEMED).
4. Methanol.
5. Acetone.

2.2. DNA Sequencing
1. BigDye® terminator sequencing standard (PE Applied Biosystems, Foster City, CA).
2. 10X TAPS buffer with EDTA (PE Applied Biosystems).
3. Urea (Aldrich, Milwaukee, WI).

3. Methods
3.1. PDMA Synthesis

1. Distill the DMA under vacuum and collect the middle portion of the distillate. DMA
should distill at ~30°C under a vacuum of 0.1 mm Hg. Except for DMA, all the other
chemicals can be used as received (see Note 1).

2. Add 65 mL of methanol to 185 mL of deionized water and mix the solution in a screw-
capped Erlenmeyer flask.

3. Add 25 g of the distilled DMA (~24 mL) to the methanol-water mixture.
4. Bubble nitrogen gently through the mixture for at least 1 h (see Note 2).
5. Add 1.25 mL of the APS stock solution (made by dissolving 0.2 g of APS in 1.8 mL of

deionized water) to the methanol-water mixture.
6. Add 1.25 mL of TEMED stock solution (made by dissolving 260 µL of TEMED in 1.8 µL

of deionized water) to the methanol-water mixture.
7. Place a stirring bar to the mixture before capping the flask and continue polymerization

under stirring at room temperature for at least 24 h.
8. Precipitate PDMA by adding approx 600 mL of cold acetone (5–10°C) (see Note 3).
9. Decant the aqueous layer and air-dry the polymer for about 1 h to remove acetone.

10. Dissolve the polymer in 500 mL of water and freeze-dry it for storage.

3.2. Preparation of the PDMA Separation Medium
1. Add 3.6 g of urea to 6.4 mL of deionized water and 1 mL of 10X TAPS buffer and stir the

solution until the urea dissolves.
2. Add 0.5 g of freeze-dried PDMA to the buffer-urea solution and keep it gently stirred

overnight at room temperature. This should yield approx 10 mL of 5% (w/v) PDMA
solution with 6 M urea and 100 mM TAPS buffer (see Notes 4 and 5).

3.3. Sample Preparation, Electrophoresis, and Analysis
1. Add 40 µL of deionized water to the Big Dye DNA sequencing standard. Vortex this solu-

tion thoroughly, followed by denaturing at 90°C for 4 min and then place the sample on ice.
2. Take 10 µL of the DNA sample aliquot for electrokinetic injection.
3. Using ABI 310 Genetic Analyzer and the above PDMA separation medium in a 40 cm

long (effective length) uncoated capillary (50 mm id) perform electrokinetic injection at
60 V/cm and run at 160 V/cm for 2 h at 40°C (see Note 6).
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4. Reduction of both the urea concentration and the polymer concentration of the medium
will increase the speed of analyte separation. The approximate length-of-read (LOR) val-
ues for 6%, 4%, and 3% PDMA (120 kDa, with 6 M urea, 100 mM TAPS, and identical
electrophoresis conditions) were 635, 575, and 360 bases, respectively; and the run times
to the LOR were 85, 56, and 33 min, respectively (see Note 7).

5. High molecular weight PDMA (420 kDa) can be used at a concentration of 3% (w/v) to
achieve even better LOR (680 bases in 53 min) under identical separation conditions.
However, such solutions have higher viscosities (~10,000 cP) than expected (see Note 5).
Therefore, it is important that the user to select the concentration and molecular weight of
PDMA for a given separation, although keeping the viscosity to a moderate level. This
parameter together with urea concentration determines the speed of the run.

3.4. Column Maintenance
1. Finally, the stability of the polymer coating depends on the purity of the DNA sample and

the amount of DNA loaded. The capillary surface can be regenerated between runs by
washing consecutively with several column volumes of water, ethanol, and 1 N HCl. The
regeneration depends on the effectiveness of the washing protocol.

4. Notes
1. DMA should be purified by vacuum distillation to remove impurities such as inhibitor,

acrylic acid, and dimethylamine. Once distilled, the monomer should be stored in the
refrigerator to prevent polymerization. If acrylic acid is not removed from DMA, it will
copolymerize to give an ion-containing polymer. These ions will adversely affect on the
adsorption efficiency of the polymer and also increase DNA-wall interactions. The
mobility of the separation polymer increases due to the presence of carboxylate groups,
which could compromise the resolution of DNA analytes.

2. When purging the polymerization mixture with nitrogen, care should be taken to prevent
excessive evaporation of methanol as this could result in high molecular weight polymer.
The formation of high molecular weight polymer may not be desirable as the final viscos-
ity of the separation medium increases with increase in molecular weight for a given
concentration of polymer.

3. Under cold conditions PDMA precipitates from the acetone, however at room tempera-
ture, acetone is a solvent for PDMA. Only a high molecular weight fraction precipitates
readily from cold acetone and it may be quickly redissolved if the solvent is warmed.
Therefore, it is essential to use cold acetone to increase the yield of precipitated PDMA.
Alternatively, the solution may be freeze-dried to recover the PDMA after completion of
the polymerization reaction.

4. A simple way to measure the molecular weight of PDMA is by knowing its intrinsic
viscosity, [η]. The viscosity measurements were performed with an Ubbelohde viscom-
eter in water at 25°C and the viscosity average molecular weight (Mv) was calculated
using Mark-Houwink equation (9). Using the above polymerization protocol we deter-
mined the Mv of PDMA to be around 120 kDa.

5. The viscosity of the 5% (w/v) PDMA (120 kDa) separation medium measured by
Brookfield viscometer Model DV-II (Brookfield Engineering Laboratories, Sloughton,
MA) is approx 390 cP. Viscosity measurements were done at a shear rate of 3 rpm at
room temperature using small sample adapter and S18 spindle.

6. Low molecular weight PDMA (<100 kDa) coatings are not stable at 40°C and the thermal
stability of PDMA coatings can be improved by using high molecular weight PDMA (9).
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7. To quantitatively analyze resolution of the separation, selectivity per base and peak full
width at half-maximum (FWHM) can be plotted against base number (9) to get the
approximate LOR at a resolution value of ~0.6. Using the separation medium and the
electrophoresis conditions described in Subheadings 3.2. and 3.3., we achieved LOR of
615 bases in 75 min.
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Selective Primer Sequencing
from a DNA Mixture by Capillary Electrophoresis

Tao Li, Kazunori Okano, and Hideki Kambara

1. Introduction
DNA analysis methods have been greatly developed in the past 10 yr with the

progress of the Human Genome Project (1). In addition to rapid and high-throughput
DNA sequencers (2), various reagents (3), and sample preparation methods (4–5) have
been developed as well. In order to suit for large scale DNA sequencing, the following
methods have been proposed and widely applied in a sequencing facility: shotgun
method (6), nested deletion method (7), primer walking method (8), and modular
primer method (9).

In the shotgun method, a sample DNA is digested randomly by sonication, which
produces a set of fragments as shown in Fig. 1. Each fragment is then subcloned into a
plasmid vector for DNA sequencing analysis. The order of the fragments is deter-
mined by analyzing the overlaps of fragment sequences. Many fragments have to be
sequenced redundantly to determine the whole sequence. The base reading redundancy
is about 10, which means that 1 Megabase (Mb) of read is required to accurately deter-
mine a DNA sequence of 100 kilobase (kb). In contrast, the nested deletion method
produces an ordered set of fragments. Although the preparation of a set of such frag-
ments is very time consuming and labor intensive, the base reading redundancy is low.
The fragments are also cloned for DNA sequencing. The whole sequence is deter-
mined by confirming the overlapped sequences.

Currently, DNA sequencing by primer walking is easy because the desired oligo-
mers can be easily obtained from various commercial suppliers and a sequencing kit
containing labeled terminators has been commercialized (10). Because the sequencing
primers have to be synthesized each time, a time delay is always required for design-
ing and obtaining new primers. If a large “primer pool” is prepared prior to the
sequencing stages, the primer walking strategy is attractive. Obviously, an oligonucle-
otide longer than 10-mer is necessary to prime a DNA polymerase chain reaction
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(PCR). This means that almost 1 million primer species have to be prepared in advance
when a primer pool is used instead of synthesizing a primer each time. The use of a
prepared primer pool is very expensive and seems impractical. An alternative method
is the modular primer method, where a rather small number of hexamers are prepared.
Two or three hexamers are selected and combined to produce a longer primer for
sequencing. The preparation of a sequencing primer in the modular primer method is
fast and cost-effective. However, a hexamer pool consisting of about 3000 hexamers
still requires lots of synthesis.

With the progress of the automated DNA sequencer (11), DNA sequencing is
becoming a popular way for DNA analysis and is used in many laboratories. Cloning
(5) has been widely accepted as a DNA sample preparation method, however, it is
very time consuming and labor intensive. Although PCR amplification is becoming
popular, it can only apply to amplify several kilobase of DNA template. Thus, there is
still a great need to find and develop a suitable DNA sample preparation method for
easy and fast sequencing of large DNA regions and genomes.

1.1. Sequencing Without Subcloning
Here we will introduce an easy method suitable for sequencing a DNA in a size

range of several kilobases without subcloning. A set of prepared 16 primers is used
instead of thousands of primers from a pool of primers. Let us think about a case that
a 5 kb DNA sample is to be sequenced under a condition where the base reading length
for one sequencing operation is 500 bases. The best sequencing method will be to

Fig. 1. The principles of three sequencing strategies: shotgun method, nested deletion
method, and primer walking method. The shotgun method requires the sequencing of many
randomly chosen fragments to reconstruct the entire original sequence. The nested deletion
method requires making a set of ordered fragments, which is very labor intensive. The primer
walking method requires expensive primer synthesis for each walking step, and takes a lot of
time for the synthesis of each primer.
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digest the DNA into 10 fragments of 500–550 bp containing small overlaps, then to
sequence all fragments simultaneously, as shown in Fig. 2. After the sequencing data
is obtained, the fragment order will be determined by the overlaps between the
fragments.

Three key points are necessary to realize the above method. First, an appropriate
enzyme, which can digest DNA at about 500-bp intervals, should be obtained. How-
ever, such an enzyme with a precise interval between cutting sites is not available.
Fortunately, several different four-base cutters used individually, can approximately
mimic this pattern of cutting. Second, a method to pick out each individual fragment
species from a digestion mixture is required. A set of binary primers, where each binary
primer consists of a common part (i.e., a sequence to be introduced to the 3' termini of
digested fragments as a priming sequence) and a variable part (i.e., the two-base
sequence at the 3' terminal, AA, AC, …, TG, TT), is used to extract individual frag-
ments from a DNA mixture. Each fragment can be sequenced in parallel with a capil-
lary array DNA sequencer. Finally, a method to determine the order of fragments to
reconstruct the whole sequence should be developed.

The extraction of a fragment from a mixture, by selective complementary strand
extension with a binary primer, is the key technology used here. It is well known that
the extension of a complementary strand primer is very sensitive to formation of fully
annealed base pairing between the template and the primer at the 3'- terminus (12). If
there is a base mismatch between the 3' terminus of the primer and the template DNA,
the complementary strand extension of the primer will not occur (see Fig. 3). There-
fore, the complementary strand extension can be used to classify and extract a
fragment in a mixture according to the terminal base sequence of corresponding
binary primers.

Fig. 2. An ideal sequencing strategy. The least redundancy is expected from the viewpoint
of efficiency. When a DNA sequencing sample is about 5 kb, the best method will be to digest
the DNA into 10 fragments of 500–550 bp containing small overlaps. Then all the fragments
are sequenced simultaneously, followed by overlap sequence analysis to reconstruct the whole
sequence.
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1.2. PCR Amplification with Binary Primers
The principle of selective-PCR amplification of a DNA fragment in a mixture with

two binary primers is shown in Fig. 4. A DNA sample is digested with a four-base
recognition endonuclease, followed by ligation of oligomers at the fragment termini.
The oligomer sequence and the restriction recognition sequence can be used to form the
priming sites for the PCR amplification of the selected fragment. If a two-base sequence
is added to the 3'- terminus of the primer, only those fragments perfectly matching to
the selective primer can be PCR amplified within this mixture. If the sequence of the
oligomers ligated onto the fragment is the same at both termini, various combinations of
the binary primers would classify 136 (terminal) “groups” by selective-primer PCR. Thus,
if the number of fragments produced by the enzymatic digestion is less than 20, the number
of fragments occurring in any group will in most cases be zero, or one. By this means the
“PCR amplification with binary primers” can be used to selectively amplify (extract) a
single fragment from within a complex mixture of different fragments (see Note 1).

The application of binary primers for DNA sequencing was first demonstrated for
the sequence analysis of a fragment mixture (13). There a DNA sample is digested
with a restriction enzyme to produce five double-stranded fragments, which are di-
rectly sequenced by binary primers. Recently, the method has been modified for DNA
samples containing many more component fragments. In this chapter, a sample prepa-
ration method for DNA sequencing is described using binary primers and selective
PCR amplification of fragments in a DNA mixture (14,15). Any DNA fragment smaller
than 10 kb can be sequenced without subcloning using a small number of prepared
primers, instead of a large pool of primers or for the need to continually synthesize
new primers required by other methods of random sequencing.

2. Materials
1. A cloned human genomic DNA as sequencing template is supplied by the Human

Genomic Center (Institute of Medical Science, University of Tokyo, Japan).

Fig. 3. Principle of selective strand extension of a binary primer. The terminal base sequence
selection is used to classify and extract a fragment in a mixture according to its 3'-terminal base
sequence. A binary primer consists of a common sequencing (including an introduced oligonucle-
otide sequencing and four-base recognition site of a particular restriction enzyme) and a variable
2-base sequence at the 3' terminus (16 possible combination of two bases, AA, AC, …, TG, TT).
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2. Terminal deoxynucleotidyl transferase, pUC19 DNA, and T4 DNA ligase are obtained
from Takara (Otsu, Japan).

3. HhaI is from Toyobo (Osaka, Japan).
4. ThermoSequenase (4 U/mL, product no. US78500), ThermoSequenase dye-primer and

dye-terminator sequencing kit, Taq DNA polymerase, dNTPs and ddNTPs, and NAP-10 are
purchased from Amersham Pharmacia Bioteck (Amersham, UK).

5. The 7-deaza-dGTP is from Boehringer Mannheim GmbH (Germany).
6. The QIAquick spin columns are from QIAGEN GmbH (Hilden, Germany).
7. All other chemicals used are of analytical grade.
8. Oligonucleotides are synthesized by Sawady Technology (Tokyo, Japan) and by Nippon

Flower Mills Co. Ltd. (Tokyo, Japan).
9. Oligomers used for ligation reactions are:

a. For NlaIII, a pair of 5'-pACTGGCCGTCGTTT-3' and 5'-AAACGACGACGG
CCAGTCATGp-3'

b. For AluI, a pair of 5'-pACTGGCCGTCGTTT-3' and 5'-AAACGACGGCCAGTp-3'.
10. The sequences of binary primer sets used are as follows:

a. 5'-TCTCCTTTTTTTTTTTTTTCGCNN-3' (for HhaI).
b. 5'-AACGACGGCCAGTCA TGNN-3' (for NlaIII).
c. 5'-AACGACGGCCAGTCT NN-3' (for AluI). Here, NN is a two-base sequence pro-

duced by all possible combinations of four nucleotides, which is used to distinguish a
fragment in a DNA mixture by selective amplification in a PCR reaction (i.e., selec-
tive PCR). Nonlabeled binary primers, as well as Texas Red labeled binary primers
are prepared for this purpose.

Fig. 4. Principle of selective PCR amplification of a DNA fragment in a mixture. A template
DNA is digested by the restriction enzyme NlaIII followed by ligation of the linker oligonucle-
otide. The two-base sequence at the 3' terminus adjacent to recognition sequence is used as
selective bases in subsequent selective PCR.
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11. Thermocycler: DNA Engine Tetrad (MJ Research, Inc., Watertown, MA).
12. Fluorescence-image analyzer (FM-Bio 100; Hitachi Software Engineering, Yokohama, Japan.

3. Methods
3.1. Efficient DNA Sequencing Strategy for DNA of About 3 kb or Smaller

A pUC19 DNA (2.7 kb) is sequenced as an example. The size of this DNA template
is too long to be sequenced by one sequencing operation. By using a set of binary prim-
ers, the whole sequence is easily obtained. The flowchart of this sequencing strategy is
shown in Fig. 5. First, the DNA is linearized and it is then sequenced from both ends.
Then it is digested into small pieces with a restriction enzyme, followed by poly-A tail-
ing to make a priming site (poly A + restriction sequence) at which binary primers can
anneal. At first a binary primer is extended to make an “extended complementary strand”
of the corresponding fragment in a mixture. Although the binary primer cannot hybridize
to the intact DNA, the extended complementary strand" can hybridize to it and further
extend the strand along the intact DNA. Thus any “binary primer” can only hybridize to
a subset of the modified DNA fragments, and by application of PCR further extend the
primer strand along the selected DNA (restriction) fragment template to make one
complementary strand of the fragment, which is termed as “extended binary primer.”
Thus, the extended binary primer can anneal to a complementary locus on the original
template DNA and be used as a sequencing primer to sequence the intact DNA using
cycle sequencing. Dideoxynucleotides are added to a reaction mixture for sequencing
after the extended binary primer is produced. The binary primers are also used to deter-
mine the sequence of their respective complementary restriction fragment, whereas the
extended binary primers are used to determine the contiguous sequences. The contigu-
ous sequences together with the selected fragment sequences are used to reconstruct the
whole sequence of the template DNA.

3.1.1. Template and Sequencing Fragment Preparation
Initially, the template DNA is amplified by PCR reactions. More than 10 pmol of

amplified DNA is required to sequence a few kilobase DNA.

1. The PCR product (5 pmol) is digested with an enzyme, such as HhaI, followed by synthe-
sis of the poly-A tail at the 3' termini of the fragments.

Digestion of DNA with a four-base cutting restriction enzyme HhaI

Content Concentration Volume

DNA 76 fmol/µL 66 µL
10X buffer M (including in Kit) 25 µL
HhaI 12 U/µL 7.5 µL
H2O 151 µL

Total 250 µL

2. The mixture is incubated at 37°C for 1 h. The small components present in the product are
removed by gel filtration with NAP-10. About 1 pmol of the HhaI digestion product is
poly-A tailed at the 3' termini of the fragments, as follows:
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Fig. 5. Flowchart of the strategy for efficient DNA sequencing. Step 1, template DNA (about
3 kb) is sequenced from both ends to find cutting sites of a certain restriction enzyme. Step 2,
template DNA is digested into small pieces with the restriction enzyme followed by poly-A tail-
ing to make a priming site for the binary primers. Step 3, a fluorophore labeled binary primer is
extended to produce an extended complementary strand of the corresponding fragment in the
mixture. The extended binary primer is used as a sequencing primer to sequence the intact DNA. In
the presence of the intact DNA, the binary primers are used to determine the fragment sequence, and
the extended primers are used to determine its contiguous sequence. Step 4, the contiguous
sequences of the fragments are used to reconstruct the whole sequence of the template DNA.
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Poly A tailing of HhaI digested DNA fragment

Content Concentration Volume

DNA fragment 15 fmol/µL 66 µL
10X TdT-buffer 5 µL
CoCl2 20 mM 5 µL
dATP 100 mM 1 µL
TdT 25 U/µL 1 µL
H2O 22 µL

Total 100 µL

3. The mixture is incubated at 37°C for 1 h followed by gel filtration with NAP-10. The
amount of the recovered DNA fragments is about 1.6 µg. The recovered DNA fragments
are dissolved in 20 µL of H2O (~50 fmol/µL).

