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PNA Technology

Peter E. Nielsen

1. Introduction

Peptide nucleic acids (PNA) were originally conceived and
designed as sequence-specific DNA binding reagents targeting the
DNA major groove in analogy to triplex-forming oligonucleotides.
However, instead of the sugar-phosphate backbone of oligonucle-
otides PNA was designed with a pseudopeptide backbone (1). Once
synthesized, it was apparent that PNA oligomers based on the
aminoethylglycin backbone with acetyl linkers to the nucleobases
(see Fig. 1) are extremely good structural mimics of DNA (or
RNA), being able to form very stable duplex structures with
Watson-Crick complementary DNA, RNA (or PNA) oligomers (2–
4). It also quickly became clear that triplexes formed between one
homopurine DNA (or RNA) strand and two sequence complemen-
tary PNA strands are extraordinarily stable. Furthermore, this sta-
bility is the reason why homopyrimidine PNA oligomers when
binding complementary targets in double-stranded DNA do not do
so by conventional (PNA-DNA2) triplex formation, but rather pre-
fer to form a triplex-invasion complex in which the DNA duplex is
invaded by an internal PNA2-DNA triplex (see Fig. 2) (5,6). This
type of binding is restricted to homopurine/homopyrimidine DNA
targets in full analogy to dsDNA targeting by triplex forming oligo-
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Fig. 1. Chemical structures of PNA as compared to DNA. In terms of
binding properties, the amino-end of the PNA corresponds to the 5'-end
of the DNA.

Fig. 2. Structural modes for binding of PNA oligomers to sequence
complementary targets in double-stranded DNA.

nucleotides (see Fig. 3). However, other binding modes for targeting
dsDNA is available for PNA (7) of which the double duplex invasion
(8) is believed to become very important, because it allows the for-
mation of very stable complexes at mixed purine-pyrimidine targets
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as long as they have a reasonable (~ 50%) A/T content (see Fig. 4).
The DNA/RNA recognition properties of PNA combined with excel-
lent chemical and biological stability and tremendous chemical-syn-
thetic flexibility has made PNA of interest to a range of scientific
disciplines ranging from (organic) chemistry to biology to medicine
(9–16).

2. PNA Chemistry

PNA oligomers are easily synthesized by standard solid-phase
manual or automated peptide synthesis using either tBoc or Fmoc
protected PNA monomers (17–19), of which the four natural
nucleobases are commercially available. Typically the PNA oligo-
mers are deprotected and cleaved off the resin using TFMSA/TFA
(tBoc) or and purified by reversed-phase high-performance liquid
chromatography (HPLC). While sequencing is not yet a routine
option, the oligomers are conveniently characterized by matrix-

Fig. 3. Triplex invasion by homopyrimidine PNA oligomers. One PNA
strand binds via Watson-Crick base pairing (preferably in the antiparallel
orientation), whereas the other binds via Hoogsteen base pairing (prefer-
ably in the parallel orientation). It is usually advantageous to connect the
two PNA strands covalently via a flexible linker into a bis-PNA, and to
substitute all cytosines in the Hoogsteen strand with pseudoisocytosines
(ΨiC), which do not require low pH for N3 “protonation.”
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assisted laser desorption/ionization time-of-flight (MALDI-TOF)
mass spectrometry. PNA oligomers can routinely be labeled with
fluorophores (fluorescein, rhodamine) or biotin, while labeling with
radioisotopes requires incorporation of tyrosine for 125I-iodination or
conjugation to a peptide motif that can be 32P-phosphorylated. Fur-
thermore, PNA-peptide conjugates can be obtained by continuous
synthesis or using standard peptide-conjugation techniques, such as
maleimide cystein coupling or thioester condensation. Finally, the
attractive chemistry of PNA has inspired the synthesis of a large num-
ber of PNA analog (16), including the introduction of a variety of
non-natural nucleobases (e.g., 20–23) (see Fig. 5).

3. Cellular Uptake

PNA oligomers used for biological (antisense or antigene)
experiments are typically 12–18-mers having a molecular weight of

Fig. 4. Double-duplex invasion of pseudo complementary PNAs. In
order to obtain efficient binding the target (and thus the PNAs) should
contain at least 50% AT (no other sequence constraints), and in the PNA
oligomers all A/T base pairs are substituted with 2,6-diaminopurine/
2-thiouracil “base pairs.” This base pair is very unstable due to steric
hindrance. Therefore the two sequence-complementary PNAs will not be
able to bind each other, but they bind their DNA complement very well.
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3–4000. Because PNA oligomers are hydrophilic rather than hydro-
phobic, these are in analogy to hydrophilic peptides (or oligonucle-
otides) not readily taken up by pro- or eukaryotic cells in general.
Consequently, it has been necessary to devise PNA delivery sys-
tems. These include employment of cell-penetrating peptides, such
as penetratin (24,25) transportan (25), Tat peptide (26), and nuclear
localization signal (NLS) peptide (27) in PNA-peptide conjugates.
Alternatively, cationic liposome carriers, which are routinely and
effectively used for cellular delivery of oligonucleotides, can be
used to deliver PNAs. However, because PNA oligomers do not
inherently carry negative charges, loading of the liposomes with
PNA is extremely inefficient. However, efficient loading and hence
cell delivery can be attained by using a partly complementary oligo-
nucleotide to “piggy-back” the PNA (28) or by conjugating a lipo-
philic tail (a fatty acid) to the PNA (29). Finally, techniques that

Fig. 5. Chemical structures of non-natural nucleobases used in PNA
oligomers.
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physically disrupt the cell membrane, such as electroporation (30)
or streptolysin treatment (31) can be used for cell delivery. While
all of these delivery systems have successfully been employed to
demonstrate PNA-dependent downregulation of gene expression
(see Table 1), it is fair to conclude that a general, easy, and efficient
method of delivery is still warranted. In particular, it was recently
demonstrated that PNA-peptide (penetratin, Tat, NLS) conjugates,
although efficiently internalized in a number of cell lines (26), were
predominently localized in endosomes inside the cell. At present
the most general, but rather cumbersome, method is judged to be
the oligonucleotide/liposome method (28) (see Chapter 14).

4. Antisense Applications

As mentioned earlier, several examples of PNA-directed
(antisense) downregulation of gene expression have been described
(24,25,27–35) (see Table 1). Cell free in vitro translation experi-
ments indicate that regions around or upstream the translation ini-
tiation (AUG) start site of the mRNA are most sensitive to inhibition
by PNA unless a triplex-forming PNA is used (36–38) (as is also
the case when using the analogous morpholino oligomers ([39])),
although exceptions are reported (40). In cells in culture, the picture
is less clear (see Table 1), and in one very recent study, it was even
reported that among 20 PNA oligomers targeted to the luciferace
gene (in HeLa cells) only one at the far 5'end of the mRNA showed
good activity (34).

Because PNA-RNA duplexes are not substrates for RNAseH,
antisense inhibition of translation by PNA is mechanistically differ-
ent from that of phosphorothiates. Consequently, sensitive targets
identified for phosphorothioate oligonucleotides are not necessarily
expected to be good targets for PNA. Indeed, sensitive RNA targets
for PNA oligomers are presumably targets at which the PNA can
physically interfere with mRNA function, such as ribosome recog-
nition, scanning, or assembly, whereas ribosomes involved in trans-
lation elongation appear much more robust (36). Interestingly, but
not too surprisingly, it was recently demonstrated that intro-exon



P
N

A
 T

echnology
9(continued)

Table 1
PNA Cellular Delivery and Ex Vivo Effects

PNA Target Method Modification Cell type/line Assay References

21-mer Galanin Direct delivery Peptide conjugate Human Receptor activity/
receptor (ORF (penetratina/ melanoma protein level 24

transportationb Bowes (Western blot)

16-mer Pre-pro Direct delivery Peptide conjugate Primary rat mRNA level 25
oxytocin (retro-inverso neurons (RT-PCR)

penetratinc) Immunocytology

14-mer Nitric oxide Direct delivery PNA peptide Mouse Enzyme activity 100
(homo- synthase conjugate macrophage
pyrimidine) (Phe-Leu)c RWA264.7

17-mer c-myc Direct delivery NLS peptided Burkitt's Protein level 27
(ORF-sense) conjugate lymphoma (Western blot)/

cell viability
15-mer PML-Rar-α Cationic Adamantyl Human Protein level 35

(AUG) liposomes conjugate lymphocyte (Western blot)/
(APL) NB4 cell viability

13-mer Telomerase Cationic PNA/DNA Human prostate Telomerase 25
(RNA) liposomes complex cancer DU145 activity

13-mer Telomerase Cationic PNA/DNA Human Telomerase 32
(RNA) liposomes complex mammary activity/cell

epithelial viability/
(immort.) telomerase length
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Table 1 (continued)
PNA Cellular Delivery and Ex Vivo Effects

PNA Target Method Modification Cell type/line   Assay References

13-mer Telomerase Electroporation PNA/DNA AT-SV1, Telomerase     33
(RNA) complex GM05849 activity/cell

immortality
11/13-mer Telomerase Direct delivery Peptide conjugate JR8/M14, Telomerase    102

(RNA) (penetratinc) human activity/cell
melanoma viability

11-mer none Direct delivery Mitochondrial IMR32, Only uptake    103
uptake peptidee HeLa, a.o.

17-mer c-myc Direct delivery PNA Prostatic MYC expression    104
dihydro- carcinoma cell viability
testosterone
conjugate

11-18-mer Luciferase Cationic PNA/DNA HeLA Luciferase     34
(5-UTR) liposomes complex activity

15-mer IL-5Rα Electroporation None BCL1 RNA synthesis         30
(splice site) lymphoma (splicing

11-mer Mitochondrial Direct delivery PNA- 143B Biotin uptake/    105
phosphonium osteosarcoma/ MERRF DNA

DNA conjugate fibroblasts
(human)

13-mer Telomerase Direct delivery PNA-lactose HepG2 Fluorescence        106
(RNA) conjugate hepatoblastoma uptake/telomerase

activity

(continued)
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15-mer HIV-1 gag-pol Direct delivery None H9 Virus production  64

7-mer bis- ribosomal RNA Direct delivery None E. coli Growth inhibition  54
PNA α-sarcin loop
10-15-mer β−lactamase Direct delivery None E. coli Enzyme activity   101

β-glactosidase
(AUG)

10-mer acpP (AUG) Direct delivery Peptide conjugate E. coli Growth inhibition  56
α−sarcin loop (KFFf)

17-mer NTP/EhErd2 Direct delivery None Entamoeba Enzyme activity  58
(AUG) histolytica

Triplex Electroporation None Mouse                Mutation induction  31
forming bis- fibroblasts
PNA

Triplex Globin gene Electroporation None Monkey mRNA level  49
forming bis- (dsDNA) kidney CV1 (RT-PCR)
PNA
18-mer EGFP Electroporation None/Lys4 HeLa GFP synthesis  41

(nitron)

apenetratin (pAntp): RQIKIWFQNRRMKWKK
btransportan: GWTLNSAGYLLGKINLAALAKKIL
creto-inverso penetratin: (D)-KKWKMRRNQFWVKVQR
dNuclear localization signal (NLS): PKKKRKV
eMSVLTPLLLRGLTGSARRLPVPRAKIHSL
fKFFKFFKFFK

Table 1 (continued)
PNA Cellular Delivery and Ex Vivo Effects

PNA Target Method Modification Cell type/line     Assay References
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splice junctions are very sensitive targets for PNA antisense inhibi-
tion because correct mRNA splicing is prevented (34,41). Thus in
antisense experiments with PNA, as with other DNA analogs and
mimics, it is advisable to perform a mRNA scanning (gene-walk)
by testing a series of PNAs targeting different regions of the mRNA.

5. Antigene Properties

PNA triplex-invasion complexes have sufficient stability to arrest
elongating RNA polymerase, especially when positioned on the
template DNA strand (38,42). Naturally, DNA recognition by proteins,
such as transcription factor and RNA polymerase is also totally
blocked by PNA binding (both triplex- and double-duplex invasion)
(8,43,44) and the concomitant complete distortion of the DNA helix.
Therefore, PNA gene targeting at the DNA level (antigene) should
be very efficient. The main obstacle appears to be the access of the
PNA to the DNA under physiological conditions that include the
presence of cations (K+, Mg2+, spermine, etc.) that stabilize the DNA
double helix and therefore dramatically reduces the rate of helix
invasion by the PNA (45,46). Furthermore, the effect of chromatin
structure on PNA binding is not known, but would be expected to
decrease the access to the DNA binding sites. Nonetheless, it has
been reported that triplex invading PNAs induced mutations in
mouse cells, thereby inferring target binding in the cell nucleus (31).
Binding in vivo may be greatly facilitated by negative DNA super-
coiling (46), e.g., induced by active transcription, or by the tran-
scription process per se (47).

Most interestingly, PNA triplex invasion loops are recognized by
RNA polymerases as transcription initiation sites, most likely
because the loops resembles the loop in a transcription initiation or
elongation complex (48). Thus PNA oligomers may function as
artificial transcription factors using the PNA target as a “promotor”
(see Chapter 17), and the effect has even been reported to take place
in cells in culture (49).
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6. Gene Delivery

Gene therapy requires efficient delivery of DNA vectors to the
nucleus of cells in desired tissues. The specific and strong binding
of PNA to double stranded DNA has been exploited to tag such
vectors noncovalently with fluorophores in order to be able to track
the vector in the cells (50), and more recently with targeting ligands
conjugated to the PNA. These were either the nuclear localization
signal (NLS) peptide improving nuclear entry of the vector (51,52)
or ligands (such as ferritin) for cell-specific receptors (53), that tar-
get the vector to cells expressing this receptor.

7. Antimicrobial PNAs

Microbes have also been targets for PNA antisense. Many antibi-
otics interfere with protein-synthesis by specifically binding to
prokaryotic ribosomes. The binding sites of such antibiotics often
map to the ribosomal RNA. In an effort to mimic the action of such
antibiotics, PNA oligomers were targeted to functionally essential
regions of the 23S Escherichia coli ribosomal RNA (see Fig. 6)
(54). In particular a triplex-forming bis-PNA targeting a 7-mer
homopurine stretch in the α-sarcin loop (see Fig. 7) effectively
inhibited translation in a cell free system and were also able to
inhibit the growth of E. coli , albeit with low potency, which was
ascribed to poor uptake of the PNA by the bacteria (55). Conjugat-
ing a simple transporter peptide to the PNA increased the potency
significantly, and an even more potent antibacterial PNA was
developed by targeting an essential gene involved in fatty acid
synthesis, acpP. This PNA was shown to inhibit the growth of
bacteria E. coli in the presence of human (HeLa) cells (56).
Analogous PNA conjugates showed antiinfective efficacy in a
mouse model (57). Unmodified antisense PNA oligomers were
also recently shown to downregulate targeted genes in an amoeba
(Entamoeba histolytica) (58).
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Fig. 6. Sequence of part of the 23S ribosomal RNA from E. coli. Two
purine rich targets that have been found to be sensitive to tageting by bis-
PNAs are indicated. These targets are found in two functional regions:
the peptidyl transferase center, and the α-sarcin loop.

8. Antiviral PNAs

Reverse transcriptase, one of the key enzymes in the life cycle of
retroviruses (such as HIV), is very sensitive to PNA antisense inhi-
bition. Reverse transcription of the RNA template is effectively
arrested by PNA oligomers bound to the template (59–63). This
finding has raised hope that PNA antiviral drugs could be devel-
oped, and one report has even shown that HIV replication in cell
culture can be inhibited by PNAs targeting the gag-pol gene (64).
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Fig. 7. Close-up view of the peptidyl transferase center and the α-sarcin
loop targets (in bold). The bis-PNA targeting the α-sarcin loop is also
shown. The linker is composed of three 8-amino-3,6-dioxaoctanoic acid
(O) units.

However, very high PNA concentrations were required, emphasiz-
ing the need of an efficient cell-delivery system for PNA.