3.1.2. Selection of Primers for Sequencing
The selection of primers from a set of 16 binary primers is an important step in

preparing for sequencing of a fragment. A binary primer set of the form 5'-*TCTCC
TTTTTTTTTTTTTTTCGCNN-3' is used to carry out selective complementary strand
extension reactions, where * is a labeling fluorophore, Texas Red. CGC is a part of
the enzymatic recognition sequence (CGCG, HhaI), and NN is the possible two-base
sequences (16 in total). When a restriction enzyme other than HhaI is used, the
sequence CGC has to be replaced by the recognition sequence element corresponding
to that enzyme. The sequence of TCTCC is added to the 5' terminus of the poly-T
strand to increase the specificity of the primer. Since all the poly-A-tailed DNA frag-
ments in the mixture have the same terminals, it is difficult to distinguish perfectly
matched primer-template hybrids from partially matched ones by their hybridization
stability, because the only difference is at the two terminal bases. However, fully
annealed primers can be distinguished by using complementary strand extension reac-
tion, which is very sensitive to the base mismatch at 3'-terminus of a primer. The
reaction occurs only when the two terminal bases of the primer are complementary to
the corresponding DNA fragment sequence (see Fig. 3). The complementary strand
extension of each binary primer is carried out after being hybridized with a digestion
mixture. The digestion mixture is divided into 16 fractions after poly-A tailing, each
fraction containing 25 fmol of the fragment mixture. The process of binary primer
extension reaction is as follows:

1. Adding 0.5 µL (0.5 pmol/ µL) of each of 16-binary primers to 0.2-mL tubes, respectively.

DNA fragments 50 fmol/µL   8 µL
10X ThermoSequenase buffer   4 µL
ThermoSequenase 4 U/µL   4 µL
H2O 24 µL

Total 40 µL

2. Divide the above reaction mixture into 16 tubes of 2.5 µL each and then cover with mineral oil.
3. Incubating at 90°C for 1 min followed by adding 1 µL of dNTPs (1 mM each of dATP,

dCTP, 7-deaza-dGTP, and dTTP).
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Thermal cycle 5 times

94°C 30 s
66°C 30 s
72°C 60 s

An annealing temperature of 66°C is critical to allowing DNA strand extension of a fully
annealed binary primer although preventing any extension from a primer that is not fully
annealed at the 3'-terminus. Cyclic DNA extension reactions performed at an annealing
temperature lower than 66°C frequently produce false positive products, especially from
binary primers with 3'-termini of primer–GA or primer-GC (17).

4. The extended primer products are analyzed by gel electrophoresis as shown in Fig. 6. The
number of fragments, their sizes, and the two-base sequences adjacent to the cutting sites
of the fragments can be obtained from the electropherograms. There are 32 peaks observed
in the electropherogram (summarized in Table 1). The total length of all the detected
products is about 2.3 kb, which is close to the original DNA size.

5. Size separation of the extension products is necessary prior to sequencing, as several
peaks are often produced from a single binary primer. This is seen for example with
primer-TC in Fig. 6. The extension products are fractionated into four “size groups” by
excising individual DNA bands from a 2% agarose gel (20 cm × 15 cm × 0.5 cm run at
2 V/cm) as shown in Fig. 6. The groups are chosen such that each group does not contain
more than two fragments produced from any one of the 16 primers. Consequently, each
fragment can be sequenced independently and directly from the mixture by using the set
of 16 binary primers.

3.1.3. DNA Sequencing of the Fragments
1. All DNA sequencing reactions are performed using a ThermoSequenase dye-primer

sequencing kit (Amersham, UK), under the condition recommended by the manufacturer.
As shown in Fig. 7, DNA sequencing is carried out firstly from both ends of the intact

Table 1
The Summary of Fragments Appeared in Fig. 6
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DNA, being the regions indicated as (1) and (2). Usually 600–700 bases can be readily
sequenced in each operation, and HhaI cutting sites which appear in the sequenced regions
are identified using computer software in order to identify the fragments for the next
sequencing operations.

2. HhaI terminated extension fragments numbered 1, 2, 3, and 5, which are shown in Fig. 6,
are not observed in the two sequenced regions (1) and (2), shown in Fig 7. So these
fragments are chosen as the next sequencing targets. In addition, fragment 4 is sequenced
to find out the fragments adjacent to the sequenced region (1), as shown in Fig. 8. The
fluorophore-labeled binary primers are added to the reaction mixture which is to be
extended to generate “extended binary primers.” The extended binary primers act as
“unique” sequencing primers by hybridizing to the intact DNA, but not to the polyA-
extended restriction fragments, the DNA sequence from both the fragments and the adja-
cent regions in the intact DNA can be obtained simultaneously from the same mixture, as
shown in Fig. 8. It can be seen that the fragments 4 and 5 are connected through two small
HhaI fragments. Using the sequence information of adjacent fragment from the read out of
the “extended binary primer,” the sequences of the small connecting of fragment are
obtained, allowing the entire sequence of the whole fragment to be reconstructed, as shown
in Fig. 9.

Fig. 6. Electropherograms of the complementary-strand extension products initiated from
16 different primers. The selective two-base NN of primers, 5'*TCTCCTTTTTTTT
TTTTTTTCGCNN-3', are indicated. Pairs of fragments appear as the same size, which indi-
cates that they represent the complementary strands to each other from one restriction frag-
ment. The extended products are fractionated into four groups (numbered 1, 2, 3, and 4)
followed by gel electrophoresis. The fragments belonging to one group have different terminal
base sequences NN, which permit them to be independently sequenced.
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Overall, this binary primer sequencing strategy requires a large amount of template DNA,
because each of the sequencing reaction mixtures should contain the intact original tem-
plate DNA, in addition to the tailed-restriction fragments.

Fig. 7. The cutting sites of HhaI appear in the terminal sequenced region of the model tem-
plate. Fragments 1–6 correspond to those shown in Fig. 6.

Fig. 8. DNA sequencing base-calling of fragment 4 and its adjacent region obtained with
primer-TC. An intense peak appears at the position corresponding to the fragment size (fragment
4 terminal). The binary primer gives the sequence information of the corresponding DNA frag-
ment, and simultaneously the extended binary primer gives the contiguous sequence information
beyond the cutting site. By base reading beyond the cutting site, the connection of the fragments
is clarified. In this case, fragment 4 is connected with fragment 5 through two small HhaI digested
fragments.
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3.2. DNA Sequencing Strategy Using Template Size-Reduction
Another simple sequencing strategy for DNA fragments of several kb is shown in

Fig. 10. A longer human genomic DNA fragment (~3.8 kb) is used as an example.
Firstly, DNA sequencing from both termini is carried out with a long base reading
DNA sequencer where 700–1000-base sequence is determined in one sequencing
operation. Restriction enzymes sites occurring in the sequenced terminal regions are
found with a computer program. Then the template DNA is digested by a restric-
tion enzyme, such as NlaIII (CATG). After the digestion, a linker oligomer
(5'-pTTTGCTGCCGGTCA-3') is ligated to the 3' termini of digested fragments, which
introduces a (common) priming sequence to the fragments. Consequently, each binary
primer of an appropriate set, based on the selection by two-base sequence at its 3'
terminus, can hybridize to one terminus of a selected fragment to produce the comple-
mentary strand. The primers are extended and the products are analyzed by gel elec-
trophoresis to identify their sizes and the two terminal bases of the annealing primer.

The NlaIII sites, observed in the sequenced terminal regions, are selected as the
priming sites for a second PCR amplification. The fragments adjacent to these cutting
sites are used as template DNAs for the second PCR. Two binary primers (e.g., primer-
AC and primer-CT), that can hybridize to the selective fragments respectively, are
added to the digestion mixture to produce the corresponding complementary strands.
Although the binary primers cannot hybridize to the intact DNA under stringent
annealing conditions, the extended primers can hybridize to the intact DNA. In the
presence of intact DNA fragment, the extended primers are extended to the termini of
the intact DNA, which are the size-reduced template DNAs being used for the second
PCR. The size-reduced template DNA is amplified by PCR with a binary primer and
one universal primer (5'-TGTAAAACGACGGCCAGT-3' or 5'-CAGGAAA CAGCT
ATGAC-3') (see Note 2). These PCR products are analyzed by agarose gel electro-

Fig. 9. Reconstruction of the whole sequence by overlaps of fragment and by alignment of
adjacent sequences. The fragments 1–6 correspond to those shown in Fig. 6. The base reading
redundancy is as small as 1.3 per strand. As all the sequencing operations can be carried out
simultaneously, this method is very efficient in terms of both time saving and cost saving.
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phoresis, as shown in Fig. 11. A gel extraction step is usually used to separate and
purify the template DNAs before sequencing because a binary primer frequently
matches to several fragments in the reaction mixture. This produces nested PCR prod-
ucts. Each extracted fragment (having size difference over 200 bp) is amplified again

Fig. 10. Principle of template DNA size-reduction sequencing strategy. Step 1, DNA
sequencing from both termini is carried out with a long base reading DNA sequencer. Restric-
tion enzymes sites in the sequenced regions are identified with computer software. Step 2,
template DNA is digested with NlaIII (CATG!). Step 3, a linker oligomer (5'-TTTGCTGCC
GGTCA-3') is ligated to the 3' termini, which become the priming sites for 16 binary primers.
Step 4, the extension of the corresponding binary primer is carried out. The binary primer
matching to one DNA fragment is extended. Step 5, PCR amplification with the extended binary
primer and the universal primer are used to produce the size-reduced template DNAs for the next
sequencing steps.
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by PCR for sequencing. This is effective for sequencing a template DNA longer than
2.0 kb. Because sequencing from various positions of the intact DNA is possible by
using these products. If there is still nonsequenced regions in the sample, the process
to make a size-reduced template DNA is repeated using a different restriction enzyme
and an appropriate binary primer set, until the whole sequence is determined. This
strategy is similar to the strategy described in Subheading 3.1. in which the extended
primers act as sequencing primers. However, in the present strategy the extended primers
act as primers to amplify the second template DNA (i.e., the reduced template DNA).

3.2.1. Digestion of DNA with a Four-Base Cutting Restriction Enzyme NlaIII
The protocols used for digesting DNA with NlaIII are as follows:

Content Concentration Volume

~3.8-kb DNA 41 ng/µL 25 µL
10X Buffer K (Promega) 10 µL
NlaIII (CATG!) 10 U/µL 4 µL
Distilled H2O 61 µL

Total 100 µL

Fig. 11. Electropherogram of PCR products with extended binary primers and universal
primers. The DNAs are produced by PCR amplification with the binary primer-AC and reverse
primer (lane 1), and with binary primer-CT and forward primer (lane 2), respectively. Multiple
fragment bands appear in the gel lanes, which are caused by multiple pairing between the binary
primer and the fragments in DNA mixture. These products are recovered by a QIAquick gel
extraction kit and used as templates for sequencing.
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1. The above mixture is incubated in a 0.5-mL microcentrifuge tube at 37°C for 3 h or more
to complete the digestion reaction.

2. The products are heated at 65°C for 15 min to inactivate the restriction enzyme. The
restriction products are then recovered by precipitate in ethanol.

3. The sizes of the digestion products are analyzed by electrophoresis in a 2% agarose gel,
which is stained with 0.5 µg/mL ethidium bromide.

3.2.2. Ligation of Linker Oligomer to the 3' Termini of Digest Fragments
1. A linker oligomer (5'p-TTTGCTGCCGGTCA-3') stock solution of 100 pmol/µL is ligated

to the digested fragments. The ratio of the digestion mixture to the linker oligomer is
1:100.

2. The mixture is incubated at 70°C for 5 min to denature the template DNA. The mixture is
allowed to stand for 5–10 min to cool to room temperature. T4 ligase (Toyobo, Japan) in
a solution half of the volume of the reaction mixture is added into the reaction tube and
the ligation is carried out at 16°C for at least 16 h (overnight).

3.2.3. Strand Extension from a Binary Primer
1. To confirm the sizes and terminal base sequences of digested fragments, a fragment analy-

sis is carried out on single-strand extension products from binary primers labeled with
Texas Red. The components of the extension reaction mixture are:

Premixture used for 16 different tube reactions

Digested mixture (10 fmol/µL) 15 µL
Reaction buffer (ThermoSequenase, Amersham kit) 8 µL
ThermoSequenase (4 U/µL) (enzyme:buffer = 1:7) 5 µL
Distilled H2O 22 µL

Total 50 µL

Reaction mixture in 1 tube:

Above mixture 3.0 µL
dNTPs (0.1 mM each) 1.0 µL
Selected binary primer (1 pmol/µL) 0.4 µL

Total 4.0 µL

2. The thermo-cycle reaction is: commence at 94°C by adding 1 µL of dNTPs (0.1 mM
each). Then carry out 5 cycles of 94°C for 30 s, 68°C for 30 s, and 72°C for 1 min. The
products are purified by a QIAquick spin column (QIAGEN Inc., Germany).

3.2.4. PCR Amplification for Template Size-Reduction
1. For PCR reactions, a universal primer (5'-TGTAAAACGACGGCCAGT-3' or

5'-CAGGAAACAGCTATGAC-3') is added to the reaction mixture to help the extension
of extended binary primers on the intact DNA template.

2. Although a binary primer cannot hybridize to the intact DNA, the extended primer can
act as a primer for the intact DNA. It can extend further together with the universal
primer to make the second template DNA (i.e., size-reduced template DNA) in the
reaction mixture.
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3. PCR reaction mixture:

Content Concentration Volume

Intact DNA 6 fmol/µL 0.6 µL
PCR primer 10 pmol/µL 0.6 µL
10X Taq polymerase reaction buffer 5.0 µL
dNTPs 2.5 mM each 4.0 µL
Ex-Taq (Takara) 0.2 µL
Distilled H2O 40 µL

Total 50 µL

4. The PCR thermal amplification cycle is the following: 35 cycles of 94°C for 30 s, 68°C
for 30 s, and 72°C for 60 s. The PCR reaction commences, with the tubes at 94°C in a
DNA Engine Tetrad, upon the addition of 0.125 U of Ex-Taq polymerase.

5. The resulting PCR products are subjected to gel electrophoresis in a 0.7% agarose gel
saturated by 0.5 µg/mL ethidium bromide, with 40 mM Tris-acetate, pH 8.0, 1 mM EDTA
(see Fig. 11). The fragments are analyzed with a fluorescence-image analyzer (FM-Bio
100, Hitachi Software Engineering, Yokohama, Japan).

6. A dye-terminator cycle sequencing kit (ABI BigDye) is used with the protocol suggested
by the manufacturer. The process is repeated until the whole sequence is determined.

3.3. DNA Sequencing Strategy by Overlapping Fragments Produced
with Two Different Restriction Enzymes

This third strategy uses overlap analysis, just like in the shotgun cloning and
sequencing method. Multiple sets of binary primers are used to selectively amplify
fragments. We demonstrate this sequencing strategy using a 8.7-kb DNA from the
human genome. The DNA is independently digested with two different four-base
restriction enzymes, such as NlaIII and AluI, to produce two groups of fragments.
The size distribution of the fragments depends on the enzymes. Generally, the restric-
tion sites of four base cutters, such as AluI, HaeIII, HhaI, MboI, and NlaIII, appear to
be random when used alone or in combination, and are thus suitable for this strategy.
The sequence analysis of many small fragments is not desirable if the analysis time is
to be minimal. Therefore, determining the size of the digestion products of the different
enzymes is an inexpensive procedure, which is useful for subsequent efficient sequencing.

Oligomers are ligated at the termini of the restriction fragments to create priming
sites for binary primers. Ethanol precipitation is utilized to remove any very small
restriction fragments from the mixture. Complementary strand extension reactions with
16 binary primers are carried out with the digested fragments. These extension products
have fluorophore tags and the same sequences as the selective fragments. Figure 12
shows the analysis of these single-strand extension products. This strategy analyses
extension products instead of the digested fragments by gel electrophoresis. Pairs of
the same size peaks appear in different binary primer lanes of the electropherogram,
with each pair indicated by the same number. These product pairs are complementary
strands to each other, extended from each end of the appropriate restriction fragment.
Thus, each dsDNA fragment can be amplified with the corresponding pair of binary
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primers. For example, fragment “1” is selectively amplified by PCR with the binary
primer-AG and primer-GG. There are 21 fragments of over 120 bp appearing in the
electropherogram (see Fig. 12), which are to be sequenced. The total coverage
sequence of these fragments is 70% of the whole sequence. The sequencing operations
are carried out simultaneously for the fragments in the two groups. The overlaps are
investigated for reconstructing the whole sequence. The result is shown in Fig. 13.
There are four contigs, which almost cover the whole sequence of the intact DNA. The
first and the fourth contigs are found to be the terminal contigs, by reference to the
initial terminal sequence analysis of the intact DNA. Although there are two possible
configurations of the remaining contigs [case 1 and case 2], the order of the contigs [2]
and [3] can be determined by sequencing the intact DNA with extended complement
strand as sequencing primers, which described in the efficient DNA sequencing strat-
egy. The correct order of contigs [2] and [3] was found to be as shown in case [1].
Meanwhile, the gap sequences are easily sequenced using the small fragments, close
to the gaps, as sequencing templates. This protocol is described as the template DNA
size-reduction sequencing strategy, see Subheading 3.2. The protocols of this strat-
egy are described in Subheading 3.3.1.

Fig. 12. Electropherograms of the complementary strand extension products from 16 binary
primers. The templates are the fragments obtained by digesting an 8.7-kb human genomic DNA
fragment with NlaIII. All the fragments are classified into 16 groups through complementary
strand synthesis with binary primers. Pairs of fragments with the same lengths appeared which
indicate that they are complementary strands to each other from one fragment, except for the
fragments indicated with * that cannot be resolved by the gel electrophoresis.
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3.3.1. Ligation of Oligomers
1. 0.5 pmol of sample DNA (smaller than 10 kb) is digested with 40 U of NlaIII (cutting at

3' site of CATG).
2. The restriction fragments (400 fmol) are treated with alkaline phosphatase.
3. The restriction fragments are ligated using 1400 U of T4 DNA ligase with 80 pmol of

linker oligomer (5'-pACTGGCCGTCGTTT-3') supported with 32 pmol of helper oli-
gomer (5'-AAACGACGGCCAGTCATGp-3').

4. The phosphate residues are introduced into the 5' and 3' ends of the oligomers to prevent
oligomer-oligomer ligation.

5. The ligation products are purified with QIAquick spin column to remove free oligomers.
6. Ethanol precipitation or gel filtration with NAP 10 columns is carried out to remove small

fragments from the mixture.

3.3.2. Strand Extension of Binary Primers and Gel Electrophoresis Analysis
1. The ligated fragments are mixed with 4 µL of ThermoSequenase buffer (260 mM Tris-HCl, pH

8.5, 65 mM MgCl2 and 4 µL of ThermoSequenase (4 U/µL), which are divided into 16 fractions.
2. 0.5 µL of one of the 16 different fluorophore labeled binary primer (0.5 pmol/µL) and 1 µL

dNTPs (0.2 mM each of dATP, dCTP, 7-seaza-dGTP, and dTTP) are added to each frac-
tion at 90°C.

3. Strand extension is performed using 5 thermal-cycles of: 94°C for 30 s, 70°C for 30 s, and
72°C for 60 s.

4. The extended binary primer products are analyzed by gel electrophoresis to determine the
fragment sizes and their terminal two-base sequence adjacent to the cutting sites, as shown
in Fig. 12.

3.3.3. PCR Amplification of each Fragment
1. Each DNA (restriction) fragment can be PCR amplified with the appropriate pair of cor-

responding binary primers.

Fig. 13. Connection map of the contigs for an 8.7-kb DNA sample. The contigs can be easily
connected using the efficient DNA sequencing strategy. The contig 1 and 4 are contributed to
the terminal sequence of the DNA sample. The contig 2 and 3 can be assembled in case [1] or
case [2]. It is proved that case [1] is the correct order of the contigs by sequencing the intact
DNA with digested fragments as sequencing primers. There are 3 gaps observed in the map,
which can be easily sequenced by the reduced template DNA sequencing strategy.
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2. For example in Fig. 12, fragment 1 is selectively amplified by PCR with the binary primer-
AG and primer-GG.

3. The reaction mixture (50 µL) contains 0.125 U of Taq-DNA polymerase and 5 pmol of
the binary primers.

4. The thermal amplification cycle is carried out for 35 times at: 94°C for 30 s, 66°C for
60 s, and 72°C for 60 s. The annealing temperature is a little higher than that in a conven-
tional PCR. However, it is useful to obtain a large fragment as the dominant PCR product,
as two or more fragments can be amplified with the same pair of primers. The PCR
products are checked by 2% agarose gel electrophoresis and stained with 0.5 µg/mL
ethidium bromide.

4. Notes
1. The strategy of “selective complementary strand extension” is very useful for classifica-

tion and for the isolation of a specific fragment from a DNA mixture. This is also applied
to the analysis of a DNA fragment mixture that includes too many fragment species to be
analyzed in an electropherogram at one time. The complementary strands of these frag-
ments are produced with fluorophore tagged binary primers, which classify the fragments
according to their terminal base species. Each subgroup then contains a much smaller
number of component fragments than those in the mixture, which simplifies individual
sequencing procedures. This makes it possible to analyze the mixture by breaking it into
component elements. It should be noted that when the fragments are amplified by PCR
with binary primers the process is called AFLP (amplified fragment length polymorphism)
(16). AFLP analysis is a well-known tool used for gene expression analysis and for link-
age mapping analysis.

2. To increase the selectivity of the primers, the fourth nucleotide from the 3' termini, which
is in the restriction recognition sequence, is changed to create an artificial mismatch. For
example, -CATGNN is replaced by -CACGNN (NN, discrimination two-base sequences)
in the case of the binary primer set for NlaIII. By introducing the mismatch at the
3' terminal region, the selectivity of primers for complementary strand extension increases
dramatically (17).
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Sequencing of RAPD Fragments
Using 3'-Extended Oligonucleotide Primers

John Davis, Ivan Biroš, Ian Findlay, and Keith Mitchelson

1. Introduction
Both directed and nondirected techniques are used in population biology for the

identification of the genetic source of variation and the genetic locus of disease or
quality traits (1,2). The “nondirected” approaches use random genome scanning meth-
ods initially to generate polymorphic map markers, which then can be linked to traits
of interest. One nondirected approach is random amplified polymorphic DNA (RAPD)
markers (2–5), in which polymorphic polymerase chain reaction (PCR) products are
amplified from genomic templates using monomer oligonucleotide primers, typically
of 10 nt. Because RAPDs may be applied without prior sequence information, the
technique is often used both for genome fingerprinting (2–4) and for detailed genetic
mapping (4,5) in organisms for which other genetic markers have not been developed.
The conversion of mapped random markers into sequence characterized loci (STS)
necessitates the isolation of the marker DNA fragment and the determination of its
DNA sequence.

1.1. Direct Sequencing with Short Oligonucleotides
Short oligomer primers from octamer (6,7) to decamer lengths (8,9) have been used

directly for the direct sequencing of the terminal regions of purified DNA of low com-
plexity, such as cosmid and plasmids inserts. Initially, these sequencing reactions were
performed at low temperatures and using T7 DNA polymerase (Sequenase) (8,9), but
recently the more efficient cycle sequencing with thermostable polymerase and ele-
vated temperature has also been described (6,7). Other methods for direct sequencing
of gel purified DNA fragments with single arbitrary primers, or pairs of primers have
also been reported (2,10,11), in which the PCR products possess different terminal
sequences that facilitate direct DNA sequence determination. Several similar proto-
cols employing capillary electrophoresis (CE) sequencing have been developed which
use short oligonucleotide primers (12), or use primers with two 3'-selective nucle-
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otides (13), and long poly T annealing tracts introduced to the 5'-ends of the selective
primers to aid stable annealing to poly A extended template (14,15).

Although RAPD markers are generated from diverse genomic loci, the concurrence
between annealing locus sequence and oligonucleotide primer is high. In one study,
the maximum number of mismatches observed between primer and primer binding
sites was never more than one between positions 1–7 of the primer (16), and the degree
of matching between the primer and the primer binding sites increased toward the 3'-end
of the primer. This high concordance between primer and binding sequence contributes
to the reliability of RAPD marker amplification, and permits use of extended RAPD
primers to sequence RAPD fragments directly. This fast and convenient method for
DNA sequencing of polymorphic RAPD bands, called “direct oligonucleotide extension
sequencing” (DOES) (17), utilizes the prior sequence knowledge of a nonamer RAPD
amplification primer, but does not need RAPD fragment cloning or DNA strand separation.

The method is based on the likelihood that the different nucleotides occur immedi-
ately internal to the two primer specified terminals in three out of four RAPD frag-
ments amplified from genomic loci. This permits a set of decamer oligonucleotides
that extend the nonamer sequence by a single base at the 3'-terminus (A, T, C, or G), to
be used as independent sequencing primers for each RAPD strand (see Note 1).
Employing cycle-sequencing dye-terminator chemistry and automated four color
sequencing, each strand of the nonamer-primed duplex RAPD fragments may be
sequenced directly using the 3'-terminal selective primers which distinguish one strand
from the other. The DOES sequencing method can be applied to both conventional
PAGE sequencing with an ABI 377 sequencer (17) and for capillary sequencing by the
MegaBACE 1000 capillary array sequencer (see Note 2).

2. Materials
1. Deoxyribonucleotide triphosphates are from Pharmacia, and oligonucleotides are from

Gibco-Life Technologies Ltd.
2. Agarose gel isolated RAPD fragments are purified using the GeneClean Kit from BIO

101, Inc, according to manufacturers instructions.
3. 96-well, u-bottom PVC plates are from Becton Dickinson Corp.
4. The ABI PRISM BigDye® Terminator Cycle Sequencing Ready Reaction Kit, the ABI

PRISM dRhodamine Terminator Reaction Ready Mixture and Taq DNA polymerase [FS]
and Taq DNA polymerase are from Perkin-Elmer Corp.

5. Silica coated paramagnetic beads (Magnacil beads) are from Advanced Biotechnologies
Ltd. (XM-600), or Promega Corp. (PT# A220A). Alternatively, carboxyl-coated para-
magnetic beads (Amersham) may be used.

6. Bead binding buffer (2 × B3) 2X: 20% polyethylene glycol (PEG 8000), 2 M NaCl
(Sigma Corp.).

7. MegaBACE 1000® capillary array DNA sequencer (Molecular Dynamics Inc).

3. Methods
3.1. RAPD Amplification

1. RAPD amplification reactions (3,17) using nonamer and decamer oligonucleotides are
performed in 96-well, U-bottom PVC plates on a MJ Research PTC-100 thermal cycler



RAPD Sequencing with 3'-Extended Primers 339

with cycling conditions of: 94°C for 1 min; 40°C for 1 min; 72°C for 1 min for 35 cycles.
This ensures Taq DNA polymerase extension from fully annealed primer-template duplex.

2. The RAPD amplifications use 425 pg/µL genomic DNA and 400 nM of primer, 3.5 mM
MgCl2 and 300 mU Taq DNA polymerase.

3. Primary-amplification RAPD products are separated in 2% agarose Tris-acetate-EDTA
gels. An aliquot of the selected RAPD fragment is collected by gel puncture using a
micropipet tip, which is then rinsed into 20 µL of ddH2O. The RAPD fragment is
reamplified using RAPD fragment rinse (3.0 µL) and the identical primer and PCR condi-
tions as for the primary amplification reaction.

4. Reamplified RAPD fragments are then agarose gel purified as described above and the
entire band excised by scalpel. The DNA is purified using the BIO 101 GeneClean kit and
are then dissolved in ddH2O, for direct cycle sequencing (see Note 3).

3.2. Direct Oligonucleotide 3'-Extension Primer Sequencing (see Note 4)
1. Analysis using the ABI model 377 DNA sequencer: the RAPD fragments (typically 50 ng

of DNA) are mixed with 3.2 pmol of decamer 3'-extended primer and are cycle sequenced
using the reaction volumes and general protocols recommended by the manufacturer using
the ABI PRISM BigDye Terminator Reaction Ready Mixture (Applied Biosystems Inc.,
protocols: part no. 903526), and Taq DNA polymerase [FS]. However, specific thermal
regimes are defined for the sequence extension reaction using short 3'-extended primers.

2. Analysis using the MegaBACE sequence analyser: the RAPD fragments (typically 70 ng
of DNA) are mixed with 4.0 pmol of decamer 3'-extended primer and are cycle sequenced
using the reaction volumes and general protocols recommended by the manufacturer using
the DYEnamic Electron Transfer® (ET) terminators (Pharmacia-Amersham) kit and
Thermosequenase. However, specific thermal regimes are defined for the sequence
extension reaction using the short 3'-extended primers.

3. For analysis using both gel-based analyzer and Array CE sequence analyzer: A combina-
tion of factors effects the quality of DOES sequencing reactions, including the annealing
temperature, the number of amplification cycles, and to a smaller extent, the RAPD tem-
plate concentration (see Note 5). Usually, 0.3–3 pmol of RAPD template is sufficient,
and around 30–35 thermal cycles is adequate. Cycle sequencing is a linear PCR amplifi-
cation and if the template is limiting ≤ 0.5 pmol), increasing the number of amplification
cycles results in longer, high quality sequence. An excess of primer with a molar primer/
template ratio of ~1–6 is adequate.

4. The 3'-extended sequencing primers are annealed to denatured RAPD template at 40°C
and are cycle sequenced using the procedure:- step 1—heat to 96°C for 30 s; step 2—thermal
ramp to 40°C for 15 s (see Note 6); step 3—thermal ramp to 60°C for 4 min; steps 1–3
were repeated for a total of 37 cycles (see Note 7), and finally step 4—a thermal ramp to
4°C and hold.

5. Unincorporated dye terminators can be removed by ethanol precipitation with 0.46 M sodium
acetate, pH 5.2, or by magnetic bead purification (see Subheading 3.3.) for ABI gel analysis.

6. For ACE analysis, it is preferable to recover the extension products by ethanol precipita-
tion from a solution made at least 0.3 M ammonium acetate, pH 6.0. Ammonium acetate
is soluble in ethanolic solutions and repeated extraction of the DNA pellet with ice-cold
80% ethanol efficiently reduces ions for electrokinetic loading.

7. Sequence data was analyzed by the Genetics Computer Group Inc., Wisconsin Package
sequence analysis program (version 7.0). MegaBACE sequence is for convenience con-
verted to the ABI sequence format.
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3.3. Plate Sequencing Reaction Purification Using Magnetic Beads
1. Wash 5 µL of carboxylated-beads or Magnesil beads 5 times with 50 µL of Millipore

dH2O. Concentrate the beads against a magnet with a magnetic beads concentrator (MBC)
for each change of water.

2. Add 40 µL of 2X Bead Binding Buffer (2 × B3) to 5 µL of the beads and then add mixture
to the well containing the sequencing reaction.

3. Mix the suspension and incubate at ambient temperature for 10 min (mix it gently by
pipeting every 3 min) (see Note 8).

4. Concentrate the beads with the MBC for 30–60 s.
5. Wash the beads at least 3× with 100 µL of ice-cold 80% ethanol to remove the unincorpo-

rated dye terminators. Remove as much ethanol as possible.
6. Allow the beads to dry completely free of ethanol by standing open at room temperature

for 30 min, or for 20 min at 37°C.
7. The beads are now desalted and free of dye terminators and ethanol and the sequence

reaction products may be recovered for sequencing by ABI gel. Up to 2× additional etha-
nol extractions may be necessary at step 5 to further reduce ions if the MegaBACE
sequencer is to be used. However, additional washes are accompanied by some loss of
short sequencing products.

3.3.1. ABI 377 Sequencer
1. Add 3 µL of formamide loading dye; incubate at 90°C for 2 min.
2. Place the bead suspension immediately onto ice.
3. Load all the samples (including beads) into the gel well.

3.3.2. MegaBACE Sequence Analyzer
1. Add 10 µL of formamide loading-buffer (Amersham) and concentrate the beads on the MCB.
2. Aspirate the sequencing reaction free of bead particles and transfer to a fresh 96-well

MegaBACE loading plate (see Note 9).
3. Load the 96-well plate into the MegaBACE sequencer.
4. The sequencing sample is electrokinetically injected at 2 kV for 20 s (H2O), or 35 s

(formamide buffer).
5. The analysis run is performed at 9 kV for 120 min at a capillary array temperature of 44°C.
6. Prior to sequence analysis, the capillary array is hydrodynamically loaded with linear

polyacrylamide (LPA) sieving matrix (Molecular Dynamics Corp.) at “high pressure”
setting (1000 psi) for 200 s. The LPA matrix is then allowed to relax at atmospheric
pressure for 20 min. The capillary array is conditioned by a (pre-) electrophoresis at 10 kV
for 5 min.

7. The DYEnamic Electron Transfer (ET) dye terminators (18) each have a FAM excitation
dye and the secondary emission dyes are respectively, R6G (T), R10 (G), ROX (C), and
TAMRA (A) (see Note 10).

4. Notes
1. DOES sequencing uses the likelihood that the different nucleotides occur immediately

internal to the two primer specified terminals of a RAPD fragment (see Fig. 1). For
example, a 9-mer RAPD amplification primer (Fig. 1A) and a related-sequence 3'-extended
10-mer DOES sequencing primer (Fig. 1B) and their fully complementary genomic
annealing site locus (Fig. 1C) demonstrate the principle. One of the four possible DOES
primers of each set (A, T, C, or G at the 3' terminus) will prime independent direct
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sequencing of one strand of a RAPD fragment. Another of the alternate DOES primers
from the same set will prime the sequencing of the complementary strand of the RAPD
fragment in an independent reaction.

2. Good DNA sequence read of RAPD fragments is obtained using the DOES method with hands-
on time of 30 h or less. Although the DOES sequencing method demands relatively pure RAPD
fragments, this limitation also applies to sequence from cloned fragments, as consistent
sequence data from replicate clones also depends on the purity of the RAPD fragment.

3. Poor or unreadable DOES sequence is often obtained with primary RAPD templates that
are gel purified only once. It is important to apply two rounds of RAPD amplification and
gel purification to ensure adequate amounts of clean template for direct DNA sequenc-
ing. Additional rounds of amplification and gel purification do not further improve DOES
sequencing.

4. The DOES sequencing reaction is a modification of conventional sequencing reaction.
High quality sequence is obtained over a wide range of RAPD template (0.3–15 pmol),
with better quality, longer reads at 0.3–2 pmol template.

5. Longer sequence reads are obtained using primer annealing temperatures of 40–42°C,
than at lower or higher temperatures. The correct 3'-terminal nucleotide extension is suf-
ficient for efficient formation of fully annealed duplex at the 5'-terminus of one of the two
template strands, allowing sequence reads with DOES primers that 3'-terminate in either
T, A, C, or G.

6. The duration of the primer-annealing step also influenced the length of read and longer,
high quality reads were obtained with 45-s annealing compared to 15 s. The discrimina-
tion of Taq DNA polymerase [FS] between correct fully annealed decamer primer and a
3'-terminus mismatched primer that is transiently annealed to opposite strand of the RAPD
template is a likely limitation of DOES sequencing.

7. The 25–27 extension cycles used typically for sequencing plasmid template is often not
adequate for direct sequencing of linear DNA fragments with decamer primers, and longer
reads with higher quality are obtained with 37 cycles.

8. Recovery of sufficient DNA from the beads is necessary for strong sequence reads.
Although sufficient DNA is released from the beads after ~1-min incubation, additional
mixing and incubation for 5 min can increase the strength of the sequence read appreciably.

9. Consistent sequence reads using the MegaBACE 1000 and DOES sequencing products
are more demanding than conventional long primer sequencing of plasmids, and so on.
The weaker initiation and extension of products generated by the DOES reaction during
the low temperature annealing-extension stages require a high recovery of sequence prod-
ucts during washing steps and an efficient elimination of salts for good ACE reads.