9. Genetic Information Carrier

PNA oligomers are potentially carriers of genetic information
through their nucleobase sequence. As PNAs are also peptides, these
molecules formally bridge the chemistry and function of proteins
(peptides) and nucleic acids (DNA) and in this respect may be of
relevance to the discussion of the prebiotic evolution of life (65). It
is well-established that the formation of amino acids and
nucleobases could have occurred in a prebiotic soup on the young
Earth (66), whereas it is very difficult to imagine and mimic condi-
tions that would create sugars (ribose) and nucleosides (67). Thus
one may consider the possibility that a PNA-like prebiotic genetic
material may have been a predecessor of RNA and the RNA world.
Indeed, it has been demonstrated that it is possible to “chemically”
transfer” sequence information from one PNA molecule to another
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(primitive replication) and likewise from a PNA oligomer to an
RNA oligomer (68–70). Thus, in principle, a PNA world to an RNA
world transition scenario is a theoretical possibility. Furthermore, it
was recently demonstrated that PNA monomers can be formed
under prebiotic soup conditions (71).

10. PNA in Diagnostics

The excellent hybridization properties of PNA oligomers com-
bined with its unique chemistry has been exploited in a variety of
genetic diagnostic techniques. For instance, PNA probes for in situ
hybridization yield superior signal to noise ratios and often allow
milder washing procedures resulting in morphologically better
samples. Thus PNA-fluorescence in situ hybridization (FISH) tech-
niques (see Chapter 12) have been developed for quantitative
telomere analyses (72–74), chromosome painting (75) and viral and
bacterial diagnostics both in medical as well as environmental
samples (76–83).

In another very powerful application, PNA oligomers can be used
to silent polymerase chain reaction (PCR) amplifications in single
mutation analyses (84) (see Chapters 10 and 11). This technique is
so powerful that it is possible to obtain a specific signal from a single
mutation oncogene in the presence of a 1,000–10,000-fold excess
of the nonmutated wild-type normal gene (85–89).

Furthermore, various beacon (90–91) or light-up probe technolo-
gies have taken advantage of PNA chemistry (92–94). PNA oligo-
mers are perfectly suited for MALDI-TOF mass-spectrometry
giving very high and distinct signals, and this property has elegantly
been exploited in an array hybridization technique in which the
hybridized DNA (or RNA) is detected by mass-spectrometry via
secondary hybridization of a PNA tag (95). Such tags are simply
made with individual molecular weights, and the presence of a spe-
cific PNA tag in the MALDI thus identifies the presence of a spe-
cific hybridization and thus the gene variant. Most importantly many
PNA tags can be analyzed in the same experiment (95). Finally,
PNA oligomers can be used as capture probes for DNA or RNA
purification and sample preparation (96–99).
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The examples given here illustrate the width of PNA applications
and, it is hoped, will inspire further use of this versatile DNA mimic
both within these already established techniques, but as much in the
development of novel applications.
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Solid Phase Synthesis of PNA Oligomers

Frederik Beck

1. Introduction

 Originally the PNA oligomers were assembled on a Merrifield
(methylbenzhydrylamine, MBHA) resin in a fritted vial, as shown
in Fig. 1, using the Boc/Cbz strategy. Fmoc-chemistry was subse-
quently introduced and most recently the Mmt-monomers have also
been used. The first syntheses were made in the above-mentioned
glass reaction vial, but later protocols for use on fully automated
equipment, both for Boc (ABI synthesizers) and Fmoc chemistry
(Expedite, PerSeptive Biosystems), became available. Subheading
1.1. will only describe the manual, solid-phase synthesis of PNA
oligomers from the commercially available Boc/Cbz monomers.

1.1. Boc/Cbz Synthesis

In Fig. 2 is depicted the synthesis cycle for the synthesis of PNA
oligomers using the Boc/Cbz monomers as published by
Christensen et al. (1) They had initially tested both CPG (controlled
pore glass) and polystyrene resins and found, by a comparative
study, that MBHA-polystyrene (methylbenzhydrylamine) was the
superior solid support. The first monomer coupled to the resin using
HBTU activation was typically a Boc-amino acid (Boc-Lysine-Nε-
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Fig. 1. Reaction vessel.

2-ClZ) to improve solubility of the final oligomer. The Boc group
was then removed using trifluoroacetic acid (TFA, m-cresol, 95/5).
The m-cresol was added to function as a scavenger for the tert-butyl
cations in order to avoid alkylation of the nucleobases. The next
step, the coupling of the next monomer, was performed with HBTU
activation as with the first Boc-amino acid.

As outlined in the figure, N,N-dimethylformamide/pyridine
(DMF, Pyridine) was used as solvent in the couplings. This was due
to the swelling of the MBHA resin in this solvent system, combined
with the pyridine working as a catalyst in the amide bond formation
during the oligomerization. Initially a protocol employing
diisopropylcarbodiimide (DIC) activation was tested. In this proto-
col a neutralization step using diisopropyl ethylamine (DIEA) was
prior to the coupling.

As N-acyl transfer has been known to occur (2) (see Fig. 3), when
using DIC activation, this type of activation was aborted in favor of
the uronium based coupling reagents used in Fig. 2, and thus the
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pre-neutralization step was avoided. As can be seen from Fig. 2, the
coupling was performed in DMF/Pyridine with N,N-
diethylcyclohexylamine as base. The coupling efficiency was
determined by quantitative high-performance liquid chromatogra-
phy (HPLC) to be � 94%. Other uronium based couplings reagents
were tested, e.g. TBTU, but HBTU showed the better performance.
When using PyBop as coupling reagent in the synthesis of H-CGG
ACT AAG TCC ATT GC-Gly-NH2 a total yield of 40% was
obtained as opposed to 61% when using HBTU, underlining that
HBTU was the superior coupling reagent.

The choice of base in the coupling reaction was made after test-
ing several tertiary amines. The general choice for this type of cou-
pling chemistry, DIEA, resulted in precipitation of the amine salts

Fig. 2. Boc/Cbz PNA oligomer synthesis.
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of the monomers when coupling solutions were made at concentra-
tions greater than 0.05 M. When using N,N-diethylcyclohexylamine,
solutions up to 0.2 M could be made without problems. The capping
step in the synthesis cycle to cap unreacted amino groups, was ini-
tially carried out with acetic anhydride/DIEA in N,N-dimethyl-
formamide/methylene chloride (DMF/DCM). This caused the
formation of several impurities, which could be observed in reverse
phase (RP)-HPLC, corresponding to acylated full-length products
probably acylated at the Boc protected N-terminal. This was avoided
when using “Rapoports reagent” (N1-benzyloxycarbonyl-N3-
methylimidazolium triflate) in DMF (5%, w/v) that capped unreacted
amino groups in 5 min without acylation of other sites on the peptide
nucleic acids (PNA). After the final synthesis cycle, the oligomer was
cleaved from the resin and deprotected using the low/high
trifluoromethanesulfonic acid method developed by Tam et al.(3) (see
Fig. 4) followed by precipitation in diethyl ether.

The oligomer was then purified using RP-HPLC and character-
ized using mass spectrometry. Koch et al. (4) also employed the
Boc/Cbz monomers for PNA synthesis, but used different washing
procedures as well as coupling and capping reagent (see Fig. 5).

The synthesis cycle outlined in Fig. 5 gave higher yield and
higher product purity than the cycle described by Christensen et al.

Fig. 3. Side reactions mediated by attack of N-terminal amino group (2).
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(1). One of the reasons was the change of activation reagent from
HBTU to HATU, which increased the average coupling yield from
98.5% to 99.4%. The change of capping reagent to acetic anhydride
did not pose a problem, which several experiments clearly showed.
The change of solvent from DMF/DCM to DCM gave better wash-
ing as the resin swelled better in pure methylene chloride than in the
mixed solvent. The piperidine washing step after the capping also
helped to increase the product yield and purity as the piperidine
functioned as acetyl scavenger for remaining acetic anhydride thus
preventing nucleobase acetylation.

2. Materials

1. Methylenechloride (DCM) (Labscan, HPLC grade).
2. Dimethylformamide (DMF) (Labscan, HPLC grade).
3. N-Methylpyrrolidone (NMP) (Labscan, HPLC grade).
4. Diisopropylethylamine (DIEA) (Aldrich, + 97%).
5. Methylmorpholine (NMM) (Aldrich, + 97%).
6. 2-(1-H-Benzotriazol-1-yl)-1,1,3,3-tetramethyluronium hexafluoro-

phosphate (HBTU) (Novabiochem, +97%).
7. Trifluoroacetic acid (TFA) (Riedel de Häen, + 99%).
8. Anisole (Sigma, + 97%).
9. Trifluoromethanesulfonic acid (TFMSA) (Fluka, +99%).

10. m-Cresol (Aldrich, + 99%).
11. Acetic anhydride (Ac2O) (Aldrich, + 97%).
12. Pyridine (Aldrich, + 97%).
13. 4-Methylbenzhydryl amine resin, 100–200 mesh, Hydrochloride salt:

(MBHA resin) (Novabiochem).

Fig. 4. Low high cleavage of PNA oligomer from resin (1).
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14. N-((N6-Benzyloxycarbonyl)adenin-9-yl-acetyl)-N-(2-Boc-amino-
ethyl)glycine (Boc-PNA-A(Cbz) monomer) (+ 97%).

15. N-((N4-Benzyloxycarbonyl)cytosin-1-yl-acetyl)-N-(2-Boc-amino-
ethyl)glycine (Boc-PNA-C(Cbz) monomer) (+ 97%)

16. N-((N2-Benzyloxycarbonyl)guanine-9-yl-acetyl)-N-(2-Boc-amino-
ethyl)glycine (Boc-PNA-G(Cbz) monomer) (+ 97%).

17. N-(2-Boc-aminoethyl)-N-(thymin-1-yl-acetyl)glycine (Boc-PNA-T
monomer) (+ 97%).

18.  Solutions: see Table 1.
19. Reagent A (Kaiser test): Mix 40 g phenol with10 mL water. Heat

gently until all solid is dissolved. Dissolve 65 mg KCN in 100 mL

Fig. 5. Automated Boc/Cbz PNA synthesis as described by Koch
et al. (4).
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water. Dilute 2 mL KCN solution with pyridine to a total volume of
100 mL. Mix the phenol and KCN/pyridine solutions.

20. Reagent B (Kaiser test): Dissolve 2.5 g ninhydrine in 50 mL ethanol
(99%).

3. Methods

3.1. Downloading

The MBHA resin was downloaded from the initial 0.4–0.8 mmol/g
to 0.1 mmol/g to reduce problems with steric hindrance later in the
synthesis. This was carried out as follows:

1. MBHA resin (5 g, 0.62 mmol/g) (see Note 1) was weighed into a
50 mL glass reactor, fitted with a sintered glass filter, (see Fig. 1),
and swelled overnight in DCM.

2. DCM was removed by suction, and the resin was washed with DCM
(2 × 3 min), DIEA/DCM (5/95, 2 × 3 min) and DMF (2 × 3 min,
twice the volume of the resin) to remove fines (fragments from
crushed resin beads, which later can clog the sintered glass filter).
Extra DMF is removed from the top immediately after the resin has
precipitated. Remaining DMF is removed by filtration.

Table 1
Solutions

    Special
Solution Stability requirements

DIEA in DCM (5/95) 2 mo None
TFA/DCM/Anisole (50/45/5) 2 wk Light-sensitive
Pyridine/NMP/Acetic anhydride (50/48/2) 1 wk Light-sensitive
NMM in NMP (0.5 M) 2 wk None
HBTU in NMP (0.2 M) 2 wk None
Boc-PNA-A(Cbz) monomer (0.26 M) 2 wk None
Boc-PNA-C(Cbz) monomer (0.26 M) 2 wk None
Boc-PNA-G(Cbz) monomer (0.26 M) 2 wk None
Boc-PNA-T monomer (0.26 M) 2 wk None
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3. PNA monomer (1 mmol, 2.0 eq) (see Note 2), was dissolved in NMP
(14 mL) and NMM (0.22 mL, 4.0 eq) was added.

4. HBTU (0.38 g, 2.0 eq) was dissolved in NMP (7 mL) and added to
the PNA monomer solution

5. Following 2 min preactivation, the mixture was added to the resin
and allowed to react for 5 h under gentle shaking.

6. The resin was washed with DMF (2 × 1 min), DCM (4 × 1 min),
DIEA/DCM (5/95, 2 × 3 min) and DCM (4 × 1 min).

7. The resin was capped overnight using Ac2O/NMP/pyridine (2/48/50,
200 mL).

8. The resin was washed using DCM (5 × 1 min) and dried by suction
for 2 min.

9. A qualitative Kaiser test must now be negative (5).

 3.2. Qualitative Kaisertest

1. Take 2–5 mg lightly dried resin and add 3 drops reagent A and 2
drops reagent B.

2. Heat to 90°C for 2 min to develop. Blue = positive, Yellow = nega-
tive.

3. Finally, the resin loading can be determined as described by Dörner
et al. (6).

3.3. Estimation of Level of First Residue Attachment (6)

1. Swell 50 mg of downloaded PNA resin in DCM overnight.
2. Deprotect resin using TFA/DCM/anisole (50/45/5) (2 × 3 min).
3. Wash with DCM, DMF, DIEA in DCM (5/95), DMF.
4. Couple Fmoc-Glycine to the resin using Fmoc-Gly-OH (29.7 mg dis-

solved in 200 µL NMP), HBTU (36 mg dissolved in 200 µL NMP)
and NMM (22 µL). All three solutions were mixed and allowed to
preactivate for one min, after which the mixture was added to the
resin and allowed to couple for 30 min under gentle mixing.

5. Wash the resin using DMF, DCM.
6. Test for reaction completion using the Kaiser test as described in Sub-

heading 3.2. If the test is positive, repeat coupling (see step 4). If the
test is negative, continue as described in Subheading 3.3., step 7.

7. Take 3 × 10 mm matched silica UV cells.
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8. Weigh dry Fmoc-Gly resin, prepared as described in Subheading
3.3., steps 1–6 (approx 1 µmol with respect to Fmoc) into two of the
cells. Dispense freshly prepared 20% piperidine in DMF (3 mL) into
all three UV cells.

9. Agitate the resin mixture for 2–3 min.
10. Allow the resin beads to settle on the bottom of the UV cell.
11. Place the cells in a UV spectrophotometer using the cell that only

contains piperidine as reference cell.
12. Read the absorbance at 290 nm and calculate the degree of first resi-

due attachment from the following equation:

Fmoc loading  = PNA monomer loading (mmole/g) =

13. After thorough drying the resin is now ready for use in PNA
Synthesis.

3.4. PNA Synthesis

An overview of solid-phase PNA synthesis as described in this
section can be seen in Fig. 6.

3.4.1. PNA Synthesis 5 (mmol Scale)

The solutions used in this section match the solutions described
Subheading 2., item 18 (Table 1).

1. Weigh 50 mg of downloaded PNA resin into a reaction vessel as
shown in Fig. 1.

2. Swell the resin in DCM overnight while shaking the reaction vessel
gently.

3. Remove Boc protection, using TFA/DCM/Anisole (50/45/5) (2 mL,
2 × 3 min).

4. Wash with DCM: Add DCM (2 mL), shake the reaction vessel gen-
tly for 30 s, remove DCM by suction. Repeat DCM wash.

5. Wash with DMF: Add DMF (2 mL), shake the reaction vessel gently
for 30 s, remove DMF by suction. Repeat DMF wash.

(Abs Sample – Abs Ref)
(1.65 × mg resin)
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6. Wash with DIEA/DCM (5/95): Add DIEA/DCM (5/95), (2 mL),
shake the reaction vessel gently for 30 s, remove DIEA/ DCM (5/95)
by suction. Repeat DIEA/DCM (5/95) wash.

7. Wash with DMF: Add DMF (2 mL), shake the reaction vessel gently
for 30 s, remove DMF by suction. Repeat DMF wash.

8. Perform Kaiser test. If negative, repeat from step 3, if positive con-
tinue to step 9.

9. Mix: PNA monomer solution (100 µL, 25 µmol, 5 eq), HBTU solu-
tion (100 µL, 24 µmol, 4.8 eq) and NMM in NMP (100 µL, 50 µmol,
10 eq) and allow to preactivate for 1 min.

Fig. 6. Solid phase PNA synthesis, 5 µµol scale.
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10. Add the activated monomer solution to the resin and allow to couple
for 15 min while shaking the reaction vessel gently.