Fig. 1. Illustration of the annealing positions of: (A) an “unextended” 9-mer RAPD amplifi-
cation primer, (B) a 10-mer DOES primer and, (C) a complementary genomic DNA annealing
locus. The discriminatory nucleotide(s) shown in bold permits DNA sequence extension from
one terminus of the double-strand RAPD template at which the primer anneals fully. Adapted
from Nucleic Acids Research, 27, e28, Copyright (1999), with the permission of Oxford
University Press.
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10. The sequence read using the capillary array sequencer has high concordance to the DOES
sequence read from free RAPD strands using the ABI gel sequencer. These DOES sequence
reads using conventional ABI gel sequencing (17) are adequate for determination of the inner
terminal sequence of fragments with runs typically of 300–400 nt, or longer (Table 1).
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Capillary Affinity Gel Electrophoresis

Yoshinobu Baba

1. Introduction
Many human genetic diseases are caused by small alterations in DNA sequence of

specific gene(s) (1,2). Many different types of DNA mutations and polymorphisms
are found to contribute to the alterations in the DNA sequence of disease-causing
genes. These polymorphisms include sequence changes, such as the replacement of
one or several nucleotides, the deletion or insertion of a sequence, differences in a
variable number of tandem repeat locus (VNTR), and the instability in the numbers of
tandem copies of microsatellite repeat elements (1). High-performance technologies
need to be developed, for the highly selective recognition of the alterations in the
sequence of genes, as new approaches for DNA diagnosis of human diseases are
needed for high-throughput analysis.

The recent development of capillary electrophoresis (CE), coupled with the advent
of PCR, has facilitated the detection of mutation and polymorphism of human genes
(1,2). CE has an extremely high efficiency in the detection of size differences in DNA
fragments, and the technology functions with high speed, high resolution, and high
accuracy as well as having a high degree of automated operation. One deficiency how-
ever, is that the separation of DNA by CE is based on a molecular sieving effect and
separation is determined by the size or shape of the DNA fragment, and the technique
alone is not applicable to the recognition of specific DNA bases and/or DNA sequence.

Capillary affinity gel electrophoresis (CAGE) (3–6) is a methodology based on the
combination of the high specificity of bioaffinity ligands and the high resolving power
of capillary gel electrophoresis (CGE), and has the potential to overcome that deficiency.
CAGE methods have been applied to the separation of DNA molecules based on their
sequence. The nucleic acid analog, poly(9-vinyl adenine) (PVAd), which is electri-
cally neutral and stable against both chemical and enzymatic hydrolysis, binds with
high affinity to oligonucleotides via complementary hydrogen bonding and is useful
as an affinity ligand for the base-specific recognition of a target homooligonucleotide
from random pools of synthetic homooligonucleotides (7–16).
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This chapter presents data that suggests that with the use of an appropriate immobi-
lized ligand, which hybridizes to particular deoxynucleotide residues, CAGE can be
an effective tool for the rapid detection of point mutations and sequence rearrange-
ments in known native gene regions. Known mutations at “hot spots” are examined
and can be detected within 30 min.

2. Materials
1. Polyimide-coated fused silica capillaries with an untreated inner surface (375 µm od and

100 µm id Polymicro Technologies, Phoenix, AZ) are used with an effective length of 30 cm
and a total length of 50 cm.

2. Tris-base, boric acid, and urea are all reagent grade.
3. Electrophoresis running buffer: 100 mM Tris-base, pH 8.3, 100 mM borate, 2 M urea is

used for the preparation of the gel-filled capillaries, as well as the running buffer in all
experiments.

4. Acrylamide, N,N'-ethylenebis(acrylamide) (BIS), N,N,N',N'-tetramethylethylenediamine
(TEMED), and ammonium peroxodisulfate are of electrophoretic grade.

5. Oligonucleotides are chemically synthesized using an Applied Biosystems Inc. (Foster
City, CA) Model 391 DNA synthesizer.

3. Methods
3.1. Poly(9-Vinyl Axdenine) Synthesis

1. PVAd is synthesized as a water-soluble polynucleotide analog, having a polyvinyl instead
of the sugar phosphate backbone found in natural polynucleotides, whereas also possess-
ing some advantages over natural polynucleotides being stable against both chemical and
enzymatic hydrolysis, and being electrically neutral in avoiding electroosmotic flow.
PVAd is used as an affinity macroligand. Several techniques including imino proton
NMR, CE, and UV spectroscopy have established that PVAd forms complexes in vitro
with the complementary strand of natural polynucleotides by hydrogen bonding.

2. PVAd is prepared according to Baba et al. (7) as follows:
a. The 9-(2'-chloroethyl)adenine is prepared according to Baba et al. (7).
b. Add 1.82 g of 1,8-diazabicyclo-[5.4.0]undec-7-ene (DBU) to 1.98 g of 9-(2'-

chloroethyl)adenine in 200 mL of dry acetonitrile at room temperature.
c. Reflux the reaction mixture while stirring for 60 h, then remove the acetonitrile under

reduced pressure.
d. The 9-vinyl adenine product is recrystallized from a benzene/ethanol mixture (9:1 v/v)

with a yield of 1.09 g (68%).
e. The 9-vinyl adenine is polymerized in water in a sealed tube in vacuo after repeated

degassing. Ammonium peroxodisulfate is used as the radical initiator.
f. After 48 h of polymerization, the reaction mixture is poured into an excess volume

of methanol and the PVAd polymer is collected by filtration and then dried in vacuo
at 60°C.

g. The PVAd is size fractionated using ultrafiltration. Long polymers of PVAd with a
molecular weight ranging from 30,000 to 50,000 are used for CE.

3.2. Affinity Gel-Filled Capillaries
1. Capillaries filled with affinity gel for CAGE are prepared by in situ polymerization from

a solution of acrylamide, bisacrylamide and PVAd within the capillary.
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2. If a sufficiently large macromolecule is added to the solution of acrylamide monomers,
then after the copolymerization reaction, a gel is formed in which the macromolecule is
entrapped and thus effectively immobilized. The efficiency of the immobilization depends on
the ratio of macromolecular size and gel porosity. PVAd of MW 30,000 to 50,000 is
effectively immobilized into the polyacrylamide gel system, since it showed no electro-
phoretic mobility in slab-gel electrophoresis.

3. Polyimide-coated fused silica capillaries (375 µm od and 100 µm id) are used for prepara-
tion of affinity gel-filled capillary. Capillaries filled with polyacrylamide-PVAd conju-
gated gel are prepared as follows:
a. The capillary was rinsed with 1 M NaOH solution for 15 min and with Milli-Q-puri-

fied water for 30 min.
b. A solution of 0.4% of 3-methacryloxypropyltrimethoxysilane in 6 mM acetic acid is

continuously passed through the capillary for 10 min.
c. The capillary is left for 1 h at 40°C and then rinsed with Milli-Q-purified water for 10 min.
d. A mixed solution of acrylamide and PVAd (8% T, 5% C, and 0–3.0% PVAd) is pre-

pared in a buffer solution (0.1 M Tris-borate, pH 8.3 with an appropriate concentra-
tion of urea) and carefully degassed in an ultrasonic bath for 5 min.

e. The percentage of PVAd is calculated by using the equation 100 × PVAd (g)/
[acrylamide (g) + bisacrylamide (g) + PVAd (g)].

f. Polymerization is initiated with the addition of both 80 mL of 10% N,N,N',N'-
tetramethylethylendiamine (TEMED) solution and 20 mL of 10% ammonium
peroxodisulfate solution into 5 mL of the mixed solution of acrylamide and PVAd.
The polymerizing solution is quickly introduced into the capillary for 5 min. Poly-
merization in the capillary is complete within 5 h at 40°C.

4. A capillary filled with polyacrylamide-PVAd conjugated gel is set on the capillary elec-
trophoretic equipment.

5. Gel-filled capillaries obtained are preelectrophoresed at 10 kV for 30 min before use to
remove the nonreacted monomer and the initiators.

6. Samples are electrophoretically injected into the capillary by applying a voltage of 10 kV
for 3–10 s. The running voltage is 10 kV (200 V/cm). Oligonucleotides are detected by
UV absorption at 260 nm.

4. Results
4.1. Principle of Capillary Affinity Gel Electrophoresis

1. Biospecific recognition during CAGE is based on a change in the electrophoretic mobil-
ity of the analyte, caused by some biospecific interaction between the analyte and the
affinity ligands.

2. Figure 1 illustrates the incorporation of affinity ligands into the gel matrix, which can be
classified into three groups:
a. Solubilized ligand in the gel matrix (Fig. 1A).
b. Macroligand entrapped within the gel matrix (Fig. 1B).
c. Immobilized ligand chemically bonded to the gel matrix (Fig. 1C).

3. The macroligand or the immobilized ligand used should include bases complementary to
the DNA analyte which bind tightly to DNA by specific interactions, in order to realize
specific base-recognition using CAGE. Base-paired complexes are formed by the comple-
mentary hydrogen bonding and stabilized by the stacking interaction of the bases on the
ligand and analyte DNA. Synthetic analogs of nucleic acids will be of most value as
affinity ligands for DNA.
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4. In contrast, natural oligonucleotides are not useful as the ligand for CAGE, because such
anionic molecules will unavoidably result in local electroosmotic flow, which will dimin-
ish the high resolving power of CAGE. Further, a mobile monomer nucleotide analog
will only interact very weakly with DNA and would not be a useful as an affinity ligand.

5. Theoretical aspects of CAGE have been established (7,11,12). The interaction of DNA
(N) and PVAd (L) is expressed as follows.

N + L = N • L (1)

[N • L]
Ka = (2)

[N][L]

t/t0 = 1 + Ka[L] (3)

In which, N • L is the complex, square brackets represent the concentration, and Ka is the
apparent association constant. The migration time of N is expressed respectively as t0 in
the absence of affinity ligand, and t in the presence of affinity ligand.

6. Although the value of [L], which is the free ligand concentration in the gel, it depends on
the concentration of N. The free ligand concentration [L], is practically equal to the total L
concentration in the gel [L]t, when [L]t is much higher than the total N concentration, [N]t.

7. Eq. 3, therefore, becomes:

t = t0(1 + Ka[L]t) (4)

This equation predicts that an increase in [L]t and Ka will lead to an increase in migration
time. Capillary temperature (11) and urea concentration (12) both strongly affect the
migration time of DNA in CAGE.

4.2. Specific Base Recognition of DNA

1. In the CAGE system, a nucleic acid analog, PVAd, is used as an affinity ligand and inter-
acts with the oligodeoxynucleotide analyte, which is injected into capillary as a sample,
by forming heteroduplexes via complementary hydrogen bonding within the capillary.

Fig. 1. Schematic representation of affinity ligands in polyacrylamide gel: (A) mobile ligand
method; (B) polymerized ligand method; (C) immobilized ligand method.
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2. First, the electrophoretic behavior of homopolymers of hexadeoxynucleotides is studied
by CAGE, as well as by CGE without affinity ligand.

3. Figure 2 shows electropherograms of four different homopolymers of the hexadeoxy-
nucleotides (A6, C6, G6, and T6). The peak marked CMP corresponds to the internal stan-
dard cytidine 5'-monophosphate, which is used because of its rapid migration relative to
the migration of the hexadeoxynucleotides.

4. In CGE, these hexamers have different migration times in spite of having the same nucle-
otide chain length. Homooligomers of the same chain lengths exhibit some differences in
mobility in slab-gel electrophoresis, and the order of the mobility is C>A>T>G.

5. The effect of base composition on oligonucleotide mobility is understood in CGE (7).
The mobility order of the hexamers (A=C>T>G) observed in Fig. 2A is in agreement
with earlier experiments and with slab-gel electrophoresis.

6. Fig. 2B clearly illustrates the unique features of CAGE. Thymidylic acid, which is complemen-
tary to the affinity ligand of poly(A) (PVAd) in the gel shows retardation due to its spe-
cific interaction with PVAd, whereas the mobility of the other oligodeoxynucleotide
homopolymers are unchanged. The result demonstrates that PVAd has a high ability to
recognize a base-specific homopolymer and has little or no nonspecific interactions with
the other three bases.

7. To optimize the electrophoretic conditions, a mixture of four homopolymers is analyzed
by CAGE with varying concentrations of PVAd ranging from 0 to 0.4%. It was found that
a concentration of 0.2% PVAd is the most effective for the specific recognition of
thymidylic acid from the homopolymer mixture. A lower concentration of PVAd has a
low ability to retard thymidylic acid mobility, and higher concentration of PVAd causes
severe broadening of the thymidylic acid band due to numerous strong interactions.

Fig. 2. Separation of a mixture of four homopolymeric hexadeoxynucleotides by (A) and
CAGE (B). The peak at 15 min in both electropherograms is CMP added to the sample as an
internal standard. Conditions: capillary, 100 µm id, 375 µm od, 50 cm total length, 30 cm
effective length. Running buffer, 100 mM Tris-base, pH 8.3, 100 mM borate, 2 M urea. Gel:
8% T, 5% C, and PVAd concentration: (A) 0%, (B) 0.2%. Electrophoresis conditions: field,
200 V/cm; injection 10 kV for 5 s, and UV detection at 260 nm. Reprinted from ref. 14.
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8. The use of DNA affinity ligands is thus tempered by the need to provide only sufficient
interaction between ligand and analyte as to retard mobility, without such frequent or
strong interaction along the length of the gel as to prevent analyte migration for a signifi-
cant proportion of the electrophoresis run.

4.3. Detection of Mutations in DNA Using CAGE
1. Since the CAGE system can usefully recognize specific bases in DNA, in this section it is

applied to the recognition of specific sequences of DNA. Several oligodeoxynucleotides
of identical length that include a base in different positions, which mismatches with the
affinity ligand are applied to the CAGE system.

2. Figure 3 shows that CAGE can completely resolve the mixture of the oligodeoxy-
nucleotides TTTATT, TTTTAT, and TTTTTA, which cannot be separated by CGE. Each
of these oligodeoxynucleotides has the same composition (T6A), but have a different base
order (sequence).

3. The apparent association constant, Ka, can be determined by the migration order of these
oligodeoxynucleotides, because the migration order reflects the strength of hybridization with
the ligand. The estimated Ka values for oligodeoxynucleotides in Fig. 3 are, respectively:

1.08 × 104 M–1 for TTTATT.
1.39 × 104 M–1 for TTTTAT.
2.23 × 104 M–1 for TTTTTA.
3.98 × 104 M–1 for TTTTTT.

4.3.1. Detection of Mutations in Genes Using CAGE
1. CAGE shows high selectivity for the recognition of DNA sequence. Thus CAGE may be

applied to the detection of known “mutation hot spots,” including the point mutation of
248th codon of the p53 tumor suppressor gene, or as shown in Fig. 4 the known mutation
hot spots of the 12nd and 61st codons of the N-ras oncogene.

2. Figure 4A shows that conventional CGE fails to separate a mixture 20-nt long
oligodeoxynucleotides of the N-ras oncogene.

3. In contrast, Fig. 4B clearly demonstrates that CAGE succeeds in the separation of the
three 20-nt long oligodeoxynucleotides, being the wild-type of N-ras oncogene and two
of its mutants, which have one or two base replacement compared to wild-type.

4. It is notable that these oligodeoxynucleotides of the 61st codon of the N-ras oncogene
(see Fig. 4B) are not homopolymer sequences, but are a native sequence with the wild-
type fragment having the composition T10G2C6A1. The nucleotide(s) replaced in the two

Fig. 3. Detection of mismatch positions on oligodeoxynucleotides (TTTATT, TTTTAT,
and TTTTTA), using CAGE. The electrophoresis conditions are as described for Fig. 2.
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mutants separable by CAGE with PVAd ligand are Thymidine, being T9G3C6A1 and
T8G4C6A1, respectively. Presumably the discrimination of PVAd is limited to replace-
ment variants in DNA at Thymidine residues as the ligand.

5. These data suggest that with the use of appropriate immobilized ligands, which hybridize
to particular deoxynucleotide residues, CAGE can be an effective tool for the rapid detec-
tion of point mutations and sequence rearrangements.
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Capillary DNA-Protein Mobility Shift Assay

Jun Xian

1. Introduction
The interaction of DNA with proteins is a central theme of molecular biology.

Although all cells in the organism contain the same genetic “blueprint,” this informa-
tion is utilized in a highly selective and specific manner. Different types of cells acti-
vate different subsets of genes. These processes are frequently dependent on the
presence of certain DNA-binding transcription factors in different cells.

Transcription factors are the molecular switches that, singly or in combination,
interact sequence-specifically with DNA to turn on and off genes involved in the
expression of proteins. Highly specific in nature, transcription factors operate at the
most fundamental level to regulate any given cell’s biochemical functions. The study
of the interaction of these transcription factors with DNA is, therefore, a critical aspect
of gene regulation.

The most commonly used method to study DNA-protein interaction is the electro-
phoretic gel mobility shift assay (EMSA). EMSA (also known as the “gel shift” assay)
is a process in which a radioactively labeled DNA probe is mixed with a solution
containing protein of interest, and after a brief reaction period, loaded on an electro-
phoretic gel. The DNA-protein complex, if formed, migrates more slowly than does
the free DNA probe (1–3). Although used extensively, this method suffers from some
significant limitations, such as long assay time, large sample requirements, and prob-
lematic quantitation.

Capillary electrophoresis (CE) is a descendant of both electrophoresis and high
performance liquid chromatography (HPLC) technology. Combining the inherent
resolving power of electrophoresis with on-line, HPLC-like detection CE produces,
fast, reproducible separation and sensitive detection using only nanoliter amounts of
sample. CE thus well adapted as a replacement for the traditional gel electrophoretic
mobility shift.

There are several prior studies in which CE was applied to the study of DNA-protein
interactions by using a new mobility shift assay, named capillary electrophoretic
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mobility shift assay (CEMSA) (4–7). Xian et al. (4) describe a rapid and quantitative
procedure which permits accurate assessment of specific DNA-protein interactions on
a scale more than 100-fold below the minimum usually necessary for EMSA that can
be carried out on a commercially available CE instrument with a laser-induced fluo-
rescence (LIF) detector. The sensitivity of CEMSA was demonstrated in successful
experiments with binding factors from a single sea urchin egg. This procedure can be
used for a variety of purposes, quantitative and qualitative, including studies involv-
ing the effects of antibodies on DNA-protein complexes or “super-shift” experiments.
Stebbins et al. (5) applied CEMSA to study the interaction between the trp repressor
of E. coli and trp operator by using an in-house assembled electrophoresis and fluores-
cence detection apparatus. They found that the specificity of the operator for the
repressor may be used to selectively separate the repressor from a complex sample
that includes nonspecific binding proteins. Using the minimal DNA binding domain
of the onco-protein c-Myb (R2R3) and a specific target DNA sequence as a model
system, Xue et al. (6) ran CEMSA in a coated capillary with linear polymer buffer and
a simple UV detector. In their method, DNA and its DNA-protein complex with pro-
tein can be directly monitored at 260 nm. Foulds and Etzkorn (7,8) presented a fast
and simple, precise and general method to run CEMSA in an uncoated capillary with
no added gel matrix. They measured the dissociation constant for GCNK58, a
DNA-binding region construct of the yeast transcription factor GCN4 and AP1 DNA
site by their method.