11. Wash with DMF: Add DMF (2 mL), shake the reaction vessel gently
for 30 s., remove DMF by suction. Repeat DMF wash.

12. Wash with DCM: Add DCM (2 mL), shake the reaction vessel gen-
tly for 30 s, remove DCM by suction. Repeat DCM wash.

13. Perform Kaiser test. If positive repeat from step 6; if negative con-
tinue to step 14.

14. Cap the resin using Ac2O/NMP/pyridine (2/48/50, 2 mL).
15. Wash with DCM: Add DCM (2 mL), shake the reaction vessel gen-

tly for 30 s, remove DCM by suction. Repeat DCM wash.
16. Wash with DMF: Add DMF (2 mL), shake the reaction vessel gently

for 30 s, remove DMF by suction. Repeat DMF wash.
17. Wash with DCM: Add DCM (2 mL), shake the reaction vessel gen-

tly for 30 s, remove DCM by suction. Repeat DCM wash.
18. Repeat from step 3.

After the last coupling, the resin was not capped, but only washed
as described in steps 11 and 12. Following this, the PNA oligomer
was cleaved from the resin as described in Subheading 3.4.2.

These reaction conditions are appropriate up to approx 1 g of
resin. The amounts of monomer solution, coupling reagent, and base
must of course be adjusted to suit the larger amount of resin.

3.4.2. Cleaving of PNA Oligomer from Solid Phase

The directions in this section are suitable for resin amounts of
50–100 mg. When using larger amounts of resin, these amounts
must augmented accordingly.

1. Place the resin in a reaction vessel of an appropriate size, e.g., 3–4 mL,
and wash with TFA/DCM/anisole (50/45/5, 30 s). Remove TFA solu-
tion by suction.

2. Add equal amounts of the two following solutions, both freshly pre-
pared, and shake for 1 h:
a. TFA/dimethylsulfide/m-cresol (1/3/1, 0.5 mL)
b. TFA/TFMSA (9/1, 0.5 mL)

3. Remove the liquid by suction and wash, using: TFA/DCM/anisole
(50/45/5, 1.0 mL, 30 s).
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4. Add the following cleaving mixture and shake for 1.5 h: TFMSA/
TFA/m-cresol (2/8/1, 1,0 mL)

5. Transfer the cleaving mixture to a test tube containing cold diethyl
ether (8 mL), wash the resin using neat TFA (1 mL). Transfer the
TFA to the rest of the cleaving mixture in the test tube.

6. Precipitate the PNA by centrifugation (20 min, 3.000 min–1, –4°C).
7. Discard the diethyl ether, leaving the PNA oligomer in the test tube.

Add fresh cold diethyl ether, resuspend the PNA oligomer in the
diethyl ether and precipitate by centrifugation as described in step 6,
then discard the diethyl ether.

8. Leave the PNA oligomer in the test tube overnight for remaining
diethyl ether to evaporate. If the oligomer is to be dissolved the
following day, for purification, water can be added at this stage
(1–2 mL). The diethyl ether will evaporate overnight.

3.4.3. Purification of PNA Oligomer

PNA oligomers were purified using RP-HPLC. The amount of
PNA oligomer resulting from a cleaving as described in Subhead-
ing 3.4.2. could be purified on a Vydac 218TP1022 (2.5 × 25 cm)
protein and peptide C18 column mounted on a Gilson HPLC system
with a Gilson dual-wavelength detector monitoring at 220 nm and
260 nm.

1. A buffer: 0.1% TFA in water.
2. B buffer: 0.1% TFA in acetonitrile.

Gradient: Flow (10 mL/min).

1. 10% B, T = 0 min.
2. 25% B, T = 25 min.
3. 35% B, T = 32 min.
4. 100% B, T = 44 min.
5. 100% B, T = 49 min.
6. 10% B, T = 50 min.
7. 10% B, T = 60 min.

Fractions active at 260 nm were collected and analyzed by
analytical RP-HPLC. The pure fractions were characterized using
Matrix-Assisted Laser Desorption-Time of Flight mass spectrometry
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(MALDI-TOF MS), with sinapinic acid as matrix. The analysis was
carried out on a HP G 2025A MALDI-TOF mass spectrometer using
positive-mode ionization.

4. Notes

1.  This protocol may be scaled down (or up) depending on demand.
2. Downloading is often performed with lysine as PNA oligomers are

often synthesized with a C-terminal lysine amide.
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Synthesis of PNA-Peptide Conjugates

Satish Kumar Awasthi and Peter E. Nielsen

1. Introduction

Delivery of medium or high molecular-weight compounds (including
large proteins) and drugs to cells has recently been achieved through
conjugation to certain peptide carriers, such as penetratin, Tat-pep-
tide, and MSP (Table 1 and ref. 1–15).

Analogously, peptide nucleic acid (PNA) oligomers may be
delivered to eukaryotic cells in culture (16–18) or to bacteria (19) as
PNA-peptide conjugates. Such conjugates may be prepared by con-
tinuous peptide synthesis using either tBoc or Fmoc chemistry or by
chemical conjugation in solution of purified PNA and purified pep-
tide. Several types of conjugation chemistry are available and most
utilize the specificity obtainable by the soft nucleophile, -SH, which
is conveniently introduced in peptides or PNA via a cysteine.
Alternatively, the redox chemistry of sulfur can be exploited to form
disulfide-(S-S) bridged conjugates (16). These conjugates may,
furthermore, have the advantage of being reduced in the reductive
intercellular environment, thereby releasing the PNA cargo inside
the cell.

Such conjugation chemistry includes the formation of thioethers
via addition to electrophilic substrates like maleimides or by nu-
cleophilic substitution to iodoacetamides. In this chapter, we present
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Table 1
Cell-Penetrating Peptides

Peptide Sequence Length References

Penetratin RQIKIWFQNRRMKWKK 16 (1)
Tat GRKKRRQRRRPPQ 13 (2)
Transportan GWTLNSAGYLLGKINLKALAALAKKIL 27 (3,4)
TP10 AGYLLGKINLKALAALAKKIL 21 (4)
NLS PKKKRKV 7 (5–7)
MPG GALFLGFLGAAGSTMGAWSQPKSKRKV 27 (5,8)
Hel KLLKLLLKLWLKLLKLLL 18 (9,10)
JTS1 GLFEALLELLESLWLLEA 18 (11)
LARL (LARL)6 24 (9)
KALA WEAKLAKALAKALAKHLAKALAKALKACEA 30 (12)
Arg (Arg)9 79 (13)
GALA WEAALAEALAEALAEHLAEALAEALEALAA 30 (14)
AMP KLALKALKALKAALKLA 17 (15)
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procedures for disulfide-bridge conjugation of a Cys-peptide to a
Cys-PNA and a thioether coupling of a Cys-peptide to a maleimide
derivatized PNA oligomer (Fig. 1).

2. Materials

1. Succinimidyl-4-[N-maleimidomethyl]-cyclohexan-1-carboxylate
(SMCC).

2. Fmoc amino acids.
3. 2-(1-H-benzotriazole-1-yl)-1,1,3,3-tetramethyluronium hexafluoro-

phosphate (HBTU).
4. Boc PNA monomers in which exocyclic amino groups (A, C, G) are

protected by the Benzoloxycarbonyl group (Z).
5. Trifluoroacetic acid (TFA).
6. Diisopropylethyl amine (DIEA).
7. Anisol.
8. m-cresol.
9. N-methylpyrrolidone (NMP).

10. Trifluoromethane sulphonic acid (TFMSA).
11. 2,4,6-Collidine.
12. Dimethylformamide (DMF).

Fig. 1. Chemical structure of the two different coupling linkers,
maleimide and disulfide, used to conjugate a PNA to a peptide peptide. In
case of the maleimide coupling, the maleimide derivative (at the N-termi-
nal) of the PNA is reacted with a peptide containing one cysteine (usually
at the N-terminal), and in case of the disulfide coupling both the peptide
and the PNA contains an N-terminal cysteine.
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13. Dichloromethane (DCM).
14. Acetonitrile, high-performance liquid chromatography (HPLC)

grade.
15. Acetic anhydride.
16. PAL-PEG-PS resin.
17. MBHA resin.

3. Methods

3.1. PNA Synthesis

The PNA synthesis is carried out as reported elsewhere (20; see
also Chapter 2). Fluorescein can be incorporated at N-terminal via a
fluorescein-lysine derivative in which the fluorescein is attached to
side chain amino group (KFluo) (21). 8-Amino-2,4-dioxaoctanoic
acid linkers (eg1 monomer) can be incorporated at the N-terminal
of the PNAs in order to increase the solubility of the resulting PNAs
in organic as well as in aqueous solvents. Finally, a cysteine is
incorporated at N-terminal of the PNA when the PNA are to be con-
jugated by disulfide coupling with the peptides.

The HPLC analysis is performed on Delta Pak C18 column (5 µM,
3.9 × 150mm) at ambient temperature with the flow rate of 1 mL/min
using an acetonitrile/water (containing 0.1% TFA) gradient and
using dual UV detection (260 and 230nm). The purification was
done on a C18 (Delta Pak, Waters, 15 µM, 19 × 300 mm) with 8 mL/min
flow rate.

3.2. Peptide Synthesis

The peptides were synthesized by standard procedure. Briefly,
the peptides derived from antennapedia (Ac-CRQIKKWFQ
NRRMKWKKNH2) (pAnt, penetratin), and Tat (Ac-CGRKKRR
QRRRPPQ-NH2) (pTat), were synthesized by Fmoc chemistry on a
Pal resin. The peptides were acetylated on the resin with 5% acetic
anhydride in dimethylformamide for 5 min. The peptide were
cleaved from resin with TFA:anisol:ethanedithiol (94:5:1, v/v) at
room temperature for 4 h. The peptides were precipitated with dry
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cold diethyl ether and washed with diethyl ether several times, and
were purified by reverse-phase (RP)-HPLC as described earlier. The
homogeneity of the peptides (>95%) were confirmed by analytical
HPLC, and their identity was ascertained by mass spectrometry
Matrix-Assisted Laser Desorption-Time of Flight (MALDI-TOFMS).

3.3. PNA-SMCC-Peptide Conjugation
1. Dissolve PNA (0.4 µmole, ca. 2 mg) in 2 mL NMP:  dimethyl sulfox-

ide (DMSO) (7:3, v/v) with 15 min vigorous stirring (see Note 1).
2. Add Succinimidyl-4-[N-maleimidomethyl]-cyclohexan-1-carboxy-

late, (SMCC) (1 mg, 2.99 µmole) dissolved in 20 µL of NMP to the
PNA solution followed by addition of DIEA (16 µL) and kept at
room temperature for 2.5 h with gentle shaking (see Note 2).

3. Add excess dry cold diethyl ether to precipitate the PNA-maleimide
conjugate.

4. Wash the precipitate thoroughly with ether containing 10% NMP in
order to remove excess SMCC.

5. Dry the PNA-maleimide conjugate under nitrogen and characterize
by MALDI-TOF mass spectrometry prior to further reaction.

6. Dissolve the peptide (see Note 3) (5 mg, 2.09 µmole) in 1.5 mL of
0.1 M ammonium bicarbonate solution (NH4HCO3).

7. Add DTT (1.54 mg, 9.9 µmole) dissolved in 100 µL water to the
peptide solution.

8. Leave the reaction mixture at room temperature under nitrogen for 3 h.
9. Lower the pH to 7.0 by adding acetic acid.

10. Load the reaction mixture on a sephadex G-25 gel-filtration column
pre-equilibrated with 10 mM Tris-HCl buffer, pH 7.4, and elute with
the same buffer.

11. Immediately mix the recovered peptide (2 mL) with the PNA
maleimide conjugate predissolved in DMF (200 µL), and allow the
reaction to proceed over night (see Note 4).

12. The product was purified by HPLC and characterized by MALDI
TOF (see Notes 5 and 6).

3.4. PNA-S-S- Peptide Conjugation
1. Dissolve the peptide (see Note 3) (1.07 µmole, ca, 2 mg) and

dithiothreitol (DTT) (1 mg, 6.4 µmol) in 100 µL 0.1 M NH4HCO3
and keep for 2 h at room temperature.
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2. Add dipyridyl disulphide (11 mg, 0.05 mmole) in 100 µL DMF and
keep for further 2 h at room temperature.

3. Pass the reaction mixture through a Sephadex-25 gel column pre-
equilibrated with 10 mM Tris-HCl buffer, pH 7.4, and elute with the
same buffer.

4. React the recovered peptide solution (2 mL) immediately with the
Cys-PNA (2 mg, 0.4 µmole) for 3 h.

5. Analyze and purify the product by HPLC and characterize by
MALDO-TOF mass spectrometry (see Notes 7 and 8).

All compounds were characterized by mass spectrometry. The
masses of PNA, peptide, and PNA-peptide conjugates were ana-
lyzed on Kratos MALDI-II TOF mass spectrometer by using the 3,5
dimethoxy 4-hydroxy cinnamic acid as matrix. Figure 2 shows rep-
resentative examples of HPLC and mass analysis of some of the
peptide-PNA conjugates.

We used PNA extinction coefficient for the concentration deter-
mination of the PNA-peptide conjugates. The conjugates were
stored at –20°C.

4. Notes

1. PNA solubility in organic solvent can be a problem. The ratio of
NMP and DMF for dissolving PNA sequence will vary depending
on the specific sequence of the PNA.

2. HPLC analysis showed complete conversion of PNA into PNA-
maleimide conjugate.

3. pAnt-S-S-PNA and Tat-S-S-PNA conjugates were prepared in this way.
4. HPLC analysis showed quantitative conversion of the PNA.
5. The coupling yield was about 40% based on HPLC analysis results.
6. Although the protocol represents a general procedure for making

PNA-peptide conjugate using bi-functional reagents, PNA solubility
in organic solvent can be a problem. The ratio of NMP and DMF
for dissolving PNA sequence will vary depending on the specific
sequence of the PNA.

7. Furthermore, DTT treatment of the purified conjugate gave the free
PNA oligomer and the peptide as major components as analyzed by
HPLC and confirmed by mass spectrometry.

8. The yield was more than 70% based on HPLC analysis results.
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Fig. 2. HPLC chromatogram (A) and MALDI-TOF mass spectra (B–D) of PNA-peptide conjugates. (A) and (B)
H2N-QPPRRRQRRKKRG-Cys-S-S-Cys-eg1-eg1-eg1-eg1-KFluo–GGTLysGCTLysCACTLysGC GG-NH2; (C) H2N-
QPPRRRQRRKKRG-Cys-S-Maleimide-eg1-eg1-eg1-eg1-KFluo–GGTGCTCACTGC GG-NH2. (D) ) H2N-
KKWKMRRNQFWIKIQR-Cys-S-Maleimide-eg1-eg1-eg1-eg1-KFluo–GGTGCTCACTGCGG-NH2.
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Parallel Synthesis of PNA-Peptide
Conjugate Libraries

Satish Kumar Awasthi and Peter E. Nielsen

1. Introduction

For a large variety of studies, it would be advantageous to be able
to synthesize a library of individual peptide nucleic acid (PNA)
oligomers in parallel. This is especially useful for screening target
positions for antisense reagents along the mRNA (gene walk) as
optimal target sites have to be determined emperically to a very
large degree. Furthermore, because of the very limited cellular
uptake of PNA oligomers in both eukaryotic and bacterial cells and
the finding that conjugation of certain relatively simple peptides to
the PNA may greatly improve the uptake, it is also of interest to
be able to synthesize libraries of PNA-peptide conjugate (see Chap-
ter 3). Methods have previously been described for the synthesis of
PNA parallel libraries on membranes using Fmoc protection chem-
istry (1,2). This chapter describes a protocol for semi-automated
parallel synthesis of up to 96-PNA-peptide conjugates (Table 1) at
0.5 µmole-scale (3).
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2. Materials

1. Boc PNA monomers were obtained from Perseptive Biosystem. In
Boc monomer, the exocyclic amino groups (A, C, G) were protected
by benzoloxycarbonyl group (Z). PNA stock solution in NMP or
DMF: 0.24 M (G monomer in dimethyl sulfoxide [DMSO]).

2. MBHA resin: 5 mg, loading 0.1 mmol/g (0.5 µmole scale).
3. ABIMED auto-spot robot ASP 222.
4. A 96-well (100 µL per well) filter manifold was provided by

ABIMED, Germany.
5. Boc amino acids.
6. HBTU (2-(1-H-benzotriazole-1-yl)-1,1,3,3-tetramethyluronium

hexafluorophosphate): 0.23 M in DMF.
7. Trifluoroacetic acid (TFA).
8. Diisopropylethyl amine (DIEA): 0.46 M in DMF.
9. Anisol

Table 1
Examples of Various PNAs and PNA Conjugates
Synthesized by the Parallel Manifold Approach

Sequence Target site

H-GRKKRRQRRRPPQ-eg1-ATCTACTGGCTCC AT-NH2 tat initiator, HIV-1
H-GRKKRRQRRRPPQ-eg1-CAAGCTTTATTGAGG-NH2 Poly A signal, HIV-1
H-AAGCCCTCCCCG-NH2 ras oncogene
H-AAGCCCTCCCC-NH2 ras oncogene
H-AAGCCCTCCC-NH2 ras oncogene
Ada-AAGCCCTCCCCG-NH2 ras oncogene
Ada-AAGCCCTCCCC-NH2 ras oncogene
Ada-AAGCCCTCCC-NH2 ras oncogene
H-CCACCAGCACCAT-NH2 ras oncogene
H-CCCACCAGCACCA-NH2 ras oncogene
H-CCCCACCAGCACC-NH2 ras oncogene
Ada-CCACCAGCACCAT-NH2 ras oncogene
Ada-CCCACCAGCACCA-NH2 ras oncogene
Ada-CCCCACCAGCACC-NH2 ras oncogene
H-PKKKRKV-eg1-GGCCGCCAGCTCCAT-NH2 Her 2 gene
H- PKKKRKV-eg1-GTCTTTATTTCATCTT-NH2 Her-2 gene
H-KFFKFFKFFK-eg1-CTCATACTCT-NH2 acpP (E. coli)
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10. m-cresol.
11. N-methylpyrrolidone (NMP).
12. Trifluoromethane sulphonic acid (TFMSA),
13. 2,4,6-Collidine.
14. Dimethylformamide (DMF).
15. Acetonitrile, HPLC grade.
16. Capping reagent: DMF/acetic anhydride/collidine : 8:1:1.
17. Piperidine washing: 5% piperidine DMF.
18. Dichloromethane (DCM).

3. Methods

Steps involved in a single PNA synthesis cycle (see Note 1):
1. Swell the down-loaded resin (5 mg, 0.5 µmole) in DCM overnight.
2. Deprotect the Boc-groups: 50 µL TFA (3 × 4 min for the first time,

subsequently 2 × 4 min).
3. Wash with DMF/dichloromethane (1:1): 3 × 100 µL.
4. Wash with DMF: 100 µL.
5. Wash with pyridine: 2 × 100 µL.
6. Preactivate PNA monomers: Mix: 10 µL PNA monomer +10 µL

HBTU+10 µL DIEA from stock solution, leave 1 min at room tem-
perature (RT) (see Note 2).

7. Coupling. Add: 30 µL (10 µL PNA monomer + 10 µL HBTU + 10 µL
DIEA preactivated monomer in each well).

8. Leave 30 min at RT.
9. Wash resin with DMF: 2 × 100 µL.

10. Repeat coupling: steps 6–9.
11. Wash with DMF/dichloromethane (1:1): 3 × 100 µL.
12. Add capping reagent (50 µL) (2 min).
13. Wash with DMF/dichloromethane (1:1): 3 × 100 µL.
11. Wash with piperidine:100 µL (4 min).
12. Wash with DMF: 3 × 100 µL.
14. Wash with DMF/dichloromethane: 2 × 100 µL.
15. Repeat from step 2.
16. At the and of synthesis, cleave the PNAs from the resin by the low/

high TFMSA procedure and precipitate with diethyl ether as
described in Chapter 2 (see Note 3).
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Fig. 1. HPLC analysis of crude (A) PNA-peptide (H-PKKKRKV-eg1-TGTACGTCACAACTA-NH2) and (B)
PNA (H-CCCACCAGCACCA—NH2) as well as (C) and (D) MALDI-TOF mass spectra of these two PNAs synthe-
sized semi-automatically the on multi-well ABIMED robot by Boc chemistry. The found (and calculated) masses for
these two PNAs are 3734 (3736) and 3394 (3393), respectively.
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4. Notes

1. Only the coupling step (step 7) (i.e., the dispensing of all the differ-
ent activated monomers) is performed on the robot; all deprotection
and washing steps are performed manually with the manifold off the
robot.

2. Activation of the next monomer was started just before the needle
finished delivery of first monomer and the robot started washing the
needle. It takes approx 1 min and it can be adjusted.

3. This protocol yields PNA oligomers (10–5-mers) and PNA-peptide
conjugates (NLS or Tat peptides) in sufficient amounts (ca. 2 mg)
for biological screenings, and of high purity (>90%; see Fig. 1).
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Thermodynamics of PNA Interactions
with DNA and RNA

Tommi Ratilainen and Bengt Nordén

1. Introduction

Thermodynamic properties of peptide nucleic acids (PNA) and
their complexes with nucleic acids have attracted increasing attention.
More detailed thermodynamic information is desired in order to
understand and improve the behavior of PNAs in various contexts,
e.g., in the design of polymerase chain reaction (PCR) probes and
potentially for the use of PNA in therapeutics. The ultimate goal is
to predict the thermodynamic properties of PNA-nucleic acid com-
plexes of any sequence. For DNA and RNA thermodynamics, this
has been achieved for relatively short (10–30 base pairs) double-
stranded complexes (duplexes). These studies have yielded nearest
neighbor parameters (∆H° and ∆S°) for all possible combinations of
base pairs in DNA and RNA (1), as well as for single mismatches in
DNA (2).

Although numerous PNA studies contain reports of thermal sta-
bility of the complexes, only a few of those report thermodynamic
parameters, i.e., ∆H° and ∆S° (3–6). The majority of the studies
have only given the melting temperature, Tm of the complex (7,8).
For a duplex, the Tm is defined as the temperature at which equal
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amounts of base-paired duplex and unpaired single strands are in equi-
librium. The Tm has been found to correlate well with the thermody-
namic equilibrium constant, K, for such a two-state equilibirum and
thus is generally a good measure of duplex stability (6,9).

The main technique used for determination of Tm, as well as for
determining enthalpies and entropies of complex association/disso-
ciation for PNA complexes, has been monitoring of changes in UV
absorption at about 260 nm as a function of temperature. The result-
ing profile of absorbance vs temperature is called an equilibrium
melting curve because it reflects a transition from an ordered, native
structure to a disordered denatured state (or vice versa) analogous
to a phase transition. From a van’t Hoff analysis of the melting
curve, it is possible to calculate Tm, ∆H° and ∆S° (10,11).

The main purpose of this chapter is to give a description of how
to use the absorbance melting method mentioned previously for
thermodynamic studies of PNA complexes. In addition, two alter-
native methods based on calorimetric characterization (isothermal
titration calorimetry ITC, and differential scanning calorimetry
DSC) of the binding will also be described. Finally, a statistical con-
sideration will be made of the drug distribution over a large DNA
(genome) and the thermodynamics of strategic targeting of a par-
ticular gene.

2. Materials

2.1. General Aspects of Sample Preparation

As for any type of a biophysical experiment, a fundamental fac-
tor for good performance is that the solubility of PNA is high enough
in order to avoid complications like aggregation. For thermody-
namic studies using the absorbance melting curves, the minimum
concentrations of oligomers are usually in the µM range. For DNA
and RNA, it is normally not a problem to attain such concentrations
in aqueous solutions. However, for certain sequences of PNA, espe-
cially those with high guanine content, it might be a problem reach-
ing the desired concentration (12).
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PNAs have been modified with various charged amino acids to
improve their solubility, with the most common modification being
addition of a lysine residue to the carboxy (C) terminal of the pep-
tide backbone. A terminal lysine amide, which is doubly charged at
neutral pH, improves the solubility significantly, as do some other
polar moieties (13). The solubility can also be altered undeliberately
by labeling of the PNA. For example, PNAs labeled with the dye
rhodamine, which is uncharged at neutral pH, are much less soluble
than PNAs labeled with fluorescein, which is in mono- and di-anionic
form (14).

The most common method to determine concentrations of PNA
is by spectrophotometry. The concentration is calculated from the
Beer-Lambert law, A = εcl, where A is the absorbance, ε is the
extinction coefficient [M–1cm–1], c is the concentration [M] and, l is
the path length [cm]. A complication when working with oligomers
of nucleic acids and PNAs is that in most cases the extinction coef-
ficient is not known a priori but has to be determined or estimated
somehow. Puglisi and Tinoco described an approximate method for
calculating the extinction coefficient at 25°C for DNA and RNA
oligomers (11). The method is based on the sum of the extinction
coefficients of the constituent nucleosides but with corrections for
the hypochromicity due to stacking interactions between neighbor-
ing bases. In principle, this method can be applied also to PNAs
although it is expected to be less accurate than for nucleic acids due
to the different stacking patterns in PNA. Another approximate
approach is to denature and measure absorbance of the single strands
by heating (80–90°C) and then use the sum of the extinction coeffi-
cients (at 25°C) of the corresponding (unstacked) DNA nucleosides
(15) as the PNA extinction coefficient.

Whenever performing studies involving measurements at differ-
ent temperatures, one must be aware of the effect of temperature on
pH of the sample and solvent. Normally, some type of buffer is used
as solvent and a critical parameter is the temperature coefficient
(dpH/dT) of the buffer which should be as low as possible. A well-
behaved buffer in this respect is phosphate buffer with a relatively
low dpH/dT = –0.0028/°C (15).
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2.2. Absorbance Melting Curves

The sample is prepared from the appropriate single and/or double
strands at high temperature (80–90°C) and then allowed to equili-
brate to room temperature. The sample should then be transferred to
a suitable quartz cell followed by degassing in order to avoid
oxygen-bubble formation at elevated temperatures. Degassing can
be easily achieved by purging with an inert gas (N2 or Ar) for about
10 min or by subjecting the sample to moderate vacuum for about
15 min while stirring it swiftly with a magnet.

After degassing, the cell is sealed and placed into the cell holder
of the spectrophotometer. Ideally, the spectrophotometer has a pro-
grammable thermostated cell holder allowing precise control of the
cell temperature and the heating rate. For melting processes with
relatively fast kinetics, such as melting of short duplexes, a heating
rate of 0.5°C/min is appropriate. However, in order to avoid errors
in cases in which kinetics could be slow, lower heating rates should
be tested until no change in the melting curve is observed. Data
acquisition should be made typically every 0.5°C.

Often, measurements are performed at only a single wavelength,
260 nm. However, the temperature variation of the refractive index
of solvent will effect the base line (via scattering of solution and
reflections at cell windows). Therefore, baseline correction must be
carried out in order to guarantee a correct absorbance. Furthermore,
the absorbance values should not be too low (>0.05) or too high
(<2) to obtain satisfactory signal-to-noise ratio.

2.3. Differential Scanning Calorimetry

A DSC experiment is performed as a melting curve experiment,
i.e., the solution of interest is heated (or cooled) while monitoring a
parameter giving information of the transition from one state to
another. In the DSC instrument, it is the excess specific heat Cp of a
system that is measured in relation to that of the solvent (buffer).
The raw data of a DSC instrument is the (electrical) power required
to keep the sample cell at the same temperature as a reference cell,
during a constant temperature scan rate of the order of 1°C/min.
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Modern DSC instruments have sample volumes around 0.5 mL and
operate under relatively high pressure (typically 30 psi) enabling
melting experiments run up to 130°C. (see Fig. 1)

Because the DSC measurement resembles the absorbance melt-
ing curve method to a large extent, sample preparation can be done
accordingly. Degassing of samples is important to avoid bubble-
formation (leading to spikes in the response), even though the DSC
experiment is performed at high pressure.

2.4. Isothermal Titration Calorimetry

This technique measures at a fixed temperature the released or
absorbed heat of reaction, ∆H, as a ligand is titrated into a solution
containing the ligand-binding molecule (reactant). The heat of reac-
tion is calculated from the electrical power needed to compensate
the temperature change in the sample cell relative to a reference cell
containing only buffer. As more ligand is added, the observed heat
decreases until saturation of all available binding sites has been
reached.

Modern ITC equipment can readily detect relatively small heats
of reaction (power 0.1 µcal/s) which allows study of dilute samples

Fig. 1. Schematic picture of the differential scanning calorimeter
(DSC). The electrical power (CFB, cell feedback) to keep ∆T ≈ 0 is
recorded and converted to Cp. The reaction depicted is the (bimolecular)
PNA–DNA hybridization.
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of about 5 µM concentration. For the PNA–DNA hybridization
reaction discussed below (see Subheading 3.1.1., a typical experi-
ment consists of about 20–30 injections of 4–5 µL, at least 5 min
apart from each other, of the ligand solution (about 0.1 mM) into the
reactant solution (5 µM in 1 mL cell volume). It is integral for a
reliable result that the injection syringe can be controlled precisely
and that the sample solution is well-stirred. In one of the commer-
cially available instruments, the MicroCal ITC MC-2 system, this
is accomplished by a stepper motor controlling a syringe which
discharges itself into a paddle-shaped needle rotating at 400 rpm.
(see Fig. 2).

A fundamental difference when preparing for an ITC experiment
is that the strands are to be kept separate until titrated during the
actual experiment. Degassing is crucial, again to avoid bubble-for-
mation that might lead to spikes in the signal. In contrast to melting
curves and DSC, which could be scanned up and down an arbitrarily
number of times, ITC is a single-shot experiment consuming the
reactants.

Fig. 2. Schematic picture of the isothermal titration calorimeter (ITC).
The electrical power (CFB, cell feed back) to keep ∆T ≈ 0 is recorded.
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3. Methods

3.1. Analysis of Melting Curves

Detailed discussions of how to analyze absorbance melting curves
are given in the excellent reviews of Marky and Breslauer (10) and
of Puglisi and Tinoco (11). Instead of attempting a comprehensive
discussion of melting-curve analysis, we will, therefore, address the
limitations of the method and what information can be extracted.

To obtain quantitative thermodynamic information from melting
curve measurements it is crucial to know the molecularity of the
studied transition. Usually this is information available from other
experiments, such as electrophoresis or spectroscopic titrations, but
when this is not case the molecularity has to be determined sepa-
rately. It should be noted that the Tm for multi-molecular transitions
is dependent upon concentration and, therefore, measurements of
Tm can give information about the molecularity (11).

3.1.1. Bimolecular Association

We will limit our discussion to the reaction between “non-self-
complementary” single strands leading to duplex formation because
this is the most common reaction studied so far with the absorbance
melting-curve technique. This reaction is a bimolecular equilibrium,
which can be written as:

(1)

where A and B denote the two different single strands and AB
denotes the corresponding duplex. K is the equilibrium (binding)
constant.

As an example of a melting curve, the melting of a 9-mer PNA–
DNA duplex is shown in Fig. 3. Included in the figure are also the
melting curves of the PNA and DNA single strands making up the
duplex. We will return to this example when discussing the analysis
of melting curves below.

   K
A + B       AB
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Fig. 3. Melting curves of the PNA 9-mer H-TCACAACTA-Lys-NH2
(circles), its complementary DNA 9-mer 5'-TAGTTGTGA-3' (squares),
and the duplex formed these two single strands (triangles). The total strand
concentration = 5 µM. The curves for the single strand melting are dis-
placed 0.005 and 0.01 absorbance units for clarity. The solid line represents
the result of a nonlinear least-squares fit of a 6-parameter function to the
experimental data (method iv, see text). The obtained thermodynamic
parameters are shown in the inset. Adapted with permission from ref. (16).

The observed absorbance versus temperature melting curve (see
Fig. 3) can be converted to a curve describing the fraction of single
strands (α) in duplex as a function of temperature, assuming that the
observed absorbance (A) is sum of contributions form the absor-
bance of the single strands (As) and the absorbance of the duplex
(Ad) according to:

A = αAd + (1 – α) As (2)

In order to make the conversion to a fraction vs temperature
curve, it is necessary to take into account the temperature depen-
dence of the absorbance of the double strands and single strands. As
seen in Fig. 3, the temperature dependencies both for duplex (lower



Thermodynamics of PNA Interactions 67

part of melting curve) and single strands (upper part of melting
curve) are both approximately linear. Thus, we can define base lines
corresponding to the two end points of the transition according to:

As = msT + bs (3)

Ad = mdT + bd (4)

The deviations of the slopes ms and md from zero can be regarded
as a consideration of temperature dependence of nucleobase stack-
ing dynamics.