CEMSA is different from affinity capillary electrophoresis (ACE). The principle of
ACE is the analysis of changes in the electrophoretic mobility of a protein complexed
with a ligand present in the electrophoresis buffer. When a protein forms a complex
with a ligand, the protein-ligand complex may then have a measurable difference in
electrophoretic mobility relative to the free protein. Changing the ligand or protein
concentration results in the change of electrophoretic mobility of the protein peak. The
binding constant (Kb) for the interaction is calculated by analyzing the change in the
electrophoretic mobility of the protein, as a function of the concentration of the ligand
added into the running buffer (9). When performing CEMSA, protein and DNA
(ligand) are mixed in the reaction buffer and then the mixture is injected onto the
capillary. Based on the charge/mass ratio, free DNA can be quickly separated from the
DNA-protein complex during electrophoresis. Changing the DNA or protein concen-
tration usually does not change their electrophoretic mobilities, but the peak areas for
both free DNA and DNA-protein complex. The dissociation constant (Kd) is calcu-
lated by measuring the peak areas for both free DNA and its complex.

A critical element in the design of a CEMSA experiment is the selection of
DNA-protein reaction conditions, which is based on the understanding of the proper-
ties of the target protein. DNA-protein interactions are highly sensitive to the reaction
buffer composition, such as pH, salt concentration, and reaction temperature. This
chapter will give only a general outline of CEMSA techniques, but will focus on those
experimental parameters that require strict control for precise results. This informa-
tion will hopefully help readers to set up new CEMSA studies, and to make ongoing
work more successful.
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2. Materials
2.1. Buffers Stored at –20°C

1. Buffer 1: 50 mM Tris-HCl, pH 8.0, 50 mM NaCl, 5 mM EDTA, 7.5 mM β-mercaptoethanol.
2. Urea lysis buffer: 50 mM Tris-HCl, pH 8.0, 8 M urea, 1 M NaCl, 7.5 mM β-mercaptoethanol.
3. Buffer 2: 50 mM Tris-HCl, pH 8.0, 3 M urea, 100 mM KCl, 7.5 mM β-mercaptoethanol.
4. Buffer 3: 10 mM Tris-HCl, 100 mM potassium phosphate, pH 6.3, 3 M urea, 100 mM

KCl, 7.5 mM β-mercaptoethanol.
5. Buffer 4: 50 mM Tris-HCl, pH 7.4, 3 M urea, 100 mM KCl, 10% (v/v) glycerol, 7.5 mM

β-mercaptoethanol.
6. Buffer 5: 10 mM Tris-HCl, pH 6.3, 300 mM imidazole, 3 M urea, 100 mM KCl, 10% (v/v)

glycerol, 7.5 mM β-mercaptoethanol.
7. Buffer A: 10 mM HEPES, pH 7.9, 1.5 mM MgCl2, 10 mM KCl, 0.5 mM DTT, 0.5 mM

phenylmethylsulphonyl fluoride (PMSF).
8. Buffer B: 5 mM HEPES, pH 7.9, 26% (v/v) glycerol, 1.5 mM MgCl2, 0.2 mM EDTA, 0.5 mM

DTT, 0.5 mM PMSF.
9. Buffer C: 10 mM Tris-HCl, pH 7.4, 1 mM EDTA, 1 mM EGTA, 1 mM spermidine-HCl,

1 mM DTT, 0.36 M sucrose.
10. Buffer D: 10 mM HEPES, pH 7.9, 1 mM EDTA, 1 mM EGTA, 1 mM spermidine-HCl,

1 mM DTT.
11. Buffer E: 20 mM HEPES, pH 7.9, 40 mM KCl, 0.1 mM EDTA, 1 mM DTT, 20% (v/v) glycerol.
12. 5 X Binding buffer: 100 mM HEPES, pH 7.9, 375 mM KCl, 25 mM MgCl2, 2.5 mM DTT.

2.2. Buffers Stored at 4°C
1. 1 X TBE buffer: 89 mM Tris-base, 89 mM boric acid, pH 8.3, 2 mM EDTA.
2. Phosphate-buffered saline: 100 mM NaCl, 4.5 mM KCl, 7 mM Na2HPO4, 3 mM KH2PO4.
3. Probe buffer: 10 mM Tris-HCl, pH 8.0, 10 mM KCl.
4. CE running buffer: 89 mM Tris-base, 89 mM boric acid, pH 8.3, 2 mM EDTA, 0.05–5%

linear polyacrylamide (mol wt 750–1000 kDa) (see Note 1).
5. Ca2+- and Mg2+-free sea water containing 10 mM Tris-HCl, pH 7.4 and 1 mM EDTA.

2.3. Special Reagents and Equipment
1. Linear polyacrylamides (mol wt 700–1000 kDa) are from Polysciences, Inc. (Warrington,

PA). These materials are stored at 4°C.
2. Fluorescent dyes for intercalation, such as TOTO-1 or YO-PRO-1 are from Molecular

Probe, (Eugene, OR). These dyes should be stored at –20°C.
3. Poly [d(A)•d(T)], poly [d(I)•d(C)], and poly[d(I-C)•d(C-I)] are from Sigma Chemical Co.

(St. Louis, MO).
4. Beckman P/ACE 5500 CE instrument with LIF detector (488-nm excitation and 516-nm

emission filter) is from Beckman Instruments, (Fullerton, CA).
5. Neutral coated capillary (eCAP neutral) is from Beckman, and linear polyacrylamide

coated capillary (BioCap) is from Bio-Rad (Hercules, CA).

3. Methods

3.1. DNA Probe Selection
1. A DNA restriction fragment or synthetic oligonucleotides are two examples of allowable

probes for CEMSA. The type and size of probe used depends on the nature of the investi-
gation. If a previously identified protein is to be studied, then an oligonucleotide probe
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should be used which is specific for binding interactions with the protein. The use of
oligonucleotide probes simplifies the interpretation of the results, as the binding site is
typically unique and isolated from other possible (unidentified) sites present within the
same regulatory sequence region.

2. DNA restriction fragments are used because they are easy to prepare, and can be used to
study the simultaneous binding of several proteins to one probe. The size of the restric-
tion DNA fragment is normally kept below 250 bp to enable clear distinction of the probe
from any DNA-protein complexes (see Note 2).

3.2. Probe Labeling
1. There are two methods for labeling the probe, covalent attachment and intercalation with

fluorescent dye. Covalent labeling usually applies to synthetic oligonucleotides (15–30 bp)
during the synthesis process, whereas intercalation usually applies to larger restriction
DNA fragments (50–200 bp).

2. Intercalation is more versatile and simpler than covalent labeling in situations in which
qualitative results are satisfactory. All fluorescent-labeled probes are light sensitive, and
therefore requiring an aluminum foil covering during the mobility shift assay.

3.2.1. Protocol 1: Covalent Labeling
1. Oligonucleotides are synthesized and labeled with 6-FAM fluorescent dye (or other fluo-

rescent dye) at the 5'-end using an Expedite 8909 nucleic acid synthesis system from
PerSeptive Biosystems (Framingham, MA) and following the manufacturer’s recom-
mended protocols.

2. After synthesis, the labeled oligonucleotides are purified by ionic exchange chromatogra-
phy and then further desalted by reverse phase HPLC.

3. The purified labeled, single-stranded oligonucleotides are then vacuum dried and stored
in the dark at –20°C.

4. Equimolar amounts of sense and antisense oligonucleotides are mixed in 0.1 M NaCl at
93°C for 5 min and allowed to slowly cool at room temperature to promote strand
reannealing (e.g., overnight).

5. Double-stranded DNA is then vacuum dried and stored at –20°C.
6. The purity of the labeled probe can be checked by capillary gel electrophoresis.
7. Prior to use, the probe is dissolved in probe buffer and its concentration is determined by

UV absorption measurement.

3.2.2. Protocol 2: Intercalation Labeling
1. A restriction fragment or a double-stranded oligonucleotide in probe buffer is incubated

with desired fluorescent dye, such as TOTO-1 or YO-PRO-1, at specific molar ratio,
which depends on the length of probe used, in dark room for 30 min before use.

2. The commonly used ratios are 10 bp/1 dye, 20 bp/1 dye, and 30 bp/1 dye (see Note 3).
These types of probes do not need further purification because only double-stranded DNA
has been labeled. These probes are not very stable therefore they need to be freshly pre-
pared (see Note 4).

3.3. Protein Preparation
1. Both recombinant protein and crude protein extracts can be used for the CE mobility-shift

binding assay.
2. Purified DNA binding proteins (expressed from bacterial clones) are used to allow the

study of the binding interactions of that protein, in the absence of other proteins with
which it may interact in vivo. It should be noted that some posttranslational modifications
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that may normally occur to eukaryotic proteins may be absent from those proteins when
expressed in bacterial systems. However, one of the greatest advantages of using recom-
binant proteins for DNA-binding and expression studies is that it is possible to manipu-
late specific regions of the target protein by site directed mutagenesis.

3.3.1. Recombinant Protein Protocol 3 (10)
1. The complete coding sequence of the target protein had been subcloned into pRSET

expression vector in the appropriate reading frame. A six-histidine tag is present at the
amino terminus of the pRSET fusion proteins, which allows affinity purification by
means of nickel-agarose chromatography. Then the construct is transformed into BL21
bacterial host cells.

2. The culture of bacteria expressing the construct was grown at 37°C until OD600 ~ 0.6.
Protein expression is then induced with the addition of 1 mM (final concentration) isopro-
pyl-β-D-thiogalactopyranoside (IPTG) and cells are grown for an additional 4 h at 37°C.

3. The bacteria are harvested by centrifugation and the bacteria pellet is resuspended in 8 µL
of Buffer 1, and 800 mL of 10 mg/mL lysozyme is added and the suspension is thor-
oughly mixed.

4. After incubating at room temperature for 10 min the protein solution is frozen at –80°C
until use.

5. Upon thawing at room temperature, 0.7 vol of urea lysis buffer is added and the solution is
mixed by vortexing. The mixture is centrifuged for 1 h at 30,000g to remove insoluble matter.

6. A 50% solution of nickel-agarose resin is equilibrated with Buffer 2. The crude protein extract
is batch-loaded with 8 mL of the equilibrated resin solution for 1 h at room temperature.

7. The loaded resin is then poured into a Bio-Rad Econo-Prep column, allowed to settle, and
is then washed with 250 mL of Buffer 2, then with 250 mL of Buffer 3, and finally with
50 mL of Buffer 4.

8. The purified protein was eluted from the resin with Buffer 5 (about 2 vol of resin) and
frozen at –80°C.

3.3.2. Preparation of Protein Extracts
1. Protein extracts may be prepared from whole cells or from isolated nuclei.
2. There are advantages to using both types of protein extract, or even a combination for

CEMSA, and then comparing results obtained with both types.
3. The preparation of nuclear extracts results in the isolation of only those DNA-binding

proteins with in vivo access to the DNA.
4. The whole-cell extracts enable the entire DNA-binding protein content of the cell to be

examined. Some DNA-binding proteins may be present in the cytoplasm rather than the
nucleus, and can be identified by the comparison of the binding profiles of nuclear and
cytoplasmic extracts.

5. Whole-cell extracts are easier to prepare, requiring less steps in their preparation, which
make their use favorable when a tissue sample is limiting because fewer manipulations
present fewer stages at which protein will be lost or damaged. It is also necessary to
prepare whole-cell extracts when a sample has been frozen. Freezing damages the nuclear
membrane, preventing the purification of the intact nuclei, and thus preventing the prepa-
ration of nuclear extracts.

3.3.3. Protocol 4 (11)
1. Cell samples and cell fractions should be kept on ice at all times and all centrifugation

steps should be carried out at 4°C.
2. Harvest cells (107–108 cells) and centrifuge at 250g for 10 min.
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3. Wash with phosphate-buffered saline and centrifuge at 250g for 10 min.
4. Resuspend the cell pellet in 5 vol of Buffer A and then incubate the cells on ice for 10 min.

Centrifuge the solution at 250g for 10 min to pellet the cells.
5. Resuspend the cell pellet in 3 vol of Buffer A. Add NP-40 to 0.05% and homogenize with

30–50 strokes of a tight-fitting Dounce homogenizer to rupture the cell membrane and
release the nuclei.

6. Successful release of cell nuclei may be checked by a phase-contrast microscope (keep a
small sample of suspension from before addition of NP-40 and homogenization for
comparison).

7. Centrifuge at 250g for 10 min to pellet the nuclei.
8. Resuspend the nuclear pellet in 1 mL of Buffer B. Measure total volume and add NaCl to

a final concentration of 30 mM. Mix well by inversion.
9. Incubate the nuclei on ice for 30 min to release nuclear proteins and then centrifuge the

mixture at 24,000g for 20 min at 4°C to remove residual cell debris.
10. Aliquot the extract supernatant and snap-freeze it in dry ice/ethanol. Store the extracts in

small aliquots (~0.1 mL) at –80°C.

3.3.4. Protocol 5 (12)
1. Strongylocentrotus purpurratus embryos are cultured by standard methods (12) to

blastula-stage, which are then collected by filtration through a 51-µm Nitex filter. The
concentrated embryos are suspended in ice-cold Ca2+- and Mg2+-free sea water contain-
ing 10 mM Tris-HCl, pH 7.4 and 1 mM EDTA and washed 1–2 times by low-speed
centrifugation.

2. The embryo pellet is resuspended in 10–20 times the pellet volume of Buffer C, frozen in
liquid N2, and stored at –80°C until use.

3. Embryo cells are lysed during thawing by vigorous shaking. Nuclei are washed 2–3 times
in Buffer C, and then 2 times in Buffer C to which 0.1% Triton X-100 is added. Nuclei are
collected between washes by centrifugation at 3000g for 10 min.

4. After a final centrifugation at 3000g for 10 min, the nuclei are resuspended in 5–10 times
the pellet volume of Buffer D.

5. While mixing the nuclear suspension, one-tenth volume of 4 M ammonium sulfate, pH 7.9
is added dropwise, to prevent local high concentration, to a final concentration of 0.36 M.

6. After incubation for 30–60 min on ice, chromatin is removed by centrifugation at 30,000g
for 1–1.5 h at 4°C.

7. Protein is precipitated from the supernatant by the addition of 0.3% g/mL ammonium sulfate.
8. After incubation overnight at 4°C, the protein precipitation is collected by centrifugation

for 15 min at 10,000g, and is then dissolved in 0.5 times the nuclei pellet volume of buffer
E. The proteins are dialyzed against Buffer E, overnight at 4°C.

9. Ammonium sulfate insoluble proteins were removed by centrifugation at 30,000g, and
the protein extracts are stored at –80°C.

3.4. Condition for DNA-Protein Reactions and CE Separation
3.4.1. Reaction Conditions

1. Reaction conditions for the binding of protein to DNA varies from system to system and
no single set of binding conditions will be applicable to all interactions. The optimization
of binding variables, such as buffer pH, ionic strength, and additives, should be studied
for each protein/DNA pair (see Note 5).
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2. In addition, the reaction depends upon the nature of the DNA involved and the specific
DNA-protein interactions that consist of two components: sequence dependent components
and nonspecific (sequence independent) bindings. All DNA-binding proteins display
some nonspecific DNA-binding activity (14). In order to enhance the specific interactions
and eliminate nonspecific binding interactions, a nonspecific binding (or competitor)
DNA is usually added to the reaction mixture.

3. The binding reaction depends on the amounts of protein, DNA probe, and competitor
DNA in the reaction mixture. The addition of an appropriate amount of this competitor
DNA in the reaction mixture is also critical for a quantitative measurement of the DNA-
protein complex. An optimal amount of the competitor must be determined empirically
for each reaction.

4. It is difficult to describe a basic experiment measuring the interaction of a protein with its
specific DNA, since the major experimental parameters which control the specificity and
stability of such DNA-protein complexes need to be determined for each system.

5. However, several general guidelines can be offered (3).
6. It is usually helpful to carry out the reaction at the highest salt concentration that will

allow the detection of specific binding. At high salt concentration, it may be possible to
minimize or possibly eliminate nonspecific DNA-protein interactions, without drastically
reducing the specific binding of interest (see Note 6).

7. A simple sequence synthetic polynucleotide (see Note 7), such as poly [d(I-C)•d(I-C)],
poly [d(I)•d(C)], or poly [d(A)•d(T)], is often used as a competitor DNA. The initial
range for the competitor DNA would be 0.01–1 µg competitor per fmol of fluorescence
DNA probe (see Note 8). The amount of competitor applied in the reaction also depends
on the protein source used. A recombinant protein source will require less competitor
oligonucleotide compared to crude protein extracts. Whole-cell extracts and nuclei
extracts also contain a multiplicity of proteins that might interact nonspecifically with the
target probe.

8. The optimal ratios of protein to specific and nonspecific DNAs depend on the ratios of
KdS/KdNS, the dissociation constant ratio of specific binding to nonspecific binding. For
a typical 10-µL reaction containing 50 fmol of oligonucleotide probe, 1–2 µL of a target
protein is a good starting range.

9. Since many DNA binding proteins are fairly susceptible to protease digestion, even in the
presence of protease inhibitors, reactions are typically incubated on ice.

10. Although the binding of protein to DNA is a rapid process, usually 10–30-min incubation
is necessary to let the binding reach the equilibrium (see Note 9).

3.4.2.1. PROTOCOL 6, REACTION USING RECOMBINANT PROTEIN

1. In a 1.7-mL microcentrifuge tube, add 3 µL of Buffer E, 1 µL of FAM-labeled DNA
(about 50–60 fmol), 1 µL of recombinant protein (about 300 fmol), 1 µL of 50 ng poly
[d(A)•d(T)], 2 µL of 5X binding buffer, and 2 µL of H2O. Incubate the mixture on ice for
10–30 min, before loading to the ice-cold microvial for injection on to the CE capillary.

3.4.2.2. REACTION USING NUCLEAR EXTRACT

1. In a 1.7-mL microcentrifuge tube, add 3 µL of Buffer E, 1 µL of FAM-labeled DNA
(about 60 fmol), 1 µL of nuclear extract (about 5 mg), 1 µL of 5 mg poly [d(A)•d(T)], 2 µL
of 5X binding buffer, and 2 µL of H2O.

2. Incubate the mixture on ice for 10–30 min, before loading to the ice-cold microvial for
injection on to the CE capillary.



362 Xian

3.4.2.3. REACTION OF EXTRACT FROM SEA URCHIN EGGS (WHOLE CELL EXTRACT)

1. Immediately before assaying, the eggs are thawed from –80°C to room temperature for
5 min to break the cell membrane and then the buffer E is added.

2. In a 1.7-mL microcentrifuge tube, add 3 µL of Buffer E, 1 µL of FAM-labeled DNA
(about 60 fmol), 2 µL of sea urchin egg extract in Buffer E (from ~1000 eggs), 1 µL of
5 µg poly [d(A)•d(T)], 2 µL of 5X binding buffer, and 1 µL of H2O.

3. Incubate the mixture on ice for 30 min, before loading to the ice-cold microvial for injec-
tion on to the CE capillary.

3.4.3. Practical Example (4)
3.4.3.1. PROBE LABELING

1. The wild-type probe (double-stranded) we used in this study contains two adjacent P3A2
sites of differing affinity for SpP3A2 protein and the sense sequence is:
5'-GATCTTTTCGGCTTCTGCGCACACCCCACGCGCATGGGGC-3'

2. Each oligonucleotide (sense or antisense) is labeled with 6-FAM at 5'-end during the
synthesis.

3.4.3.2. EMSA REACTION CONDITIONS

1. Reaction mixture (10 µL) is made up of 3 µL of Buffer E, 1 µL of FAM-labeled DNA
(about 60 fmol), 1 µL of nuclear extract (about 5 µg), 1 µL of 5 µg poly [d(A)•d(T)], 2 µL
of 5X binding buffer, and 2 µL of H2O. This mixture is incubated on ice for 10–30 min
before injection onto the capillary.

3.5. Capillary Electrophoresis Mobility Separation Assay (CEMSA)
1. Because the equilibrium constant specifies the ratio of association and dissociation rates,

the kinetic features of a DNA-protein interaction will, in general, be sensitive to any
factor that perturbs its equilibrium stability. Thus, in an equilibrium-binding assay, it is
essential to verify the attainment of equilibrium.

2. There are two potential sources of errors when CEMSA is employed for the study of
DNA-protein interactions. The first involves possible dissociation of the complexes dur-
ing electrophoresis. This error may not pose a serious problem if the DNA-protein com-
plexes are long-lived relative to the “dead-time” of the experiment (time required for free
DNA probe to migrate inside the capillary). Once the zone of free DNA probe moves
along the capillary, dissociation of the complex at or near the inlet of the capillary cannot
affect the results (see Note 10).

3. A second source of the possible artifacts is the change in the ionic composition of running
buffer used for CE. This may not be a problem in many instances. For example TBE is a
low salt buffer, therefore, its presence results in a DNA-protein solution of a low ionic
strength. This tends to increase the stability of most DNA-protein interactions and results
in a more stable complex.

3.5.1. Capillary Column
1. In order to avoid the adsorption of protein to the capillary during separation, neutral coated

columns such as eCAP (Beckman) and BioCap (Bio-Rad) can be employed in this experiment.
2. The internal diameter (id) of capillary can be either 50 or 75 µm and the capillary length

is dependent on the DNA/protein pair being analyzed. Usually, 20 cm is long enough for
the separation because of the difference of charge/mass ratio between free DNA probe
and the DNA-protein complex.
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3.5.2. Separation Buffer and Additives
1. The composition of the CE running buffer can strongly affect the lifetimes of DNA-pro-

tein complexes during electrophoresis. Running buffers with lower salt concentrations
can stabilize interactions that are mediated in part by ionic contacts. However, we also
can eliminate some nonspecific interaction by increasing the salt concentrations in the
running buffer. The commonly used CE buffer are, 1X TBE or 0.5X TBE. The choice
depends on the voltage applied for the electrophoresis.

2. Some polymers, such as linear polyacrylamide, are often added to the CE running buffer.
There are several advantages to add some neutral linear polymer to the running buffer
(see Note 11):

3. The polymer helps to prevent the aggregation binding of protein onto the capillary sur-
face and prolongs the lifetime of the capillary.

4. It can enhance the binding of a protein to DNA, even at low-to-moderate concentrations
due to a macromolecular crowding effect (15).

5. The polymer acts as a sieving matrix that enhances the separation of free DNA probe
from the DNA-protein complex.

6. The amount and molecular weight of polymer added is determined by the strength of
complex formation, the size of protein, and the number of specific binding proteins pre-
sented in the mixture. A small amount of the polymer helps to eliminate unwanted com-
plexes between DNA and protein (4).

7. Other additives in running buffer, such as small, neutral osmolytes can reduce osmotic
stress that limits correct protein folding, and thus also can enhance the stability of spe-
cific DNA-protein complexes (2).

3.5.3. Protocol 7
1. The capillary is filled with CE buffer.
2. The sample is introduced by high-pressure injection (10-s injection corresponds to ~10 nL

of sample) followed by a second injection of CE buffer for 5 s (see Note 12).
3. Electrophoresis is run at reversed polarity, i.e., the anode at the detector end, at 18 kV and 18°C.
4. Between each run, the capillary is rinsed with 1X TBE buffer for 2 min and then with CE

running buffer for 5 min. Therefore, a complete run lasts 17 min.

3.5.4. Separation Column Temperature
1. The stability of DNA-protein complex is sensitive to the temperature of separation

medium. Therefore, it is important to keep constant temperature during the run in order to
achieve reproducible results. Since the DNA-protein complex is more stable at lower
temperatures, most separation temperatures are set between 18–25°C. It is also true that
nonspecific binding is more sensitive to temperature than specific binding. Therefore, we
can eliminate some nonspecific complexes by increasing the separation temperature.

3.6. CE Separation

1. Separation is performed in a 50 µm × 37 cm long (30-cm effective length) neutral coated
capillary (eCAP neutral, Beckman) with the P/ACE system 2000 (Beckman) upgraded
with Gold (version 8.1) software and LIF detector (488-nm excitation and 516-nm
emission filter).

2. The capillary is filled with 1X TBE buffer and 0.2% linear polyacrylamide (750–1000 kDa).
3. The sample is introduced by 10-s high-pressure injection followed by a second injection

of CE buffer for 5 s.
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4. Electrophoresis is run at reversed polarity, i.e., the anode at the detector end, at 18 kV and 18°C.
5. Between each run, the capillary is rinsed with 1X TBE buffer for 2 min and then in CE

running buffer for 5 min.

3.7. Practical Examples
1. The superior resolution available in the CEMSA system is illustrated in Fig. 1. These

experiments are carried out with the nuclear extract of 24-h sea urchin embryo. P3A2 is
present in 24-h embryo nuclei at about 104 mol/nucleus (10).

2. The extract is reacted with the wild-type probe and the complexes are analyzed by con-
ventional EMSA and by CEMSA. Both methods reveal the same DNA-protein complexes,

Fig. 1. Identification of DNA-SpP3A2 complexes in nuclear extract, by use of EMSA and
CEMSA methods. (A) conventional EMSA: lane I, 10-µg nuclear extract of 24-h sea urchin
embryos reacted with 40-fmol wild-type probe together with 5 µg poly [d(A)•d(T)], lane II,
300-fmol recombinant SpP3A2 protein reacted with 40-fmol wild-type probe with 0.5 µg poly
[d(A)•d(T)]. (B) CEMSA of an aliquot of the 5 ng of 24-h embryo nuclear extract reacted with
60-attomol wild-type probe together with 5 ng poly [d(A)•d(T)]. RFU, relative fluorescence
unit; P, free probe; 1 and 2, 1:1 and 2:1 DNA-protein complexes of SpP3A2; DNA-protein
complex of SpGCF1 is indicated by arrow. Reprinted with permission of the Proceedings of the
National Academy of Sciences USA, 2101 Constitution Ave, NW, Washington DC20418. DNA
protein binding assays from a single sea urchin egg: a high sensitivity capillary electrophore-
sis method. Jun Xian et al., 1996, Vol. 93. Reproduced by permission of the publisher via
Copyright Clearance Center.

Mail
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but the conventional method took over 6 h, compared to CEMSA which required 12 min,
and in this case consumed about 1000X times less sample than did the EMSA.

3. Conventional EMSA does not resolve the P3A2 complexes clearly because of the pres-
ence in 24-h embryo extract of another DNA-binding factor, SpGCF1. SpGCF1 is rela-
tively prevalent and interacts weakly at the CCCC site on the wild-type probe (16).
SpGCF1 complexes account for the broad set of bands that extend below the P3A2 com-
plexes in the EMSA shown in lane I of Fig. 1A (compare the complexes formed with
recombinant P3A2 in lane II).

4. In the absence of the EMSA “caging effect,” these complexes do not survive in the CEMSA
experiment and are not observed with the nuclear extract shown in Fig. 1B. Furthermore, in
the CEMSA experiment, the bimolecular and the trimolecular complexes are widely sepa-
rated, whereas in this particular EMSA system they are much more difficult to separate.

5. The CEMSA peaks obtained in the nuclear extract are also efficiently competed by excess
unlabeled wild-type probe, and the inhibiting monoclonal antibody again eliminates both
complex peaks when added to the nuclear extract.

4. Notes
1. All buffers used in this protocol should be filtered and sterilized with 0.2-µm nylon filter

and CE running buffer needs to be degassed before use.
2. The fluorescent label should be designed at least 5 bp away from the binding site to avoid

the quenching effect following protein binding. If a large amount of DNA has been applied
(this is especially true for weak DNA-protein interactions), or a larger restriction DNA
fragment has been used we might directly monitor the DNA by UV detection at 260 nm.

3. For a double-stranded DNA with size of 120 bp, 10 bp/1 dye, 20 bp/1 dye, or 30 bp/1 dye
ratio has the correlation of 1 DNA molecule/12 dye molecules, 1 DNA molecule/6 dye
molecules, or 1 DNA molecule/4 dye molecules, respectively.

4. Because dye intercalation into DNA is relatively weak compared to specific DNA-pro-
tein interactions and DNA probe is always in excess amount in reaction, the specific
DNA-protein interaction will compete away the dye intercalate at the binding site. There-
fore, the intercalating dye does not interfere with the specific protein binding. The huge
excess amounts of competitor DNA present in the reaction mixture prevent the addition
of the fluorescent dye to the reaction or to the CE running buffer.

5. The selection of reaction buffer, pH and ionic strength is based on the properties of the
protein. One of the commonly used buffers is HEPES. Other buffering systems, such as
Tris-HCl, MOPS, and phosphates are also used as reaction buffers.

6. Regardless of the extraction method used or the starting tissue or cell source, the protein
extract is usually dissolved in a high salt buffer. It is important to carefully control the
amount of extract added or, if a titration is done with extract, to add the same amount of
salt to each sample. If the salt concentration is allowed to vary, estimates of DNA-protein
binding will not be reproducible.

7. The selection of nonspecific competitors might depend on the sequence of the probe and
the source of the target protein. It is often found that one competitor is better than the
others in certain DNA/protein pairs.

8. The amount of competitor DNA for each system can be easily determined by CEMSA. If
binding to the target DNA is not detected, decrease the amount of competitor. If free
target DNA is detected, increase the competitor amount. Finally, small change in the
amount of competitor will not greatly affect the peak ratios for both free DNA probe and
for its complex with protein.



366 Xian

9. The reaction time needed for each system is easily tested by CEMSA. We can apply an
aliquot of sample onto CE after equilibration interval, t, and another aliquot later after
equilibration time much greater than t. The absence of detectable change in the peak areas
of complex and free DNA with prolonged equilibration is an indication that the interval t
may be sufficient for the attainment of equilibrium under those reaction conditions.

10. For weak bindings or fast off (koff) kinetics, the complex is a front running peak. Calcula-
tion should be careful when measuring the peak areas.

11. Other polymers can be used for this purpose, such as methyl cellulose (MC), poly(ethylene
glycol) (PEG), and so on. If the capillary column is coated with particular other polymer,
that polymer will be the first choice as the additive into the running buffer. The size of the
polymer also affects the CE separation and should be considered.

12. Pressure injection (or hydrodynamic injection) usually will not change the composition
of the reaction mixture. We should avoid the electrokinetic injection in this application,
because it changes the ratio of free probe to its protein complex.
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Protein-DNA Binding Affinities
by Capillary Electrophoresis

Glenn J. Foulds and Felicia A. Etzkorn

1. Introduction
Described in this chapter is a capillary electrophoresis (CE) method for the accu-

rate determination of protein-DNA binding constants (1). The advantages of the
method include the fast separation and quantitation of protein-DNA complex and free
DNA, in uncoated capillaries without sieving matrices, coupled with LIF detection of
fluorescently-labeled DNA at nM to ρM concentrations.

Mass-to-charge ratio is the basis for separation of analytes by CE. Migration times
depend on the applied electric field, their electrophoretic mobility, and the electroos-
motic flow (EOF). Our method takes particular advantage of the electroosmotic flow
generated by the negatively charged silanol groups on the capillary at pH >6.0 (2).
EOF is a plug-like flow of the run buffer, which enables all species, charged and neu-
tral, to migrate in the same direction along a fused silica capillary (3).

1.1. Capillary Electrophoresis Mobility Shift Assay
Our CE mobility shift assay (CEMSA) (1) uses the reverse polarity of standard

EMSA (4), and the order of elution is: free protein, protein-DNA complex, then DNA.
All three species can be observed simultaneously with UV detection. However, laser
induced fluorescence (LIF) detection of fluorescently-labeled DNA is far more sensi-
tive (µM to ρM) due to higher emission intensity and low fluorescent background,
enabling quantitation of biologically relevant DNA concentrations.

CE has found many applications in the analysis of biomolecules (5). A few previ-
ous examples of application to protein-DNA interactions exist (6–11). Affinity CE has
been demonstrated as a useful and sensitive method for measuring both the binding
stoichiometries and equilibrium and kinetic constants of ligands binding to receptors
(12). Protein-DNA interactions have traditionally been studied by gel EMSA, how-
ever CEMSA has the advantages of automatic sampling, high resolution, fast assay
times, real-time detection, and small sample size.
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Protein-DNA interactions are important in the investigation of the mechanisms of
gene expression. At the molecular level, complex assemblies of transcription factors
and coactivators bind to specific DNA sequences to regulate transcription. In order to
elucidate the mechanisms involved it is important to have information about the rela-
tive binding strengths of interactions between these biomolecules.

The CEMSA method described below was developed with the DNA-binding pro-
tein GCNK58 (13) and a complementary 20-bp oligonucleotide incorporating the DNA
binding site AP1 (see Figs. 1 and 2). In order to demonstrate its general applicability,
the method was tested successfully with DNA-binding constructs of the RXR (14),
E47, and MyoD proteins (15a). A further application is being developed in this lab for
the detection and investigation of endocrine disrupters, which are environmental pol-
lutants implicated in fertility disorders, low sperm counts, cancer, and wildlife birth
defects (16). The endocrine disrupter assay is designed to probe ligand-dependent bind-

Fig. 1. Electropherograms of 2 s injections of mixtures of AP1 at 1 nM in 133 µg/mL
poly(dA-dT) · (dA-dT), 50 mM KCl, 100 µg/mL BSA, 5% glycerol, 50 mM MOPS/Et3N, pH 7.5
and GCNK58 at 15.6 nM, 31.2 nM, 62.5 nM, 125 nM, 250 nM, 500 nM, and 1 µM. Reprinted
from Nucleic Acids Res. 26, 4304,4305, Copyright (1998), with permission from Oxford Uni-
versity Press.
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ing of steroid receptor-DNA complexes. CEMSA may provide a fast, effective
method for the evaluation of DNA-binding peptidomimetics as well (17).

We envisage that CEMSA can be applied to a variety of protein-DNA systems.
Factors to consider in adapting the method to a particular protein-DNA system are
described in the Subheading 4. The method is performed in uncoated capillaries, with
no sieving or caging matrix. This is possible because the on-rate is substantially slower
for protein-DNA interactions (107 M–1s–1) (18,19) than for small molecule-protein
binding (diffusion-controlled), allowing the complex to remain associated during the
separation. For example, a binding affinity of 10 nM and diffusion controlled on-rates
would give an off-rate of approx 1 s–1. In this example, the complex would dissociate
during our 2-min separation (see Note 1 and 2). It has been observed that sequestration
(20) and caging (21) effects stabilize some protein-DNA complexes during gel elec-
trophoresis (22). Fast separation is possible without sieving gels due to the differences
in charge between free DNA and complex.

The main concerns in CEMSA are protein–wall interactions (23) and dissociation
of the complex (see Note 3). We suggest that the protein is protected from wall inter-
actions by its association with negatively charged DNA. Proteins with higher molecu-
lar weight and pI tend to have increased wall interactions and therefore strategies for
decreasing protein adsorption should be utilized (see Fig. 3 and Notes 4–8) (23,24).
Dissociation of the complex can be observed in the electropherograms under extreme
conditions (see Fig. 4 and Note 6). The systems we investigated, which showed no
significant dissociation, have equilibrium dissociation constants in the nM range.

2. Materials

1. CE instrument with LIF detector. Our CEMSA was performed on a Beckman P/ACE®

2100 series instrument equipped with the Beckman Laser Module 488 and LIF detector,
excitation λ 488 nm and detection λ 520 nm (see Note 9). A sample cooling tray allowed
the sample mixtures to be maintained at 4°C. The instrument was interfaced with an IBM
PC running Beckman System Gold software (version 8.1).

Fig. 2. Saturation (R) of AP1 (1 nM) vs concentration of GCNK58. Kd is calculated using
Eq. 1 to be 35 ± 4 nM. Reprinted from Nucleic Acids Res. 26, 4304,4305, Copyright (1998),
with permission from Oxford University Press.
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2. Fused silica capillary of 75 µm inner diameter (id) and 375 µm outer diameter (od)
(Polymicro Technologies), with an outer polyimide coating for strength, of 27 cm total
length with the detector at 20 cm on the Beckman P/ACE 2100. The polyimide coating
can be removed at the detection window with fuming sulfuric acid at 120°C, instead of
burning in a bunsen flame.

3. 10 mM MOPS/Et3N run buffer is prepared by dissolving 1.047 g (5.0 mmol) of
3-(N-morpholino)propanesulfonic acid (MOPS, Sigma) into approx 400 mL deionized
distilled water and adjusting the pH to 7.5 with freshly distilled triethylamine (Et3N). The

Fig. 3. Protein adsorption onto the capillary walls is investigated by a 60-s injection of 4 µM
GCNK58 followed by a 1-min wash with run buffer and 2-min electrophoresis at 30 kV. (A–C)
subsequent consecutive 1-s injections of 100 nM AP1 DNA with no washes between runs. (D)
capillary was washed for 2 min with 0.1 M NaOH and 2-min run buffer prior to AP1 injection.

Fig. 4. Dependence of DNA-protein complex integrity on electric field strength. Consecu-
tive runs with 1-s injections of 50 nM AP1 + 200 nM GCNK58 in 100 µg/mL BSA, 5% glyc-
erol, 10 mM MOPS/Et3N, pH 7.5 at 30 kV and 25 kV (27-cm capillary).
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solution is made up to 500 mL, filtered through a 0.45 µm nylon membrane filter and
stored at 4°C in the dark for up to 3 mo (see Note 3).