When the baselines are defined, α can be calculated at each
temperature, and the curve can now be analyzed using a suitable
model for the equilibrium. For the melting transition of short DNA
duplexes (4–20 base pairs), a simple two-state (all-or-none) model
(17) has been found adequate, although some exceptions have been
observed (18,19). The two-state model assumes that each single
strand exists in one of two possible states: completely base paired
and stacked in a duplex or completely denatured and unstacked. This
means that no intermediate states are allowed, such as a partially
base-paired duplex or an ordered single strand. Thus, it is not
surprising that the two-state model fails for long duplexes because
local melting probably starts at many places along such a duplex
when the temperature is raised in contrast to the co-operative melt-
ing required by a two-state model.

Single-stranded PNA as well as nucleic acid oligomers exhibit in
some cases significant order at lower temperatures. For example,
for the 9-mer PNA in Fig. 3 (circles), this gives a tendency to show
melting behavior. However, the effect of single-strand order at low
temperatures is not a severe complication when analyzing absor-
bance melting curves. At low temperatures the duplex is strongly
favored over the isolated single strands and as the temperature
increases and consequently the number of single strands increases,
the order of the single strands decreases.
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Assuming a two-state model, the fractions α at each temperature
can be converted to an equilibrium constant, K, at each temperature,
where ct is the total concentration.

K = [A·B] = 2α (5)
[A][B] (1 – α)2 ct

A link between the thermodynamic parameters ∆G°, ∆H° and ∆S°
with the fraction α is obtained using the standard equations ∆G° =
–RT ln K and ∆G° = ∆H° – T∆S°

(6)

The set of K vs temperature data can then be analyzed using the
van’t Hoff equation:

(7)

Finally, the Tm can be linked to ∆H° and ∆S° by recognizing that
for a two-state transition the Tm is defined as the temperature where
α = 0.5. We then obtain

(8)

which is a very useful relation between two easily measurable quan-
tities, the Tm and the strand concentration ct. Equation 8 can be
used to extract the thermodynamic properties from a linear fit to a
plot of Tm

–1 vs ln ct. Expressions analogous to Eqs. 5 and 8 for other
types of equilibria can be found in ref. (11).

3.1.2. Different Approaches

The framework of Eqs. 2–8 allows a few different approaches for
evaluation of melting data (10,11). These are (1) normal van’t Hoff
analysis by plotting ln K vs T–1, (2) analysis of a differentiated melt-

K(T) = 
–∆G°
RT

 = exp 
–∆H°
RT

 + 
∆S°
R

dlnK
dT–1

 +
–∆H°

R

1
Tm

 = R
∆H°

 lnct + 
∆S° –Rln4

∆H°
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ing curve yielding the van’t Hoff enthalpy; (3) analysis of the con-
centration dependence of Tm (Eq. 8), (4) direct nonlinear least-
squares fitting of the absorbance vs temperature curve using ∆H°
and ∆S° as parameters together with the baseline parameters ms, md,
bs and bd giving in total six fitting parameters.

The solid line in Fig. 3 shows the best fit to the melting curve
using method iv with the Marquardt-Levenberg algorithm for the
nonlinear least-squares minimization (20). The resulting thermody-
namic parameters are shown in the inset.

It is in fact desirable to use more than one of the abovementioned
methods because it is a test of the assumption of a two-state transi-
tion. If the thermodynamic parameters obtained in different ways
disagree, it is an indication of a non-two-state behavior. Further-
more, thermodynamic parameters determined by monitoring other
physical properties such as circular dichroism, nuclear magnetic
resonance (NMR), and fluorescence or determined by calorimetric
methods, should be the same within experimental errors if the tran-
sition is truly two-state in character.

3.1.3. Assumptions

Finally, it should be noted that the analysis is made under several
assumptions, the justification of which has to be assessed in each
case. First, concentrations replace activities in the expression for
the equilibrium constant which makes it important to check for sol-
vent and salt effects on activity coefficients. Second, the ∆G°, ∆H°,
and ∆S° values refer to a solution with 1 M concentrations of each
species but with the properties of an ideal solution. Third, the stan-
dard state is defined by the solvent used, which means that the
determined parameters might not be applicable in other solvents, at
other salt concentrations, and so on. Fourth, the temperature depen-
dence of ∆H° and ∆S° is neglected, i.e., ∆Cp is assumed to be 0.
This assumption has been found to be reasonable for at least short
DNA duplexes (21) and seems to be justified with PNA (4), but is
generally not true in protein-DNA systems (22). This last point
will be discussed in great detail in a separate section (see Sub-
heading 3.5.).
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3.2. Isothermal Titration Calorimetry

3.2.1. General Concept

Calorimetric methods have the inherent advantage over the van’t
Hoff based methodology previously described that they can be used
to directly measure the heat of reaction, ∆H, or change of heat
capacity, ∆Cp, during a reaction. This means that thermodynamic
parameters can be determined in a “model-independent” manner.
We will here briefly discuss isothermal titration calorimetry and its
applications to studies of PNA-nucleic acid complexes.

3.2.2. Example PNA–DNA Titration

In Fig. 4 (top), the raw ITC data is shown for the titration of the
DNA 9-mer shown previously (Fig. 3) into a solution of its comple-
mentary 9-mer PNA. When the molar ratio of the two single strands
approaches 1, the observed reaction heat decreases, i.e., becomes
less negative as the reaction saturates. However, the net heat is
obviously not zero for the remaining injections. This is due to the
heat of dilution that comes from diluting the titrant solution. It is
generally assumed that this heat is nearly constant during the series
of titrations and, thus, could be subtracted in order to get the true
heat of reaction for the hybridization. (See Fig. 4 [bottom]).

3.2.3. Analysis and Information Content

The resulting integrated heat for each titration is shown together
with an analysis of the data in Fig. 4. The enthalpy of binding is
given by the difference between the upper and lower base lines. The
remaining thermodynamic parameters can be estimated from the
data assuming a suitable model for the binding. In this case it is
natural to assume that a single binding site exists in analogy with
the two-state model discussed earlier. The best fit of a binding iso-
therm (17) is represented by the solid line. The fitting parameters
are ∆H, K, and the number of binding sites n.

When interpreting thermodynamic parameters from ITC mea-
surements for PNA-nucleic acid complexes one has to be aware of
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Fig. 4. Top panel; The calorimetric response (CFB, cell feed back) for
the titration of the DNA 9-mer 5'-TAGTTGTGA-3' into a solution of the
complementary PNA 9-mer H-TCACAACTA-Lys-NH2. Bottom panel;
Integrated heat of reaction corrected for heat of dilution vs DNA/PNA
ratio. The heat of binding is determined as the difference between the
upper and lower baselines. The curve represents the result of a non-linear
least-squares fit of the data to a binding isotherm. The fitting parameters
are the ∆H, the K and the number of binding sites n. The results indicate
a single binding site (n = 1.04 ± 0.005), the equilibrium constant is about
7.3(± 0.9) × 107 M–1 and the reaction enthalpy equals 104(± 1) kJ·mol–1.
Reproduced with permission from ref. (16).
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the possible influence from single-strand order at low temperatures
(23). Because the experiments are usually performed at a tempera-
ture low enough for the complex to be quite stable, the single strands
might have a significant order. In a simplified view, the single-
strand order has to broken before the hybridization reaction can
occur. Thus, we could potentially have a large contribution from the
single strand denaturation/renaturation equilibrium in the measured
reaction heat. This has been recognized by Vesnaver and Breslauer,
who studied the single-strand order of short DNA oligomers (24).
For our example duplex, the agreement between the van’t Hoff
enthalpy (–198 kJ·mol–1) and the ITC enthalpy (–104 kJ·mol–1) is
very poor, indicating that single-strand order is a severe problem in
this particular case. It is possible to correct the ITC enthalpy if data
is available for the single strand melting (24).

3.3. Differential Scanning Calorimetry DSC

3.3.1. General Concept

Differential scanning calorimetry (DSC) measurements might
become an increasingly used complement to the abovementioned
techniques. The reason for this is that in DSC, the change in heat
capacity is directly measured and, thus, the reaction enthalpy and
reaction entropy can both be evaluated without applying any model
for the binding. The comparison between the thermodynamic
parameters determined using the absorbance melting technique in
connection with a van’t Hoff analysis and those determined in a
model free DSC analysis are expected to give important insight
about the assumptions of two-state melting behavior and possibly
shed light on the nature of any proposed intermediate. The power
(CFB, see caption for Fig. 1) is converted to apparent molar excess
heat capacity through

Cp,xs = 1
σn

dCFB
dt

(9)

where time and temperature are linked through the scanrate σ =
dT/dt, and n is the number of moles of the solute.
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3.3.2. Example PNA–DNA Scan

A baseline-corrected representation of DSC data on PNA–
DNA melting is shown (from Chakrabarti and Schwarz (25) (see
Fig. 5).

3.3.3. Data Analysis

In principle, the integrated area under the peak (see Fig. 5) gives
the enthalpy of the transition

∆H = Cp,xsdT (10)

If the transition is accompanied with a change of heat capacity
(∆Cp) it would appear as a change of baseline levels from before to
after the peak. This is discussed in Subheading 3.5.1. Estimation of
∆Cp from thermodynamic parameters or DSC experiments) and will
not be other than briefly mentioned here. The most common
baselines used are cubic or sigmoidal, and the choice may have a

Fig. 5. The calorimetric (baseline-corrected, see text) trace of a
1°C/min up-scan of a 34.4 µM solution of PNA–DNA. The area under
the peak directly gives the enthalpy of the transition. Adapted from
results in ref. (25).



74 Ratilainen and Nordén

quite large influence on the results of the fitting. In fact, the proce-
dure of finding appropriate baselines may be the most difficult prac-
tical task when analyzing DSC data (26).

3.4. Thermodynamic Properties of PNA–DNA Duplexes

3.4.1. Ionic Effects

Salts affect the properties of biological macromolecules such as
their stability, solubility, and biological activity in widely different
manners (27). At low concentrations, salts generally exert their
effects on polyelectrolytes through nonspecific electrostatic inter-
actions depending on the ionic strength of the medium (28). By con-
trast, at high salt (>1 M), the electrostatic contributions saturate and
the salts instead exert specific effects on biopolymers, which depend
on the nature of the salt and its concentration and also on its indirect
effect on the bulk aqueous solvent (29).

Figure 6A shows the effect of increasing NaCl concentration on
Tm for 10-mer PNA–PNA, PNA–DNA, and DNA–DNA duplexes.
At low to moderate salt concentration (≤ 0.5 M) the Tm of DNA–
DNA increases with NaCl concentration and levels off around 1 M,
consistent with previous observations (30–32). In contrast, increas-

Fig. 6. Effects of ionic strength on the Tm of 10-mer duplexes of
PNA–PNA (�), PNA–DNA (�), and DNA–DNA (�). (A) Tm vs [Na+]
in the range 0–5 M. (B) Tm vs log[Na+] with [Na+] in the range 10–
500 mM. Reproduced with permission from ref. (4).
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ing the NaCl concentration in the 0–1 M range resulted in a continu-
ous decrease in the Tm of PNA–DNA such that around 0.7 M of
NaCl the thermal stabilities of PNA–DNA and DNA–DNA
duplexes were equal (Fig. 6A).

Unlike the PNA–PNA duplex with its uncharged backbone, both
the PNA–DNA and the DNA–DNA duplexes are polyelectrolytes.
At low to moderate Na+ concentrations (10–500 mM) the plots of
transition temperature Tm vs log[Na+] follow a linear relationship in
the case of both DNA–DNA and PNA–DNA (Fig. 6B).

Cations destabilize PNA–DNA, whereas they stabilize DNA–
DNA duplexes. The decrease of thermal stability (Tm) of PNA–DNA
with increasing ionic strength (10–500 mM), is explained by a
release of counterions upon hybridization, i.e., quite the opposite to
the observation for DNA–DNA formation.

At high concentrations of NaCl (>1 M) all the studied duplexes
were destabilized (Fig. 6A). Here electrostatic effects saturate, and
similar trends of decreasing Tm were found for all types of duplexes,
irrespective of backbone (charge), suggesting that it is mainly an
indirect effect of the surrounding aqueous solvent (27,29). Changing
anions was found to agree with earlier established order in the
Hofmeister series, with the degree of destabilization following the
series CH3COO– < Cl– < ClO4

–. This suggests that hydrophobic
effects are of importance in formation of PNA-containing complexes.

3.4.2. Length Dependence

Our melting curve analysis for different lengths N (from 6-mer to
20-mer) of 31 fully complementary mixed-sequence PNA–DNA
duplexes (6) yielded an average contribution of ∂∆G°/∂N =–
(6.5 ± 0.3) kJ·mol–1bp–1 corresponding to a binding constant for one
base pair (k) of about 14 M–1 (at 25 °C), (see Fig. 7A). For the same
set of mixed sequences we determined length-averaged enthalpy and
entropy changes as ∂∆H°/∂N = –(30.0 ± 2.5) kJ·mol–1bp–1 and
T∂∆S°/∂N = –(23.5 ± 2.3) kJ·mol–1bp–1, respectively (Fig. 7B).
These values, taken at low salt conditions (10–100 mM), are quite
close to those obtained as an average of DNA–DNA nearest-neigh-
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bor parameters at 1 M NaCl (18), again pointing at the superior sta-
bility of PNA–DNA at low ionic strength (4).

3.4.3. Effects of Mismatches on Stability
of PNA–DNA Duplexes

The second most important parameter to investigate is the
sequence specificity of PNA binding to DNA, i.e., how much lower
is the thermal and thermodynamic stability when mismatches are

Fig. 7. (A) Length dependence of PNA–DNA duplex stability for
matched sequences, given as binding free energy (∆G°, left) and binding
constant (K, right). Only data for ‘mixed’ sequences (circles) were
included for the linear fit. Dotted curves show 90% prediction interval
(model plus random noise). (B) Length dependence of enthalpy ∆H° (top)
and entropy T∆S° (bottom) of formation of PNA–DNA duplexes for
mixed sequences. Reproduced with permission from ref. (6).
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introduced in the sequence. This has been investigated in a number
of studies, three of which are summarized in Table 2 in Ratilainen et
al. (6). Generally a single mismatch costs more in a PNA–DNA
duplex than in DNA–DNA, and in most cases, the same relative
patterns with respect to the nature of the mismatch are found for
both duplexes, e.g., the G•T mismatch was found to be the least
destabilizing (∆Tm = –8°C) in our study as well as in the works by
Kilså Jensen et al. (9), and Igloi (33) who found a drop of ∆Tm =
–13°C. In DNA–DNA systems the G•T mismatch has also been
found to be extraordinarily stable and believed to achieve this by
forming a so called “wobble” base pair with two hydrogen bonds
(34). In stark contrast, we observe dramatic drops of around 30°C in
Tm for both the C•T and T•T mismatches. Mismatches containing C
bases have been shown to be the most destabilizing in the DNA–
DNA duplexes (35), and thus our observation for the C•T mismatch
suggests the same to be true for the PNA–DNA case.

3.4.4. Sequence and Context Dependence

As for DNA–DNA duplexes with or without mismatches (2),
sequence context is important for PNA–DNA duplexes as well, even
though the effects might vary. Here, only the first step considering
context dependence is introduced, although more extensive studies
are in progress. As found previously for DNA–DNA duplexes (19,
34,36), we observed that less stable nearest-neighbors (A•T) can
increase the negative influence of a mismatched base pair for
PNA–DNA systems as well. For example, the A•G mismatch sur-
rounded by two G•C base pairs costs less than the two others with
one A•T and one G•C (Table 2 in ref. 6). Furthermore, the best
agreement between our work and that of Kilså Jensen et al. (9) and
Igloi (33) is found when we have surroundings of similar stability,
e.g., for the C•X mismatches (Table 2 in ref. 6).

3.4.5. Enthalpy-Entropy Compensation

Compensation between enthalpy (mainly hydrogen bonding
energies and van der Waals interactions) and entropy (mostly
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rearrangements of the two interacting molecules, solvent water, and
counterions) is observed for many different biological systems (37–39).