4. 0.1 M NaOH and deionized water, filtered through a 0.45 µm nylon membrane, for rinsing
the capillary.

5. Fluorescently labeled and complementary unlabeled DNA strands for annealing. The fluo-
rescent label should be compatible with the LIF detector (see Subheading 2., item 1).
Target DNA for our protein was synthesized (Biomolecular Research Facility, University
of Virginia) following standard phosphoramidite protocol. The fluorescent dye
5'-carboxyfluorescein phosphoramidite was attached to the 5' end of one strand only.

6. After column purification the single-stranded oligonucleotides were vacuum dried, redis-
solved in 10 mM Tris-HCl, 1 mM EDTA buffer (pH 7.4), and stored at –20°C. The stock
oligonucleotide concentrations were determined from their UV absorbances at 260 nm
(1 A.U. = 30 µg/mL). Fluorescently labeled DNA is light sensitive and was stored in
amber Eppendorf tubes.

7. A stock of DNA-binding protein. 145 µM GCNK58 was stored in 50 mM ammonium
acetate (NH4OAc) (pH 7.0), 2 mM DTT at –60°C.

3. Methods
3.1. Sample Preparation (see Note 1)

1. Sense and antisense AP1 DNA, 3 nM of 5'-GTACGCACACCTGCTGCCTGA-3' and 2 nM
of 5'-X-TCAGGCAGCAGGTGTGCGTAC-3' where X is fluorescein, were freshly annealed
daily in 50 mM MOPS/Et3N (pH 7.5), 100 mM KCl, 266 µg/mL poly(dA-dT) · (dA-dT) at
90°C for 5 min, slowly cooled to room temperature over 3 h, and stored at 4°C.

2. Serial dilutions (2 µM–31.25 nM) of freshly thawed GCNK58 stock protein were prepared
in a buffer containing 200 µg/mL BSA, 10 % glycerol, and 50 mM MOPS/Et3N, pH 7.5.

3. For each mixture, 10 µL of the GCNK58 solution is mixed separately with 10 µL of
freshly annealed 2 nM AP1 solution. Then this mixture is preincubated in the dark at 4°C
for 2–3 h. The Eppendorf tubes used for each mixture are snipped in half with a tool made
for this purpose and then placed in sample vial holders, just prior to the injection of the
mixture onto the CE.

3.2. Electrophoresis
1. At the beginning of the day, the capillary is rinsed with 0.1 M NaOH (30 min), distilled

water (20 min) and run buffer (20 min), in order to ensure regeneration of the capillary
wall. During this time, allow the laser module to warm up and sample cooling tray to
come to temperature. Shorter washes of 0.1 M NaOH and run buffer are subsequently
used between runs.

2. Utilizing System Gold software, a method is set up which allows automatic operation of
the instrument. The capillary is rinsed for 2 min with 0.1 M NaOH and 2 min with run
buffer. The sample is injected onto the capillary under pressure for 2 s.

3. Electrophoresis is performed at 25 kV (see Note 10) for 3 min in 10 mM MOPS/triethylamine
run buffer at pH 7.5 (see Notes 1, 3, and 4) at 21°C (see Fig. 1). Electrophoresis is at
reversed polarity to conventional EMSA, with the cathode at the detector end.

3.3. Determination of the Dissociation Binding Constant
1. Figure 1 shows a set of electropherograms obtained at varying concentrations of GCNK58

and 1 nM AP1. Utilizing the Beckman System Gold software, the complex and free DNA
peak areas are integrated. The ratio of bound to total DNA, defined as:
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R = [protein 2 · DNA]

[protein 2 · DNA] + [DNA]

is calculated for each electropherogram based on the peak integrations. The term [pro-
tein2 · DNA] represents the concentration of the protein dimer/DNA complex.

2. R is plotted against concentration of protein, shown in Fig. 2. Kaleidagraph (version 3.0.5)
software was used to determine the equilibrium dissociation constant Kd, by a nonlinear
least squares fit of the data to the equation:

R = 0.5[protein ]

Kd + 0.5[ protein ]
(1)

in which, R is determined as above and [protein], the monomer protein concentration, is
measured. For GCNK58 homodimer-AP1 complex formation, Kd was found to be 35 ±
4 nM. Eq. 1 is derived from the expression for the equilibrium dissociation constant
(see Note 11–13).

4. Notes
1. The sample buffer components can have a large effect on the binding affinities of protein-

DNA complexes. The sample buffer for our GCNK58-AP1 CEMSA was chosen in order
to imitate closely the sample buffer used in the literature EMSA study. This enabled
useful comparisons to be made between the binding affinities obtained by the two meth-
ods. However, different sample mixtures from those described may be utilized, depend-
ing upon the chosen system. High ionic strength sample buffer, relative to the run buffer,
can lead to band broadening. In our separations, the resolution of complex from free
DNA is large enough to tolerate some peak broadening. Ideally, to tolerate a higher ionic
strength sample, the run buffer ionic strength should be as high as possible.

2. Protein-DNA complexes with relatively weaker binding affinities and faster off rates will
be more susceptible to dissociation during electrophoresis. The alternative for weak bind-
ing affinities or fast off-rates is capillary zone electrophoresis or affinity capillary elec-
trophoresis, in which the retention time of one analyte changes as a function of
concentration of the other analyte dissolved in the buffer (12).

3. The disadvantages of using a high concentration run buffer include higher currents and
Joule heating. Zwitterionic buffers can increase conductivity without high currents.
Joule heating can be alleviated by the use of narrower 50-µm id capillaries. The larger
surface area to volume ratio more effectively dissipates the heat generated by high cur-
rents. The Beckman P/ACE 2100 can also cool the capillary down to 15°C to help remove
Joule heat.

4. In order to achieve reproducible runs and results, it is important to regenerate the fused-
silica wall at the beginning of the day and between runs with a suitable washing protocol.
After a number of days the silica wall may degenerate, as observed by peaks shifting to
longer migration times (a change in EOF) and loss of resolution and peak shape. If this is
not rectified with long washes for 30 min with 0.1 M NaOH and deionized water, then the
capillary should be replaced.

5. Protein adsorption to the wall of the fused silica capillary is a common problem in CE
(23). The effect of any protein-wall interactions on the GCNK58-AP1 equilibrium and
the amount of complex observed is investigated. Removal of adsorbed ions and regenera-
tion of the charged capillary wall was usually achieved by rinsing for 2 min with 0.1 M
NaOH and 2 min with run buffer between runs. Six consecutive injections of the same
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GCNK58-AP1 sample mixture were run without washing the capillary between electro-
phoresis. Although some resolution was lost and changes in EOF were observed, the amount
of complex relative to total DNA (23.7 ± 0.8 %) did not change systematically during these
runs without interim washing. This result indicates that binding affinity is not affected by
adsorption of protein onto the capillary wall. We believe that the protein bound by the
negatively charged DNA is prevented from adsorbing to the wall.

6. A large injection of free protein (60 s of 4 µM GCNK58, followed by rinsing with run
buffer) did lead to wall-adsorbed protein, which was subsequently observed by injections
of AP1 DNA followed by electrophoresis. Protein desorbed from the wall was observed
as complex during consecutive runs A–C without interim washing (see Fig. 3). A fourth
consecutive electrophoresis run D, with prerun washing of 2 min 0.1 M NaOH and 2 min
run buffer, showed no protein desorption to form complex, only free DNA. This indicates
that our washing cycle was effective in cleaning and regenerating the capillary wall.

7. In adapting this method to a different protein-DNA system, protein adsorption needs to be
investigated in order to ensure reproducible results. Protein adsorption can be correlated to
a protein’s pI and molecular weight (24). Electrostatic binding of proteins to the walls has
been observed when operating at a pH below the pI of the analyte. Altering the run buffer
pH can help to reduce wall interactions, but this approach is limited to the physiological
range required for protein-DNA interactions. Based on sequence, the pI of GCNK58 is
expected to be higher than the pH 7.5 of the run buffer, however, protein adsorption was
shown not to affect the ratio of complex to DNA obtained in this system.  Proteins having a
molecular weight above 50 kDa are reported to have a stronger tendency to adsorb to both
coated and uncoated capillaries (24).

8. Strategies to minimize protein-wall interactions include the use of zwitterionic buffers
(see Note 2), buffer additives, and wall coatings. Various coatings have been employed in
CE to prevent analyte-wall interactions (25). Many examples of covalently bound coat-
ings have been used, however a more practical approach is to use run buffer additives
which act as a dynamic coating, shielding the wall from the analyte. Methyl cellulose and
other derivatives have been used in uncoated capillaries to reduce wall interactions but
still retain some EOF. The use of a dynamic coating also enables simple washes to rinse
and regenerate the capillary wall. For strongly adsorbing proteins, a thicker covalently
bound coating may be necessary. A number of capillaries with a range of hydrophobic
and hydrophilic covalent coatings are commercially available (25). The effect of a coat-
ing on the EOF must be considered. Complete elimination of EOF will necessitate that
the voltage polarity be reversed (negative to positive) so that the negatively charged DNA,
the detected species, will migrate toward the detector.

9. The sensitivity of LIF detection compares favorably with that of other detection methods
and makes the method applicable to the analysis of small biological samples. For example,
the Amersham catalog reports that 32P-labeled nucleotides can be detected at 0.01 ρg,
whereas fluorescein-labeled nucleotides can be detected at 0.05 ρg by gel electrophoresis.
On the Beckman P/ACE 2100, a 2-s (25 nL) injection of 1 nM fluorescein-labeled AP1
contains 0.03 ρg. Longer sample injections of 10 s or more can be performed in order to
increase the signal-to-noise ratio. The minimum detection limit of the method was inves-
tigated by running dilutions of fluorescently-labeled AP1 from 1 µM to 50 ρM. A 10-s
injection of 50 ρM AP1 gave a signal-to-noise ratio greater than 2. Sample loading
techniques such as longer injection times and stacking could be applied to give better
signal-to-noise ratios at levels below 50 ρM. A ratio of electrophoresis buffer to sample
buffer ionic strength (see Note 1) of approx 10 allows sample stacking. Stacking is the
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concentration of a large volume injection of sample into a sharp band, owing to the differ-
ences in field strength between the sample plug and run buffer. More of the sample can be
loaded in this way to increase sensitivity.

10. The field strength voltage was optimized to keep the complex intact and maintain fast
migration times. A series of injections of the same GCNK58-AP1 sample mixture were
run in a 27-cm capillary at various applied voltages from 30 kV to 5 kV. The ratio of
complex peak area to total DNA (R, Eq. 1) was found to be independent of the applied
voltage at 25 kV and below. At 30 kV, the R dropped from 0.85 to approx 0.70 with
broad, intermediate peaks that indicated complex dissociation (see Fig. 4). In sample
mixtures containing smaller relative amounts of complex, this degradation was less sig-
nificant. Therefore, 25 kV was used as the standard applied voltage.

11. Eq. 1 was derived by substituting:

[DNA]

[protein 2 · DNA]
 = (1 – R)

R

into the equation for Kd:

Kd = [protein 2][DNA]

[protein 2 · DNA]

12. Cooperativity has been observed as S-shaped binding curves in plots of R vs concentra-
tion of protein. Such data needs to be fit to the related Eq. 2, describing the cooperative
binding of dimeric proteins to DNA. The method of preparation of our protein DNA
mixtures affected whether cooperativity was observed or not. GCNK58 dilutions pre-
pared in the absence of 100 µg/mL bovine serum albumin (BSA) and 5% glycerol gave
strongly S-shaped curves. This suggested an instability of the GCNK58 folded homodimer
at low concentrations in the absence of the stabilizing additives BSA and glycerol. In the
absence of AP1, folding and dimerization have been observed previously for GCNK58
by 1H NMR and circular dichroism through the change from helical homodimer at
155 mM to unfolded monomer at concentrations of less than 2 µM (26). The cooperative
binding of dimeric proteins to DNA have been previously observed (15,27,28). Cooperativity
is not normally accounted for in the determination of DNA-binding affinities due to the
inherent difficulty of separating the protein dimerization constant from the protein-DNA
dissociation constant.

13. Eq. 2 incorporates protein dimerization to account for S-shaped cooperativity of binding to
DNA. It was derived from Eq. 1 and the equilibrium constant for protein dimer dissociation:

R = Kdimer
       –1[protein] 2

Kd + Kdimer
       –1[protein] 2

(2)

where Kdimer = [protein ] 2

[protein2]

Other equations have also been used for the determination of binding affinities (15).
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Ligand Binding to Oligonucleotides

Imad I. Hamdan, Graham G. Skellern, and Roger D. Waigh

1. Introduction

We have been developing a method for the study of small-molecule interactions
with DNA, typically with ligands of less than 1000 Dalton. Such interactions are of
interest in biochemistry, where cell signaling may involve DNA at various stages, but
the main driving force in our studies has been the potential for drug development,
particularly in cancer, parasitic diseases, and inflammation.

Drugs binding to DNA fall primarily into two categories of ligand: those ligands
which bind in the minor groove of the DNA double helix, and those which slide
between the base pairs by “intercalation.” These primary binding processes may
be followed by covalent bonding. There are examples of small molecules where some
of the binding extends to the major groove, but in general, the major groove is too
wide to provide a stable binding site for ligands, other than for proteins. Typically,
ligands binding in the minor groove are long, relatively thin molecules (Fig. 1), which
have the capacity to become isohelical with the DNA, to achieve a snug fit in the base
of the groove, along the path of the groove. Intercalators are primarily flat (Fig. 2), to
allow them to slide between the base pairs, although some ligands, such as actinomy-
cin D also have large cyclic peptide units which also confer some sequence selectivity
to the site of binding.

In virtually every example of which we are aware, irrespective of the binding mode,
the ligand possesses a positive charge that may provide the first attractive force, for
interaction with phosphates of the DNA backbone. Thereafter, the binding energy is
provided by a combination of weak interactions, the most powerful, in many cases,
being hydrophobic. The potential neutralization of DNA negative charge by the positive
charge on the ligand provided the theoretical basis for the assumption that capillary
electrophoresis (CE) would provide a means for separating DNA from DNA-ligand
complexes, since the charge/mass ratio would change on binding.
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1.1. Separation of Oligonucleotides in Free Solution CE

We had expected that in order to carry out competition experiments with ligands it
would be necessary to use gel- or polymer-filled capillaries (1,2) to separate oligo-
nucleotides with small differences in mass. The intention, from the beginning, was to
develop a method to determine sequence-binding preference: This is the basis for all
future attempts to reduce the toxicity of DNA-binding drugs. Whereas the separation

Fig. 1. Chemical structures of some minor groove binding ligands.
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of DNA fragments, based on length, is well established in gels, the finding that
sequence differences would lead to separation in free solution capillary electrophore-
sis (FSCE) (3,4) was unexpected. The mass of an AT base pair is only one unit differ-
ent from that of a GC pair and the charge is the same. The separation that we have
observed must therefore be based on shape differences, typically involving base pair
roll, slide, and twist (5). There is insufficient space here for a discussion of the effect
of sequence on helix shape, and we are at present unable to make predictions of CE
migration time based on sequence. We must content ourselves with the observation
that separation can often be achieved in practice and that, even where the simple sepa-
ration of oligonucleotides of the same length is not possible, there are straightforward
means to bring about the desired result (see Notes 1 and 2). The use of FSCE has a
major cost advantage, compared to the use of gel-filled capillaries. Since we began our

Fig. 2. Chemical structures of two intercalators.
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work, a method has been developed for the determination of binding constants between
calf thymus DNA and a series of synthetic tetrapeptides, using FSCE (6).

1.2. Structures of Ligands
We have worked with examples of all the major types of DNA binding ligand,

including distamycin, netropsin, Hoechst 33258, which are all minor groove binders,
ethidium and actinomycin D, which are base-stack intercalators. We have also studied a
variety of “in house” molecules, from our own and from the research programs of other
investigators. The chemical structures of the known compounds are given in Figs. 1 and 2.

1.3. Oligonucleotide Sequences
The first sequences that we found to be separable (3) were (AT)12 and (GC)12 (all

sequences are here written as starting at the 5' end). These two 24-mers are self comple-
mentary and both give rise to multiple forms of double helix, presumed to be hairpins
as well as full-length duplexes. To avoid such ambiguity, we first used the analogous
12-mers AAATTATATTAT and GGGCCGCGCCGC, which separated very well,
as duplexes (4). A major step forward was the finding that the 12 mers CGCAAATTACGC
and CGCTATTATCGC would also separate, in the same simple system of 0.22 M
total borate concentration (TBC) at pH 7.5 (see Table 1 for buffer details). The latter
two 12-mers differ only in the base sequence and not in composition. We have since
found (unpublished observations) that octamers of the general formula CGXXXXCG,
where XXXX contains two As and two Ts, will separate into two groups. The group
with shorter migration times (~3.2 min) comprised CGAATTCG, CGTAATCG, and
CGATATCG, whereas CGTTAACG and CGTATACG migrated ~0.2 min more
slowly than the former oligonucleotides.

1.4. The Desirability of Competition Experiments
The ultimate goal of our work, and that of many others in the area of chemotherapy,

is to identify molecules that interfere with DNA processing, particularly with defec-
tive DNA processing. The final and most important experiment is a competition for
the ligand between diseased and normal cells, i.e., between the desired binding site
and other sites on DNA where binding results in unwanted biological effects. If we are
to find molecules that show the ability to discriminate finely between similar sites,

Table 1
Volume (mL) of Boric Acid Solution (0.5 M) Required
to Be Mixed with Disodium Tetraborate (DSTB) Solution (100 mL)
to Produce Solutions of Specified pHa

DSTB (M) pH 7.5 pH 8.0 pH 8.5 pH 9.0

0.02 71 (0.22) 37 (0.15) 17 (0.09) 2 (0.03)
0.04 84 (0.25) 61 (0.22) 24 (0.13) 7 (0.07)
0.06 131 (0.31) 83 (0.26) 33 (0.17) 13 (0.11)
0.08 180 (0.35) 121 (0.31) 50 (0.22) 20 (0.15)

aThe final borate concentrations (M) are given in brackets.
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competition experiments are most likely to replicate the in vivo situation for binding
site discrimination. In addition, such test protocols have the characteristic of always
possessing internal measures of experimental reliability: The oligonucleotide that does
not complex with the ligand acts as an internal standard. If further insight is desired
into the binding process, titration experiments using a single oligonucleotide with
increasing proportions of ligand can show, for example, cooperativity of binding and
can give an estimate of the number of binding sites (4).

2. Materials
2.1. Column Specifications

1. Untreated fused silica capillaries are available from Composite Metal Ltd, UK. Our cap-
illaries are an id 50 µm and an od of 375 µm, with a total length of 40 cm and with an
effective length of 32 cm. These capillaries are coated in transparent material, and signal
may, in principle, be detected at any point along the capillary.

2.2. Buffers and Additives
1. Disodium tetraborate (Sigma Chemical, St. Louis, MO) solution (0.08 M) is prepared by

dissolving sodium tetraborate decahydrate (30.5 g) in distilled water (800 mL) while heat-
ing to 50°C. After cooling to room temperature, the volume is adjusted to 1000 mL with
distilled water.

2. This solution is diluted as appropriate to give solutions of lower molarity, if required.
Boric acid (Sigma Chemical, St. Louis, MO) solution (0.5 M) is prepared in a similar
way, using 30.9 g of boric acid in a final volume of 1000 mL.

3. As described in Table 1, the two solutions are mixed to provide solutions of varying pH.
All final solutions are filtered through 0.2-µm pore filters (Whatman International Ltd,
England) (see Notes 3–5).

4. It is not usually necessary to use an internal standard in the competition experiments,
since the noncomplexing oligonucleotide acts as an ad hoc standard. If it is felt necessary
to achieve some additional measure of standardization, methyl orange (BDH Ltd, Poole,
England) (0.5 µM) may be used. Generally, it is better to keep the conditions as simple as
possible, to avoid any possible effects of the added standard on binding affinity of the
ligand under study.

2.3. Nature of DNA-Binding Ligands
1. Actinomycin D, ethidium bromide, distamycin, Hoechst 33258, and netropsin are all

available from Sigma Chemical and used without further purification.
2. It should be noted that any DNA-binding compound may potentially be either carcino-

genic or mutagenic and should be treated accordingly (see Subheading 3. for suggested
precautions).

2.4. Sources and Storage of Oligonucleotides
1. Oligonucleotides are obtained from Cruachem Ltd, Glasgow, UK, or from Oswel DNA

Service, Southampton, UK. All are claimed to be 90–95% pure and are used without
further purification.

2. They are stored either as received (vacuum dried), or are dissolved in distilled water, and
kept at –20°C until required. We have not had problems with loss of material when stored
in this way; the majority of samples are still useable up to at least 6 mo after preparation.
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3. Methods
3.1. Capillary Electrophoresis

1. The apparatus used throughout is a TSP-CE1000 CE separation system (ThermoSeparation
Products) (see Note 6). The equipment may be regarded as fairly standard for this purpose,
with the capability for recording UV/visible spectra of peaks and for variable wavelength
detection in the range 200–350 nm. Automated sample handling is standard.

2. New capillaries are conditioned by washing with sodium hydroxide (0.1 M) for 10 min
followed by distilled water (10 min) and finally with running buffer (5 min). Compari-
sons of electroosmotic flow are made by loading a sample of acetone (reagent grade)
directly onto the capillary and measuring the migration time: in our system the value is
normally in the range 1.2–2.2 min, depending on the composition of the running buffer
(see Note 5).

3. All experiments are carried out at 25 kV, using a capillary temperature of 20 ± 0.1°C. All
samples are loaded hydrodynamically for 5 s. Before loading each sample, the capillary is
washed with 0.1 M NaOH for 1 min before flushing with running buffer for 2 min (see
Notes 7–12).

3.2. Sample Preparation
1. Gloves (preferably lightweight, disposable ones) should be worn at all stages when han-

dling DNA-binding compounds. All DNA-binding compounds must be weighed out in an
enclosed fine balance, located in a fume hood. Solutions should also be made up in the
fume hood and any dilutions carried out before transferring the analytical solution to the
equipment. After use, residual solutions and contaminated glassware should be disposed
of in the locally approved manner.

2. Pairs of complementary oligonucleotides are obtained in single-strand form (we term as
A and B). The concentration of single-stranded oligonucleotide may vary with the scale
of synthesis and is specified by the supplier. Since the concentration of strand A and
strand B may be different (as is often the case), we routinely confirm the concentration
using a Genequant II spectrophotometer. Concentrations are usually in the range 80–170 µM.
Calculations are made of the appropriate volumes of the solutions containing A and B
that need to be mixed for each experiment.

3. Usually, the NaCl solution is added to the A/B mixture to 0.02 M to increase the stability
of the DNA duplex; this solution is then ready for binding studies. A further simple calcu-
lation is required to give 25 µL of solution containing 10–15 µM duplex with 0.02 M
NaCl, for injection onto the capillary. In an alternative procedure, the mixture A/B may
be diluted with buffer to give the solution of duplex required for injection on the column.

4. We normally use 0.22 M total borate buffer at pH 7.0 (see Table 1). The solutions con-
taining the mixtures of two single-strands are left at room temperature for at least one
hour after mixing, prior to injection, to allow equilibration as duplex.

5. For DNA binding studies, the prepared oligonucleotide samples also require addition of
various increasing concentrations of the drug ligand. The molar ratio of the drug to the
duplex may range from 0:1, 1:1, 2:1 and so on up to 10:1. A relatively high concentration
stock solution of the drug is prepared, and concentration confirmed using UV absorption.
The stock solution of drug is diluted in a series: 1:1, 1:2, 1:3, 1:4, and so on, such that
5 µL of each of the dilutions contains an appropriate amount of drug to mix with a fixed
volume of the duplex DNA solution. The series of drug-DNA mixtures in the required ratio
are incubated for 1 h at room temperature prior to analysis by FSCE (see Notes 13–16).
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3.3. Confirmation of Duplex Formation
1. The melting temperature of many short oligonucleotides is below room temperature in

distilled water, even though the presence of sodium ions in the running buffer is expected
to stabilize the double helix. It is a wise precaution to confirm the formation of duplex by
obtaining electropheric evidence of duplex formation (see Note 13).

2. One method of confirmation is given in Fig. 3, where the A/B mixture was spiked sepa-
rately with an excess of each of the single-strands, which act as mass markers. It should
be noted that, almost invariably, the single-strands separate from the duplex, and that as
shown in Fig. 4, the electrophoretic separation can be enhanced further by increasing the
buffer pH above 7.0.

3.4. Effect of pH on the Separation of Duplexes
1. We prefer to work wherever feasible, at pH values close to physiological pH (see Notes

3–5). Figure 5 indicates that it is possible to improve separation in many cases by
increasing the pH, however the peaks tend to become broader as the pH is increased.

3.5. Choice of Detection Wavelength
1. The standard detection wavelength for DNA solutions is 260 nm, irrespective of whether

the bases giving rise to the absorption are AT or GC. At this wavelength, ssDNA as well

Fig. 3. Confirmation of duplex formation with the sequence GGGCCGCGCCGC. The
single-strands are not separated and give rise to peak 2, whereas peak 1 is the duplex. Electro-
pherogram (I) is from an equimolar mixture of the two strands in distilled water, in which
duplex formation is incomplete even after equilibration. E-gram (II) is spiked with 75 pmol of
strand A. Electropherogram (III) is spiked with 150 pmol of strand A and electropherogram
(IV) is from the solution used for (III), spiked with 75 pmol of strand B. The migration time of
peak 2 is consistent with those of the two single strands.
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as dsDNA will be detected. In a few cases, where annealing is incomplete, electrophero-
grams may be difficult to interpret in the presence of a ligand.

2. However, the bound ligand (particularly a minor groove binder) confers a long-wave-
length absorption to the complex (Fig. 6). This signature can be used advantageously and
only the complex(es) which may be formed are detected, simplifying the electrophero-
gram (Fig. 7). This detection mode is also particularly useful where the migration time of
the complex is the same as that of the unbound oligonucleotide.

3. An example of the use of a longer wavelength for detection is given in Fig. 8. The electro-
pherogram obtained by detecting DNA absorption at 260 nm displays several extraneous
peaks arising from ssDNA. However, detection at 315 nm shows only the two complexes,
in this case showing that there is no great difference between the octamer CGAAAACG
and the dodecamer CGCGAAAACGCG in affinity for netropsin.

4. Notes
1. There are methods for coping with a lack of resolution between putative complexes and

free oligonucleotides. Electropherograms (see Subheading 3.) show that the success of
our approach depends on the resolution of the oligonucleotide peaks in the first instance.
If the uncomplexed oligonucleotides are not separated, the essential information on bind-
ing preference may still be obtained as long as the peaks for the complexes are separated
from each other and from that for the pure oligonucleotides.

Fig. 4. The effect of buffer pH on the separation of single strands (peak 2) of the sequence
GGGCCGCGCCGC from the duplex. Electropherogram (I), 0.22 M total borate concentration
(TBC), pH 7.5; (II), TBC 0.3M, pH 8.5. Note that the order of migration is different at the two
different pH values. Solutions are equilibrated in buffer and show broader peaks, with less
single-stranded form, compared to the electropherograms shown in Fig. 3.
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2. If neither the nucleotides nor the complexes are separated, it is necessary to be a little
more inventive: the simplest approach that we have found so far is to increase the overall
length of one of the oligonucleotides, without altering the putative binding site. Gener-
ally, a dodecamer CGCGXXXXCGCG, for example, will migrate more slowly than the

Fig. 5. The effect of pH on the separation of the duplexes GGGCCGCGCCGC (peak 2) and
AAATTATATTAT (peak 1). Panels are: (I), 0.22 M TBC, pH 7.5; (II), 0.22M TBC, pH 8.5.
Peak 3 represents traces of ssDNA.

Fig. 6. Normalized UV spectra of free 12-mer AAATTATATTAT (......) and the same 12-mer
complexed with netropsin (-.-.-.-), distamycin (-----), and Hoechst 33258 (––––). All are obtained
from electrophoresis in buffer at 0.22 M TBC, pH 7.5 (see Notes 3 and 4).
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octamer CGXXXXCG with the same central sequence. So far, we have not found the
flanking sequence to have a large effect on the binding affinity, although there is a slight
preference for the longer duplex in some cases. With the added flexibility of the increased
length of flanking sequence, we have so far been able to carry out competition experi-
ments for any given pair of four-base-pair binding sites.

3. From inception, we wished to select buffer solutions to be optimally effective in the pH
range 7–9, and with a preference for the physiological value of about 7.4, in order to main-
tain the ionization of DNA in its native state. The obvious candidates are phosphate, which
has good buffering up to about pH 8, and borate with good buffering at higher pH values.

4. In the event, for reasons which are not understood, good electropherograms were obtained
with borate, and very poor results were obtained with phosphate. The latter buffer did not
seem compatible with maintenance of adequate voltages, nor with acceptable peak shape.
As a result, we have used borate throughout, even at pH 7.5, which is close to the limit of
its useful buffering capacity. We have not observed, nor are we aware of any problems
arising from the theoretical lack of buffering effect.

5. Variations in run buffer pH have a marked effect on both peak separation and peak shape.
Higher pH values often produce better separation of molecules, but at the risk of peak
broadening. We prefer to use experimental conditions similar to physiological pH, if nec-
essary at the expense of resolution.

6. Since this chapter was completed, this supplier has ceased selling CE equipment. Any of
the alternative suppliers will provide equipment capable of the same function.

7. The origin of the electroosmotic force is the ionization of the silanol groups on the silica
surface, which causes the flow of liquid in the capillary under the applied voltage. The
resulting surface negative charge results in an affinity for the majority of DNA-binding

Fig. 7. Electropherograms of the duplex CGCAAATTACGC complexed with netropsin,
molar ratio 0.78, in 0.3 M TBC, pH 8.0. Electropherogram traces are: (I) UV absorbance at 260 nm;
(II) ligand absorbance at 320 nm. Peak 1 is free duplex, peak 2 is the complex, peak 3 and peak 4
are traces of ssDNA.
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ligands that are positively charged, some of which bind very strongly to the capillary wall
and may render the column unusable.

8. Many ligands that bind in the minor groove to DNA have a low dissociation constant
(typically 10–6 or smaller), and/or have a slow dissociation rate. Such ligands usually
remain associated with DNA for the duration of the analysis, and there is no problem with
binding to the capillary wall.

9. However, for many ligands that intercalate into DNA, such as ethidium, the dissociation
constant is larger. Then the dissociation of ligand does occur as the complex passes along
the capillary, and eventually there may be an accumulation of silica-bound ligand as
successive experiments are carried out. This has a direct effect on migration time, by
changing the nature of the capillary wall. The wall-bound ligand also offers to interact

Fig. 8. Electropherograms of an equimolar mixture of CGAAAACG and CGCGAAAACGCG
duplexes, complexed with increasing amounts of netropsin. Molar ratios (r) are for netropsin to
either nucleotide. Electropherograms are: (I) UV detection of DNA at 260 nm; (II) ligand
detection at 315 nm. Peak 1 is free octamer, peak 2 is free dodecamer, 3 is octamer complex, 4
is dodecamer complex, and 5 is unresolved free and bound forms of dodecamer duplex.
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with passing DNA, with the possibility that the DNA will be held back through transient
DNA-ligand interactions. The effect is to increase migration time and to cause peak-
broadening. It is good practice to inject a drug-free oligonucleotide solution onto the
capillary after each sample loaded with the drug, or at least after a few drug-loaded
samples have been run, to confirm that the capillary is behaving consistently.

10. The practical solution, if problems are encountered, is to clean the capillary between runs
and to avoid undue exposure to ligand; in particular, it is not wise to attempt electro-
phoresis of the ligand alone. Attempts to construct calibration curves for unbound ligand
are generally not successful and may require replacement of the column with a fresh
length of capillary.

11. It might be useful to experiment with coated capillaries to limit the interaction of capil-
lary wall with positively charged ligands.

12. Typically, we have found that the minor groove binders form stable complexes under
the conditions of the experiment, which survive to reach the detector after passage down
the capillary and have distinctive UV spectra. There is a tendency for the DNA intercalat-
ing class of ligands to dissociate during passage, resulting in detection of peaks at 260 nm
that show no ligand present. For the intercalator-ligands, binding is detected through
changes in migration time, and from peak broadening. There is no obvious reason why
intercalator-ligands with higher affinity for DNA should not form complexes which would
survive to reach the detector.

13. The most uniform peak shapes are observed when samples are prepared in distilled water.
Unfortunately, this is sometimes inconsistent with duplex formation, which may or may
not occur at all, or may only occur when the sample is exposed to the running buffer on
the column. Our preference has been to prepare samples in buffer, or to add sodium chlo-
ride to encourage duplex formation. The elevated ionic strength often results in a distortion
of peak shape. In particular, it is possible to obtain an electropherogram of two oligonucle-
otides, where one has regular, Gaussian peak shape and the other is broad or distorted with
a trailing edge. The effect is consistent from one run to the next and can be repeated.

14. It has become fairly routine procedure in the FSCE of oligonucleotides to add EDTA to
the running buffer (7). EDTA can competitively bind traces of heavy metals that could
form coordination complexes with the DNA, and help to give uniform DNA peak shape.
In our experience, the effect is variable: sometimes peak shape is considerably improved,
but in many cases there is little effect. Although EDTA may not affect ligand binding, our
present view is that it is best to keep the system as simple as possible. Subject to the results
of future experiments, we may add EDTA routinely, but at present we are leaving it out.

15. Although FSCE will happily cope with lengths of DNA up to several tens of base pairs,
competition experiments that test the ability of a ligand to distinguish between various
combinations of four or more bases in a sequence may require a large number of oligo-
nucleotides of different sequence. A dodecamer duplex will cost about £48, at UK price
of ~£2 sterling for each base. This is a cost implication which has caused us to examine
the use of shorter sequences, in particular the use of 5'-CGXXXXCG-3', where the central
AT region (X = either A or T) is the binding domain. Such duplexes have “melting
temperatures” (Tm) in the range 11–13.5°C in distilled water, which increases to 13–17.5°C
in 0.22 M total borate, pH 7.5 buffer. CE experiments run at 20°C impose a danger that
the oligonucleotides will disassociate into single-stranded forms during the run. In prac-
tice, this has not been a problem. It is possible to show very clearly that the ssDNA has a
different migration time from the duplex in almost every case studied so far, and that the
form obtaining during the experiment is the duplex. Electrophoresis of oligonucleotides
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in capillaries, or the use of borate buffer, may contribute to the thermal stability of the
duplex in a way that is not properly understood.

16. It is reassuring that the results observed, by CE of DNA-ligand complexes, agree well
with those obtained by gel electrophoresis footprinting (8). Complex formation in itself
appears to stabilize the oligonucleotide duplex and raises the Tm of DNA well above
20°C. Of all the sequences used in our most recent work, the only octamer of the general
sequence CGXXXXCG, which would not anneal is CGTTTACG. This sequence also
failed to anneal as the dodecamer CGCGTTTACGCG.

Acknowledgment
We thank the Dr. Hadwen Trust for Humane Research, for assistance toward pur-

chase of equipment, Al-Hikma Pharmaceuticals and the Jordanian Government for
support of I.I.H.

References
1. Pariat, Y. F., Berka, J., Heiger, D. N., Schmitt, T., Vilenchik, M., Cohen, A. S., Foret, F.,

and Karger, B. L. (1993) Separation of DNA fragments by capillary electrophoresis using
replaceable linear polyacrylamide matrices. J. Chromatogr. A 652, 57–66.

2. Khan, K., Van Schepdael, A., and Hoogmartens, J. (1996) Capillary electrophoresis of
oligonucleotides using a replaceable sieving buffer with low viscosity-grade hydroxyethyl
cellulose. J. Chromatogr. A 742, 267–274.

3. Hamdan, I. I., Skellern, G. G., and Waigh, R. D. (1998) Separation of pd(GC)12 from
pd(AT)12 by free solution capillary electrophoresis. J. Chromatogr. A 806, 165–168.

4. Hamdan, I. I., Skellern, G. G., and Waigh, R. D. (1998) Use of capillary electrophoresis in
the study of ligand-DNA interactions. Nucleic Acids Res. 26, 3053–3058.

5. Dickerson, R. E. (1999) Helix structure and molecular recognition by B-DNA, in Nucleic
Acid Structure (Neidle, S., ed.), Oxford University Press, Oxford, UK, pp. 145–197.

6. Li, C. and Martin, L. M., (1998) A robust method for determining DNA binding constants
using capillary zone electrophoresis. Anal. Biochem. 263, 72–78.

7. Hows, M. E. P., Alfazema, L. N., and Perrett, D. (1997) Capillary electrophoresis buffers:
approaches to improving their performance. LC. GC International 10, 656–668.

8. Abu Daya, A., Brown, P. M., and Fox, K. R. (1995) DNA sequence preferences of several
AT-selective minor groove binding ligands. Nucleic Acids Res. 23, 3385–3392.

9. Hamdan, I. I., Skellern, G. G., and Waigh, R. D., unpublished observations.