The general interpretation of this behavior is that tight binding
(large –∆H°) is normally accompanied by a large loss of degrees of
freedom (large –∆S°) in a compensatory manner, resulting in a rela-
tively small change in binding free energy (∆G°). Considering only
the two strands, a strand-association process (dimerization) is per se
entropically unfavorable, whereas the formation of hydrogen bonds
(base pairs) between strands is enthalpically favored, as is the stack-
ing of bases. The classical analysis of data is plotting ∆H° vs T∆S°
(Fig. 8A) and if the data points correlate linearly this is referred to as

Fig. 8. (A) Thermodynamic data (∆H° vs T∆S°) showing enthalpy-
entropy compensation based on data for the 31 matched PNA–DNA
sequences (circles) and for the mismatched systems (rhombs). Dotted
curves show the 90% prediction interval for the fit. (B) Plot of the corre-
sponding ∆G° vs ∆H° pairs. Dotted curves show the 90% prediction
interval. Reproduced with permission from ref. 6.
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enthalpy-entropy compensation. However a linear plot of correspond-
ing ∆H° vs ∆G° values (Fig. 8B) is a preferable criterion that the ther-
modynamic compensation has a chemical nature and is not due to
statistical coincidence effects of the data acquisition (37,40,41).

Our data suggest that the compensation is truly chemically-based,
relying on the fundamental nature of binding between the strands as
base pairs are formed (Fig. 8B). Introducing a single mismatch sig-
nificantly reduces the binding enthalpy as fewer hydrogen bonds
are formed and often also the stacking efficiency decreases. The
loosening of the bonds (–∆H° smaller) at and in the vicinity of the
mismatch is compensated by a less rigid structure (–∆S° smaller)
upon forming a less perfect sequence-matched duplex (for more
details, see Note 1).

3.5. Temperature Independence of ∆H° and ∆S°
(Nonzero ∆Cp)?

Using a two-state model and assuming ∆Cp = 0 to determine the
enthalpy and entropy changes associated with PNA–DNA hybrid-
ization (see Subheading 3.1.3.), is equivalent to assuming tempera-
ture-independent ∆H° and ∆S° values, which strictly speaking are
extracted from the curve fits at Tm, and thus valid only at Tm in case
∆Cp ≠ 0. In general, using ∆Cp = 0 has been an accepted procedure,
but there has recently been some concern about the justification of
this assumption for DNA–DNA duplexes (42–44). To find out if the
thermodynamic parameters of PNA–DNA hybridization also are
considerably temperature-dependent, a couple of different
approaches can be used.

3.5.1. Estimation of Cp from Thermodynamic Parameters
or DSC Experiments

Following the procedure of Rouzina et al. (43) to estimate ∆Cp

for the set of fully complementary PNA–DNA duplexes (circles in
Fig. 7 and Fig. 8), gave –∆Cp = 157 ± 36 J·mol–1K–1bp–1 (see Note
2). This appears smaller than even the lowest ones estimated for the
DNA–DNA hybridization reaction. Moreover, the important factor
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to consider is the ratio ∆Cp/∆S° (43), which with DNA–DNA data is
2–4, whereas our data are in the low (less severe) end of this range
giving ∆Cp/∆S°≈2.

We have also performed single experiments (unpublished results)
with DSC on some of the decameric PNA–DNA duplexes that were
investigated in our laboratory (5), without noticing any indications
that there should be any large ∆Cp involved. Schwarz et al. (45)
report on DSC results on some PNA–DNA sequences, getting quite
large variations between different experiments and sequences: ∆Cp:s
between 0 and 652 J·mol–1K–1bp–1 for PNA–DNA and between 0
and 161 J·mol–1K–1bp–1 for DNA–DNA. In conclusion, evidence
for any significant effect of ∆Cp is still lacking.

3.5.2. Estimation of ∆Cp from Melting Curve Fitting

Formally, it is straightforward to include a non-zero ∆Cp in the
expressions needed in the analysis of the melting curves (see Note 3).
Attempts to determine ∆Cp from fitting some of our melting curves
to a full analytical expression containing ∆Cp, gave strongly vary-
ing results, often with low values of ∆Cp for the best fits, although
Tm was practically unaltered.

Significant heat capacity effects are of particular importance if
one wants to analyze in detail the respective enthalpic and entropic
contributions to the hybridization. Because of the strong enthalpy-
entropy compensation that occurs in PNA–DNA hybridization, the
individual contributions to ∆H° and ∆S° largely mutually cancel in
∆G°. Therefore, for most applications where only Tm (and/or ∆G°)
values are used the simplest, model with the historically accepted
assumption of ∆Cp = 0, will give sufficiently accurate analysis of
PNA–DNA hybridization for comparative purposes.

3.6. Thermodynamic Parameters for Gene-Targeting

Sequence-specific binding to genomic size DNA sequences by
artificial agents is of major interest for the development of gene-
targeting strategies, gene-diagnostic applications, and biotechnical
tools. In order to illustrate the principles of a thermodynamic analysis
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of drug distribution over target and mismatched DNA sequences, we
have modeled binding of PNA to a randomized human genome with
statistical mass action calculations (46), using our thermodynamic
parameters from ref. (6). Fig. 9 shows the results schematically.

With the length of the PNA probe, the average per-base binding
constant k0, and the binding affinity loss of a mismatched base-pair
as main parameters, the specificity has been characterized as the
range of safety of the total drug (PNA) concentration or dose,
defined as a “therapeutic ratio” G = maximum safe [PNA]tot/mini-
mal efficient [PNA]tot. Our simple, but as to principles quite general
model suggests that, above a certain threshold length of the PNA,
the microscopic binding constant k0 is the primary determinant for
optimal discrimination, and that only a narrow range of rather low
k0 values gives a high therapeutic ratio G (46).

For diagnostic purposes, the value of k0 could readily be tuned by
changing the temperature, due to the substantial ∆H° associated with
the binding equilibrium. Applied to gene-therapy, our results stress
the need for appropriate control of the binding constant and added
amount of the gene-targeting agent, to meet the varying conditions
(ionic strength, presence of competing DNA-binding molecules)
found in the cell.

3.7. Concluding Remarks

We have focussed on the thermodynamics and various ways how
to determine the thermodynamical parameters for PNA interacting
with nucleic acids and itself. The most common approach, the van’t
Hoff analysis based on melting curves, for example, recorded in
absorbance, is concluded to give generally reliable free energies of
binding, and also ∆H° and ∆S° values that are useful for most pur-
poses, in the cases when a two-state association model may be applied.

Calorimetric measurements provide an independent check of ∆H;
the ITC and DSC methods providing different advantages and dis-
advantages. The self-structure of the single strands make the analy-
sis of ITC experiments cumbersome, while the DSC instrumentation
is not quite as sensitive to measuring at µM concentrations.



82 Ratilainen and Nordén

Fig. 9. Graphical representation of the principle and some parameter
definitions used in the simulations for the two different binding models.
(A) Model 1 (one class of mismatches): The graphs show profiles of
[PNA•T] (— - —), [PNA]free (— — —), [P•Dm] (———), and [P•Dm]crit

(oooooo). The therapeutic range is defined starting from the concentra-
tion at which 99% targeting occurs until the integrated concentration of
mismatched complexes reach the specificity level (here chosen to be 10–0.5

times lower than the concentration of targeted sequence). (B) Model 2 (two
classes of mismatches): The graphs show profiles of [PNA•T] (— - —),
[PNA]free (— — —), [P•DIJ] (———), and [P•DIJ]crit (oooooo). The bind
ing curves appear somewhat more complex, while the therapeutic range
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By and large, the thermodynamics of PNA resembles that of natu-
ral nucleic acids as to electrostatic and ionic contributions to
enthalpy and entropy as well as effects of mismatch and neighbor-
ing bases, although detailed studies may reveal differences due to
variations in hydrogen bonding in backbone and hydrophobicity.

Finally, although thermodynamics uniquely determines binding
affinity and target specificity, the effective use of PNA for therapeu-
tic and diagnostic purposes also depends on reaction kinetics, the
rate by which the PNA may find its target. Based on statistical ther-
modynamical considerations one may estimate the theoretical fidel-
ity by which a PNA will hit its target. However, reality will depend
on the rate of diffusion along a genome and the opening dynamics
by which the PNA could invade the nucleic acid.

4. Notes

1. Expanding on this simple picture, and as pointed out by Zhong et al.,
(47) most probably water structure (hydration) is altered significantly
around the mismatched region of a DNA duplex, and also around
PNA–DNA duplexes. In addition, it is likely that the water structure
around the mismatched regions is different for the various mis-
matched base pairs. We observe quite different thermodynamic
parameters for the mismatches (Table 2 in Ratilainen et al. [6]) but
in the end, the unfavorable enthalpic contributions (loosening of
intermolecular bonds) when introducing mismatches are still pro-
portionally compensated by a favorable change in the degrees of free-
dom (the entropic factor).

2. According to Rouzina et al. (43), ∆Cp was estimated from plots of
∆H° vs Tm, and ∆S° vs ln Tm, and averaging the slopes gave us –∆Cp

= 157 ± 36 J·K–1mol–1bp–1. This value appears smaller than even the
lowest ones estimated for DNA–DNA hybridization. The important
factor to consider is the ratio ∆Cp/∆S° (43), which with DNA–DNA
data is 2–4 whereas our data are in the low end of this range giving
∆Cp/∆S° ≈ 2.

3. Denoting all variables valid (only) at a certain reference temperature
of our choice (e.g., Tm) with index “m”, the following applies:

Fig. 9. (continued from opposite page) does not change significantly.
Reproduced with permission from ref. (46).
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∆H° = ∆H°,m + ∆Cp (T – Tm) (11)

∆S° = ∆S°,m + ∆Cp ln T
Tm

(12)

which are used in expressing the equilibrium constant at any tem-
perature, K(T)

K(T) = exp –
∆G°,m

RTm
 +

∆H°,m

R
1
T

– 1
Tm

 +
∆Cp

R
ln T

Tm
 + T

Tm
– 1 (13)

Equation 13 is then used in the analysis instead of Eq. 6.
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Measurement of PNA Binding
to Double-Stranded DNA

Thomas Bentin, Georg I. Hansen, and Peter E. Nielsen

1. Introduction

A number of complexes formed between peptide nucleic (PNA)
acid and double-stranded (ds) DNA has been described. Each of
these complexes involves different structural elements and they con-
sequently exhibit distinct physico-chemical characteristics. Thus, it
is important to know in detail with which type of complex one is
dealing. To this end, the different techniques described below have
proven extremely useful and the rules governing formation of cer-
tain types of complexes are, if not fully, then at least partially
resolved. In contrast, the mechanism(s) by which peptide nucleic
acid (PNA) binds double-stranded DNA has been much more diffi-
cult to approach. As for any mechanistic study, the main difficulty
is to catch intermediates along the binding pathway, especially those
of labile transition-state intermediates. Here we describe (1) the cur-
rently known PNA-dsDNA complexes, (2) the probing methods
commonly employed for their analysis, and (3) protocols used in
our laboratory.
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1.1. Triplex Invasion

Figure 1 depicts structures of the currently known PNA/dsDNA
complexes. The triplex-invasion complex (for PNA nomenclature,
see ref. [1]) formed between homopyrimidine PNA molecules and
a purine DNA target is by far the best described. Two PNA strands
form an internal PNA. DNA–PNA triplex with the purine DNA
strand by combined Hoogsteen and Watson-Crick base pairing. As
a result, the noncomplementary DNA strand is left extruded in a
single-strand loop conformation (2,3). Figure 2 shows the hydro-
gen bonding pattern in triplex-invasion complexes. Because two
PNAs are required for triplex invasion, bis-PNAs were generated in
which two strands of PNA are linked via a flexible ethylene glycol
linker. Furthermore, pseudoisocytosine is substituted for cytosine in
the PNA strand aimed for binding via Hoogsteen hydrogen bonds
because it carries a permanent proton on the N3 position. This over-
comes the pH sensitivity of triplex invasion (4). By now bis-PNA tech-
nology has chiefly superseded the use of single strand or mono PNAs.

In general, binding of homopyrimidine PNA to dsDNA occurs
with high specificity (5,6). The accepted explanation for this is that
binding is kinetically controlled – i.e., the activation energy for for-
mation of complexes involving mismatched base pairs is high com-
pared with those encompassing fully matched base pairs. Thus high

Fig. 1. Complexes formed between PNA and double-stranded DNA.
Triplex (PNA·DNA-DNA), triplex invasion (PNA·DNA-PNA/DNA),
duplex invasion (PNA-DNA/DNA), double duplex invasion (PNA-DNA/
PNA-DNA). PNA moieties are drawn in bold.
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specificity is not obtained under all conditions and careful titration
should always be conducted to obtain optimal binding using par-
ticular PNA and DNA constructs under a given set of reaction con-
ditions.

In addition to their high specificity of formation, triplex-invasion
complexes are extraordinarily stable. For example, a triplex-inva-
sion complex containing decamer homopyrimidine bis-PNA was
found to exhibit lifetimes exceeding 100 h (7). Thus, triplex inva-
sion is generally considered irreversible, at least when using 10-mer
bis-PNA molecules and experimental times in the range 1–16 h.
Hence, for these PNAs true dissociation constants are not meaning-
ful because koff ~ 0. The PNA concentration that gives 50% binding
in 1 h at 37°C, referred to as ψKd (pseudo Kd), is used instead.

1.1.1. Ambient Conditions that Influence Triplex Invasion

One of the most pronounced obstacles to efficient triplex inva-
sion under physiologically relevant conditions, and by virtue to the
use of PNA in a cellular context, is a strong inhibitory effect of salt
on triplex invasion (7–10). For example a 100-fold reduction in
binding rate was seen when going from 10 mM to 40 mM of sodium
chloride (11) and binding may be further compromised at higher

Fig. 2. Interactions in a triplex invasion complex. Left, triplex invasion
complex. Right, hydrogen bonds formed in the T·A-T, C+·G-C and J·G-C
PNA·DNA-PNA base triplets (J =  pseudoisocytosine).
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salt concentrations (8–10). This inhibitory effect is most probably
due to DNA duplex stabilization with increasing ionic strength.
However, by equipping PNA with lysine residues carrying a posi-
tive charge on the ε-amino group at neutral pH, saturation binding
was observed at 100 mM NaCl although with relatively slow kinet-
ics (7). While the position of such charges may affect sequence dis-
crimination (6)  it is a general observation that binding is enhanced
with at least up to 5 lysine residues per decamer bis-PNA (Nielsen
unpublished). Furthermore, charged PNAs bind with increased
specificity at elevated ionic strength (6).

Other factors may also serve to either inhibit or enhance triplex
invasion. These include the topology of the DNA and DNA dynam-
ics. Unrestrained DNA supercoiling was found to enhance the rate
of triplex invasion by two orders of magnitude at 140 mM KCl using
a decamer bis-PNA containing 5 positive charges (8). In another
report transcription was shown to catalyze PNA triplex invasion.
Transient exposure of a single-stranded target in the “transcription
bubble” was suggested as the most probable cause of the observed
increase in triplex invasion (12). Thus, a multitude of factors may
coalesce to alleviate the inhibition by salt on triplex invasion under
in vivo conditions.

1.1.2. Triplex-Invasion Complex as a Scaffold
for Added Features

Recently some new complexes have been developed that are
based on the triplex-invasion strategy. The PD-loop (13,14) exem-
plifies the use of triplex-invasion complex as a scaffold for the
acquisition of new features. In PD-loop, two bis PNA molecules are
used to unwind the DNA located in between their targets, which
then becomes accessible for binding an oligonucleotide.

1.2. Duplex Invasion

A special case of invasion complex is provided by the duplex-
invasion complex formed between homo-purine PNA and a comple-
mentary homo-pyrimidine DNA target (Fig. 1) (15). This complex
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is much less stable than triplex-invasion complexes and was for
example too labile to be analyzed by electrophoretic mobility shift
analysis (EMSA). The complex involves an internal Watson-Crick
hybridised PNA-DNA duplex and a displaced noncomplementary
DNA strand. The low stability of duplex-invasion complexes thus
underscores the importance of a Hoogsteen-bound PNA strand in
triplex-invasion complexes. More stable duplex-invasion com-
plexes, however, are  formed if the DNA target is negatively super-
coiled, and in particular if a PNA conjugated to a cationic peptide is
employed (16).

1.3. Double Duplex Invasion

The requirement for a homopurine stretch in the DNA using a
triplex-invasion strategy limits the probability for finding suitable
targets in a gene of interest. Double duplex invasion solves this by
allowing targeting ~ 80% of all sequences, the requirement being
the presence of a sufficient number of A-T base pairs (>50%) in the
DNA. So-called pseudo complementary PNA molecules are used
for strand invasion (17). These PNAs carry diaminopurine-thiou-
racil “base pairs” substituted for A-T base pairs to destabilize the
competing PNA-PNA duplex by steric interference (Fig. 3). The
resulting invasion complexes contain two PNA-DNA Watson-Crick
base-paired duplexes and thus the entire structure can be written
PNA-DNA/PNA-DNA.

1.4. Triplex Formation

Under certain circumstances PNA may bind dsDNA in the DNA
major groove without displacement of the noncomplementary DNA
strand (Fig. 1) (18,19). This occurs via formation of PNA·DNA-
DNA triplexes in which the single PNA strand is bound through
Hoogsteen hydrogen bonds. The DNA Watson-Crick hydrogen
bonds are preserved. This complex is similar to the conventional
triple helix motif formed between homo-pyrimidine oligonucle-
otides and a cognate purine dsDNA target. Formation of PNA·DNA-
DNA triplexes appear to be most stable for homopyrimidine PNA
molecules with a high cytosine content (19).



96 Bentin et al.

1.5. Electrophoretic Mobility Shift Assay (EMSA)

EMSA is a simple yet very informative way of obtaining qualita-
tive and quantitative information about PNA/dsDNA interactions.
The local denaturation of DNA occurring on DNA duplex invasion
provides a hinge or kink, which strongly retards the mobility of
DNA in gels (Fig. 4) (20). Such anomaly in migration has been well
documented for bent DNA sequences (21). Often the DNA band
shifts to a single new position on the gel, facilitating a straightfor-
ward distinction between bound and unbound species. The transfor-
mation of free DNA into bound DNA can be followed using a fixed
incubation time and variable PNA concentrations. The parameter
ψKd can then be obtained and used to evaluate the binding effi-
ciency of different PNAs under a given set of conditions. Alterna-
tively, a fixed PNA concentration may be employed and binding
can then be followed over time for determination of the association
rate constant.

Fig. 3. Interactions in a double duplex invasion complex. Left, double
duplex invasion complex. Right: Favorable (diaminopurine-thymine,
adenine-thymine, adenine-thiouracil) and unfavorable (diaminopurine-
thiouracil) base pairs with the indicated nucleobases and nucleobase
analogs.
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1.6. Structural Isomers

In some cases multiple bandhifts are observed upon bis-PNA tri-
plex invasion (11,22). Formation of structural isomers is a cause of
such migration differences (23). One complication to the use of bis-
PNA rather than mono-PNA lies in the path of the bis-PNA ethyl-
ene glycol linker. It was found that the trajectory of this linker could
project around either the targeted (complementary) strand or around
the displaced (noncomplementary) DNA strand. Alternatively, it
may thread in between the two DNA strands. Moreover, two bis-
PNAs may bind to a single DNA target, each using only one of their
PNA moieties. However, why only some bis-PNA molecules appear
to form structural isomers upon triplex invasion is unknown. Per-
haps they all do so but we are unaware of it because of limitations in
our probing techniques.

1.7. Chemical Probing

A number of reagents have been used to detect PNA binding to
dsDNA. The base-specific probes permanganate (KMnO4) and dim-
ethyl sulphate (DMS) are most useful. Another base-specific probe,
diethyl pyrocarbonate, has a lower signal-to-noise ratio but is nev-
ertheless also quite useful because it probes differently than do

Fig. 4. PNA binding to dsDNA measured by electrophoretic mobility
shift analysis. Mono-PNA363 (H-Lys2-TTCTTCTTTT-NH2) was incu-
bated with dsDNA containing the cognate target as described (Methods)
and analyzed by PAGE. The following PNA concentrations were used:
lane 1 (w/o), lane 2 (0.2 µM), lane 3 (0.4 µM), lane 4 (0.7 µM), lane 5 (1.4 µM),
lane 6 (3 µM), lane 7 (6 µM) lane 8 (12 µM).
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KMnO4 and DMS. Finally enzymatic probes such as S1 nuclease
(24) and DNaseI (18) have been used but these probes require rather
low pH (S1) or do not provide single base-pair resolution (DNaseI).

The sequence of events in a typical probing experiment includes
(1) formation of the relevant PNA/dsDNA complex and verifica-
tion of the extent of triplex invasion using EMSA, (2) probing of the
complex, and (3) analysis of interaction specificity using high-reso-
lution sequencing gels and phosphorimaging or autoradiography.

1.7.1. Permanganate Probing

Permanganate oxidizes the 5,6-double bond of exposed thymine
residues and subsequent alkaline treatment catalyzes specific DNA
cleavage at such reacted sites (25). While dsDNA is relatively resis-
tant to oxidation by KMnO4, PNA triplex invasion greatly perturbs
the DNA structure, generally leaving thymine-rich DNA regions in
a single strand-like conformation, which is sensitive to KMnO4 oxi-
dation. A local increase of permanganate reactivity is thus an indi-
cator of PNA triplex invasion (Fig. 5).

Other elements, including cruciform structures and H-DNA, may
produce similar probing results. However, formation of these struc-
tures requires specific sequences and DNA superhelical strain as a
driving force for their formation. Moreover, KMnO4 probing yields
single base-pair resolution so it is easy to correlate the identity of
the PNA target with the location of increased permanganate sensi-
tivity based on a sequence ladder.

1.7.2. Dimethyl Sulphate Probing

DMS methylates the N7 position of guanine (and to a much lesser
extent N3 of adenine) in double-stranded DNA and subsequent
alkali treatment cleaves the DNA at such reacted sites (26). Protec-
tion from DMS methylation indicates that a ligand employs this base
position for binding. Using homopyrimidine PNAs, protection from
DMS methylation was used to demonstrate PNA “Hoogsteen”
binding in the dsDNA major groove via the N7 position of gua-
nine (Fig. 6) (3).
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1.7.3. Diethyl Pyrocarbonate Probing

Diethylpyrocarbonate (DEPC) reacts with the N7 (and also N3)
position of purine residues (A>G) resulting in carbethoxylation and

Fig. 5. KMnO4 probing of triplex invasion-complex. Autoradiograph
showing the reactivity towards permanganate of a triplex invasion com-
plex. PNA745 [H-Lys2-TTCCTCTCTT-(eg1)3-TTCTCTCCTT-
LysNH2] was incubated with a 254-bp EcoRI-PvuII restriction fragment
containing the cognate target and after triplex invasion probed with
potassium permanganate as described in the methods section. Lane 1 (no
PNA + KMnO4), lane 2 (control, no PNA and no permanganate probing),
lane 3 (triplex invasion complex + KMnO4), lane 4 (A/G sequence
marker). Adapted with permission from, (23).
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ring-opening. Alkaline treatment leads to strand scission at DEPC
modified sites (27,28). DEPC does not react very vividly with
dsDNA but reacts more strongly with single-stranded DNA. DEPC

Fig. 6. DMS probing of triplex-invasion complex. Autoradiograph
showing the reactivity towards DMS of a triplex invasion complex.
PNA745 (see Fig. 5) was incubated with a 159-bp HindIII-PvuII frag-
ment containing the complementary target and the triplex-invasion com-
plex formed was probed with DMS as described in the methods section:
Lane 1 (control, no PNA + DMS), lane 2 (control, no PNA and no DMS
probing), lane 3 (triplex invasion complex + DMS), lane 4 (A/G sequence
marker). Adapted with permission from ref. (23).
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probing has been used to demonstrate PNA·DNA/DNA duplex
invasion (15). On incubating homopurine duplex-forming PNA with
dsDNA containing a cognate target, the noncomplementary
(“A-rich”) DNA strand became reactive towards DEPC indicative
of strand-invasion.

2. Materials

1. Homopyrimidine PNA at 10-fold the desired final concentration
(typically 10–100 µM) in ddH2O.

2. Appropriately 32P-end-labeled DNA fragment.
3. ddH2O.
4. 10% (v/v) dimethyl sulphate (20X stock) freshly prepared by dilu-

tion in ddH2O.
5. DNA elution buffer: 0.5 M NH4-acetate, 1 mM EDTA).
6. FA-buffer: 80% deionized formamide, 10 mM EDTA, 0.25% xylene

cyanol FF, 0.25 bromphenol blue.
7. Heating blocks for 37°C and 90°C incubation.
8. 20 mM KMnO4 (20X stock).
9. 6X Native loading buffer: 43.5% glycerol, 0.25% xylene cyanol FF,

0.25% bromphenol blue.
10. Polymerase chain reaction (PCR) thermocycler.
11. Phosphorimager or autoradiography.
12. 10% Piperidine in H2O.
13. 5–10% Native polyacrylamide gels: 30:1 in acrylamide to

bisacrylamide.
14. 10% Sequencing gels containing 7 M urea: 20:1 in acrylamide to

bisacrylamide.
15. Potassium acetate ethanol: (2%/96% w/v).
16. 2X primer extension buffer: 40 mM Tris-HC1, pH 8.4, 100 mM KCl,

10 mM MgCl2, 0.5 mM each of dATP, dCTP, dGTP, and dTTP.
17. Pure supercoiled plasmid DNA with a relevant target.
18. Clean scalpel.
19. Sephadex G-25 column.
20. Speed-vac.
21. Stop buffer: 1.5 M sodium acetate, 1 M 2-mercaptoethanol, pH 7.0.
22. 10 U/µL T4-Kinase: LifeTechnologies.
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23. 1X TAE: 40 mM Tris-acetate, 1 mM EDTA.
24. 5 U/µL Taq DNA polymerase (LifeTechnologies).
25. TBE: 90 mM Tris-borate, 2 mM EDTA.
26. 100 mM Tris-HCl, pH 7.5.
27. 96% Ethanol.
28. 70% Ethanol (optional).

3. Methods

The protocols described below include EMSA, chemical probing
in solution and in situ in gel slices using DMS and permanganate
and finally primer extension analysis of PNA binding.

3.1. PNA

PNA is synthesized and purified as described (29) and stored as
a lyophillized powder at 4°C. Stock solutions are commonly made
10–100 µM in ddH2O and stored in aliquots at –20°C (see Note 1).

3.2. Triplex Invasion Analyzed by EMSA

Triplex invasion is usually performed under pseudo first-order
binding conditions, i.e., using a PNA concentration that is much
higher than the DNA concentration and therefore the free PNA con-
centration is roughly constant throughout the experiment. Typically
very few nano grams of DNA are used in a binding reaction and
under such circumstances it is advantageous to employ 32P-radiola-
beled DNA to facilitate subsequent analysis. Alternatively, gel-
stains including ethidium bromide and ZybrGreen may be used to
detect DNA complexes but these detection methods generally have
lower sensitivity. DNA fragments with sizes up to ~0.5 kb are con-
venient for EMSA. Larger DNA fragments can be used but their
utility depend on the actual DNA/dsDNA system employed and
must be determined empirically in each case (see Note 2).

1. Dissolve 32P-radiolabeled DNA (100–200 dps) in 16 µL ddH2O (see
Note 3).

2. Add 2 µL 10X buffer (see Note 4).
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3. Add 2 µL of PNA at 10-fold the desired final concentration.
4. Incubate for the desired length of time and temperature (see Note 5).
5. Add 4 µL 6X native loading buffer and quencher (optional) (see Note 6).
6. Analyze an aliquot of each sample on 5–10% native TBE buffered

polyacrylamide gels (see Note 7).
7. Expose the gel to phosphorimaging or autoradiography.

3.3. Permanganate Probing of PNA/dsDNA Complex

1. Form a complex between PNA and dsDNA using the desired PNA
and approx 250–500 dps of 32P-endlabeled DNA fragment in a final
volume of 20 µL as described in Subheading 3.2. (see Note 8).

2. Add 1 µL 20 mM KMnO4 to obtain a final permanganate concentra-
tion of 1 mM and incubate for 15 s at room temperature (see Note 9).

3. Add 10 µL stop buffer.
4. Add 60 µL 96% ethanol and collect the DNA by centrifugation at

13,000g for 15 min.
5. Remove supernatant completely and rinse pellet using 70% ethanol

(optional).
6. Dissolve DNA in 100 µL 10% piperidine and incubate at 90°C for

20 min.
7. Lyophilize sample in a speed-vac.
8. Add 20 µL ddH2O and re-lyophilize sample to remove traces of

piperidine.
9. Resuspend DNA in 8 µL FA-buffer.

10. Denature the DNA at 90°C for 2 min and then chill the tubes on ice.
11. Analyze an aliquot of each sample using 10% polyacrylamide gels

containing 7 M Urea.
12. Expose gel to phosphorimaging or autoradiography.

 3.4. DMS Probing of PNA/dsDNA Complex (see Note 10)

1. Form a complex between PNA and dsDNA using the desired PNA
and approx 250–500 dps of 32P-endlabeled DNA fragment in a final
volume of 20 µL as described in Subheading 3.2. (see Note 8).

2. Add 1 µL 10% (v/v) DMS to obtain a final concentration of 0.5%
and incubate for 10 s at room temperature.

3. Add 10 µL stop buffer.
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4. Add 60 µL 96% ethanol and collect precipitated DNA by centrifuga-
tion at 13,000g for 15 min.

5. Remove supernatant completely and rinse pellet using 70% ethanol
(optional).

6. Dissolve DNA in 100 µL 10% piperidine and incubate at 90°C for
20 min.

7. Lyophilize sample in a speed-vac.
8. Add 20 µL ddH2O and re-lyophilize sample to remove traces of

piperidine.
9. Resuspend DNA in 8 µL FA-buffer (see Note 11).

10. Denature the DNA at 90°C for 2 min and then chill the tubes on ice.
11. Analyze an aliquot of each sample using 10% polyacrylamide gels

containing 7 M Urea.
12.  Expose gel to phosphorimaging or autoradiography.

3.5. In Situ Chemical Probing of Triplex Invasion
Complexes in Gel Slices

1. Produce a complex between PNA and dsDNA using the desired PNA
and approx 250–500 dps of 32P-endlabeled DNA fragment as
described in Subheading 3.2.

2. Separate the relevant species employing 5–10% native PAGE (include
naked dsDNA as a control).

3. Localize the relevant species by autoradiography and excise the com-
plexes with a scalpel taking care to minimize the amount of gel material.

4.  Crush the gel slice by centrifugation through a p2 Gilson pipetman
tip (13,000g, 2 min).

5. Probing.
a. Permanganate probing Add 200 µL 1 mM KMnO4, incubate for

1 min and terminate reaction with 100 µL stop buffer.
b. DMS Probing. Add 100 µL 0.5% (v/v) dimethyl sulphate, 100 mM

sodium phosphate pH 7.0, and incubate for 15 s. Terminate the
reaction by addition of 50 µL stop buffer.

6. Add 400 µL DNA elution buffer  and elute DNA overnight at room
temperature.

7. Spin sample for 20 min at 13,000g and withdraw supernatant to
another tube. Avoid transferring gel material.
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8. Add 1.2 mL 96% ethanol and collect precipitated DNA by centrifu-
gation at 13,000g for 15 min.

9. Remove supernatant completely and rinse pellet using 70% ethanol
(optional).

10. Dissolve DNA in 100 µL 10% piperidine and incubate at 90°C for
20 min.

12. Lyophilize sample in a speed-vac.
13. Add 20 µL ddH2O and re-lyophilize sample to remove traces of pip-

eridine.
14. Resuspend DNA in 8 µL FA-buffer (see Note 11).
15.  Denature the DNA at 90°C for 2 min and then chill the tubes on ice.
16. Analyze an aliquot of each sample using 10% polyacrylamide gels

containing 7 M Urea.
17. Expose the gel to phosphorimaging or autoradiography.

3.6. Primer Extension

1. Form a triplex-invasion complex using the relevant PNA and 50 ng
of DNA (typically supercoiled or other topomeric forms) in the
desired buffer in a final volume of 20 µL.

2.  Add 1 µL 20 mM KMnO4 and incubate for 15 s at room temperature
(see Note 9).

3. Add 10 µL stop buffer (1.5 M sodium acetate, 1 M 2-mercaptoethanol,
pH 7.0).

4. Add 60 µL 96% ethanol and collect precipitated DNA by centrifuga-
tion at 13,000g for 15 min.

5. Remove supernatant completely and rinse pellet using 70% ethanol
(optional).

6. Dissolve DNA in 50 µL 2X primer extension buffer (as recom-
mended by the manufacturer or 40 mM Tris-HC1, pH 8.4, 100 mM
KCl, 10 mM MgCl2, 0.5 mM dATP, dCTP, dGTP and dTTP).

7. Add 0.5–1 pmole (~1500 dps) primer labeled at the 5'-terminus with
[γ-32P]ATP using T4 Kinase (see Note 12).

8. Add water to 100 µL.
9. Add 1 unit Taq DNA polymerase and run a primer extension pro-

gram using a PCR thermocycler. Include 20–30 cycles of denatur-
ation, annealing and elongation (see Note 13).

10. Precipitate DNA using 300 µL potassium acetate:ethanol (2/96% w/v).
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11. Resuspend DNA in 8 µL FA-buffer (see Note 11).
12. Denature the DNA at 90°C for 2 min and chill the tubes on ice.
13. Analyze an aliquot of each sample using 10% polyacrylamide gels

containing 7 M urea.
14. Expose gel to phosphorimaging or autoradiography.

4. Notes

1. To prevent PNA aggregation, avoid multiple freeze-thaw cycles of
stock solutions. Polyethylene or polypropylene tubes should always
be used, siliconized whenever possible. Avoid using polystyrene
because PNA sticks to this material.

2. To facilitate quantitative analyses, the DNA should always be puri-
fied using the same procedure, because trace amounts of contami-
nants (such as polyamines or divalent metal ions) may greatly alter
binding efficiency.

3. Sub-microgram DNA quantities are generally required if nonisotopic
detection strategies are employed.

4. For triplex invasion we typically use final buffer concentrations of
10 mM Tris-HCl  or 10 mM sodium phosphate, pH 7.0.

5. We use 37°C and 1 h of incubation as a starting point for triplex inva-
sion reactions.

6. If a kinetic experiment is performed using relatively short incuba-
tion times it is important to rapidly quench the PNA triplex-invasion
reaction. This can be done by adding salt, molar surplus of an oligo-
nucleotide complementary to the PNA or by flash-freezing the
samples in dry ice/ethanol.

7. If a triplex-invasion complex contains Hoogsteen-hydrogen bonded
cytosines, TAE buffer pH 7.0 may be substituted for TBE because
protonization of the cytosine N3 is favoured at lower pH. Note that
TAE is a relatively poor buffer, which may require re-circulation
using a peristaltic pump or simply occasional exchange.

8. DNA fragments for chemical probing are ideally 100–500 bp long
with the PNA target positioned 20–200 from the label.

9. Aqueous solutions of KMnO4 are reduced upon storage. Two signs
indicate that the KMnO4 solution should be replaced: a) the clear
deep purple color changes to a more reddish- and eventually brown-
color and b) the background C-specific reaction increases.

10. DMS is very toxic and should be handled in a suitable fume-hood
using appropriate protective clothing. An inactivating agent (e.g.,
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10% aqueous ammonia) should be used for disposal of tips and other
DMS-contaminated items.

11. Molar surplus of a quencher oligonucleotide complementary to the
PNA employed should be included if the PNA is targeted to the DNA
strand containing the radiolabel. This will eliminate electrophoretic
mobility shifts in sequencing gels.

12. 32P-labeled primers can be purified using sephadex G-25 columns.
13. A primer extension program consisting of 30 cycles of denaturation,

annealing, and extension is typical. Template denaturation is per-
formed at 95°C for 4 min in the first step and 30 s in subsequent
steps. Annealing and elongation times and temperatures must be
determined empirically. Some thermocyclers can run a temperature
gradient thus facilitating a simple optimization of the annealing tem-
perature. Elongation is usually performed around 70°C.
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PNA-Mediated Immobilization
of Supercoiled DNA

Thomas Bentin and Peter E. Nielsen

1. Introduction

Chromosomal DNA is constrained into topological domains
(reviewed in ref. [1]), and in the cell DNA enzymatic processes func-
tion in this framework. To mimic a chromosomal loop, PNA was
recently used to site-specifically immobilize double-stranded (ds)
DNA to streptavidin-coated paramagnetic beads, and such torsion-
ally constrained DNA was used as a template for transcription by
Escherichia coli RNA polymerase (RNAP) (2). In more general
terms, immobilized supercoiled DNA could be used as templates for
assembly and study of enzymatic complexes that require a supercoiled
template and various auxiliary factors such as eukaryotic RNAP II.

1.1. Torsionally Constrained DNA

The present approach for generating torsionally constrained DNA
is depicted in Fig. 1. The high specificity and stability of PNA/
dsDNA triplex invasion complexes is exploited. Triplex-invasion
complexes contain an internal PNA·DNA-PNA triplex in which two
homopyrimidne PNA strands hybridize to the complementary DNA
strand by combined Watson-Crick and Hoogsteen base pairing.
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Consequently, the noncomplementary DNA strand is displaced as a
loop. Supercoiled DNA, or in principle any DNA molecule
containing a suitable target, can be attached to streptavidin-coated
paramagnetic beads (streptavidin-beads) using biotin-conjugated
PNA (3). This preserves the topology of the plasmid (except that

Fig. 1. Structure of PNA and PNA-nucleic acid triplexes. (A)
Covalently closed circular DNA, for simplicity shown as relaxed circular
DNA, bound to streptavidin-beads via a triplex invasion complex. Note
that only one DNA strand has to be fixed to prevent rotation of the other.
(B) Comparison of DNA and PNA chemical structures (B = nucleobase).
(C) Hydrogen bonds formed in the T·A-T and J·G-C PNA·DNA-PNA
base triplets (J = pseudoisocytosine). (D) PNA·DNA-PNA/DNA triplex-
invasion complex containing bis-PNA equipped with a biotin moiety. In
(A) and (D) the PNA is drawn in bold.
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approximately one supercoil is lost due to DNA unwinding at the
triplex-invasion complex [4]), and furthermore torsionally con-
strains the DNA because the streptavidin-bead is too large to rotate
within the DNA circle.

We use biotin-conjugated homopyrimidine bis-PNAs for triplex
invasion and a plasmid in which the complementary target has been
cloned. After triplex invasion, which is carried out using a molar
excess of PNA, the nonbound PNA is removed by gel electrophore-
sis. This somewhat tedious procedure is routinely carried out using
up to ~40 µg of supercoiled DNA but larger amounts of DNA are
probably best purified using other methods such as gel-filtration
fast-performance liquid chromatography (FPLC). Purified triplex-
invasion complex is then bound to streptavidin coated beads and
non-bound material is removed by extensive washing.

The specificity of the various interactions in the streptavidin-
bead/triplex-invasion complex should be examined to ensure well-
defined assemblies. To investigate the specificity and efficiency of
PNA triplex invasion, and the accessibility of the biotin-PNA con-
jugate for streptavidin binding, we used electrophoretic mobility
shift analysis (EMSA). PNA1021 [biotin-(eg1)3-TTJTTJTTTT-
Lys-aha-Lys-aha-Lys-TTTTCTTCTT-Lys-NH2] (see Note 1) was
incubated with a mixture of two plasmids containing (pTEC) or not
containing [pT3T7(-)], a cognate PNA target. The DNA was subse-
quently restriction digested and electrophoresed (Fig. 2). The DNA
fragment harboring the PNA target displayed reduced mobility af-
ter incubation with PNA. The DNA fragments that lack a target were
entirely unaffected even at the highest PNA concentration. This sug-
gested that complete and sequence-specific triplex-invasion could
be obtained. Further, addition of streptavidin to pre-formed triplex-
invasion complex super-shifted the band representing the PNA
bound DNA fragment showing that the biotin-PNA conjugate was
intact and accessible for streptavidin binding (Fig. 2A).

The analysis showed quantitative binding of PNA1021 to its tar-
get but this type of analysis examines only a fraction of the DNA.
To analyze PNA binding along the entire length of the DNA mol-
ecule the triplex-invasion complex can be digested with a frequent
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Fig. 2. Specificity of triplex invasion and function of the PNA-biotin
conjugate. (A) EMSA was used to monitor triplex-invasion and to exam-
ine the accessibility of the biotin-PNA conjugate for streptavidin binding.
One µg of DNA (0.5 µg pTEC [containing a PNA target] and 0.5 µg
pT3T7(-) ([w/o a PNA target]) was incubated with PNA1021 as described
(Methods). Following triplex invasion, the DNA was restriction digested
with EcoRI and PvuII. Each sample was split in two and streptavidin was
added as indicated. The samples were analyzed by 6% native PAGE and
ethidium bromide staining. The PNA concentrations used is indicated. The
different species are indicated with arrows: TIC (Triplex invasion com-
plex), Strep-TIC (streptavidin-triplex invasion complex). (B) Specificity
of triplex invasion and heat denaturation of mismatched complexes as
examined by EMSA. Triplex invasion was conducted using 10 µg of
pT3T7 and PNA1021. The triplex invasion complex involving supercoiled
DNA was gel-purified and buffer adjusted for restriction digestion. An
aliquot (~1 µg) was subject to 65°C for the indicated period of time,
restriction digested with HaeIII, and analyzed. The fragment carrying the
fully matched target and those containing single or double-mismatch-bind-
ing sites are indicated.
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cutter enzyme, e.g., HaeIII, thereby generating restriction fragments
of suitable sizes for EMSA (Fig. 2B).

As the example shows, binding occurred to the fragment contain-
ing the cloned PNA target. However, two additional DNA fragments
changed mobility indicating that nontarget binding also occurred.
The mismatched complexes can be gradually dissociated upon heat-
ing at 65°C. In contrast, the fully matched triplex-invasion complex
should be relatively unaffected by the treatment as expected from
the high Tm values for the corresponding PNA·DNA-PNA triplex
(in this case Tm >90°C). The entire plasmid except for small frag-
ments encompassing less than 5% of the total template was ana-
lyzed in this manner. Furthermore, inspection of the sequence
revealed that in the fraction of DNA that could not be examined by
this procedure, possible PNA targets contained three or more mis-
matches. Triplex invasion at such sites should be very inefficient (5).
Thus by using a combination of triplex invasion, gel-purification,
and thermal dissociation of nonspecific PNA·DNA-PNA/DNA com-
plexes, it is possible to obtain intact plasmids containing a single site-
specifically formed triplex-invasion complex.

2. Materials

1. 2X triplex invasion buffer: 20 mM Tris-HC1, 20 mM NaCl, pH 7.5.
2. 1X elution buffer/low ionic strength wash: 10 mM Tris-HCl, 0.1 mM

EDTA, pH 7.5.
3. 10–100 µM Biotin-conjugated homopyrimidine bis-PNA in ddH2O

(Perseptive).
4. Pure supercoiled plasmid DNA with a relevant target.
5. 1% Agarose gel.
6. Dialysis tubing boiled in 0.1 mM EDTA.
7. 65°C Heating block.
8. 10% Sodium dodecyl sulfate (SDS).
9. 5 M NaCl.

10. Streptavidin at 10 µg/µL in ddH2O. Store flash-frozen in liquid N2 in
aliquots.

11. 6–10% Polyacrylamide gel (30:1 in acrylamide to bisacrylamide).
12. Streptavidin-beads (Dynal or Roche).



116 Bentin and Nielsen

13. Mixing wheel.
14. High ionic strength wash solution: 10 mM Tris-HCl, 0.1 mM EDTA,

pH 7.5, + 1/10 vol 5 M NaCl.

3. Methods

1. Ten µg supercoiled plasmid DNA containing the relevant PNA target
in ddH2O (see Note 2).

2. Add 10 µL 10 µM PNA in ddH2O to establish a triplex invasion
complex (see Note 3).

3. Add 50 µL 20 mM Tris-HCl, 20 mM NaCl, pH 7.5.
4. Adjust the volume to 100 µL using ddH2O.
5.  Incubate for 1 h at 37°C.
6.  Purify the triplex-invasion complex involving supercoiled DNA on

a 1% agarose gel (see Note 4).
7. Dissociate nonspecific PNA/dsDNA complexes by incubation at

25°C below the Tm of the corresponding PNA·DNA-PNA triplex for
10 min (see Note 5).

8. Wash the streptavidin-beads (20 µL per 0.5–1 µg DNA) once by
separating the supernatant from the beads using a magnet followed
by addition of 10 mM Tris-HCl, pH 7.5, 0.1 M EDTA to restore the
original volume. Separate beads and wash solution using the magnet
and discharge the latter.

9. Add triplex invasion complex and adjust the NaCl concentration to
0.5 M in the original volume and incubate for 1 h at room tempera-
ture. (Maintain the beads in suspension, e.g., by using a Dynal mix-
ing wheel.)

10.  Wash the beads three times in the original streptavidin-bead volume
with high and then low (10 mM Tris-HCl, pH 7.5, 0.1 mM EDTA)
ionic strength buffers. Resuspend the streptavidin beads in the
desired volume of 10 mM Tris, pH 7.5, 0.1 mM EDTA (see Note 6).

11. Examine the extent of DNA-PNA-streptavidin complex formation
by heat denaturation of an aliquot in 1% SDS at 80–90°C for 10 min.
Analyze the supernatant on a 1% agarose gel. Remember to include
a reference of known quantity.

4. Notes

1. The symbols used for PNA molecules are as follows: eg1 (8-amino-
2,6-doixaoctanoic acid), Lys (lysine), aha (aminohexanoic acid), J
(pseudo-isocytosine [6]).
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2. Our standard triplex-invasion reaction contains 1 µg DNA/10 µL
total volume. This works well up to at least 40 µg DNA.

3. A titration is necessary to establish the PNA concentration that gives
100% triplex invasion because this depends on the PNA employed
as well as the actual DNA preparation.

4. Purification of triplex-invasion complex involving supercoiled DNA
is routinely done by electro-transfer of the relevant band onto a
dialysis membrane. The nucleic acids are then eluted using 10 mM
Tris-HCl pH 7.5, 0.1 M EDTA. Note that DNA does not stick very
well to dialysis tubing so it is important to transfer the membrane
from the gel to a tube in a gentle, yet swift manner.

5. After thermal denaturation of nonspecific PNA/dsDNA complexes
it is prudent to examine the degree and specificity of triplex inva-
sion. This can conveniently be done by EMSA. Aliquots of the tri-
plex invasion reaction (~1 µg) from before and after thermal
denaturation is digested with HaeIII and analyzed by 6–10% PAGE.
Remember to run along unbound DNA as a control.

6. EDTA chelates divalent metal ions such as magnesium and thus
inhibits enzymatic reactions that require such metals. Thus if the
immobilized DNA is aimed for further enzymatic processing, EDTA
can be entirely omitted or the metal ion concentration adjusted
accordingly.
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PNA Openers and Their Applications

Vadim V. Demidov and Maxim D. Frank-Kamenetskii

1. Introduction

Pyrimidine peptide nucleic acids (PNAs) are able to sequence-
specifically invade corresponding target sites of double-stranded
DNA (dsDNA) yielding P-loops (1). Within P-loops (also known as
invasion triplexes) two PNA oligomers form a triplex with the
complementary purine site of one DNA strand, leaving the other
DNA strand displaced (Fig. 1A). To enhance strand-invasion effi-
ciency, PNA clamps or bis-PNAs are often used. In them, a pair of
pyrimidine PNA oligomers with mirror-symmetrical sequences are
covalently connected via a flexible linker (1–4). Linkage of two
PNA oligomers offers the possibility to expediently design one PNA
strand preferentially for Watson-Crick binding and the other PNA
strand preferentially for Hoogsteen binding (2), as it is required by
the structure of PNA2-DNA triplexes (3,4). This also reduces the
order of the strand-displacement reaction by one, therefore acceler-
ating the PNA invasion (1,4).

When two individual P-loops are located close to each other, they
merge, yielding an extended P-loop (Fig. 1B). As a result, a larger
open region emerges inside dsDNA in which both strands of duplex
DNA are locally exposed (5–7). In so doing, a pair of bis-PNAs act
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as openers of the DNA double helix allowing the Watson-Crick
binding of various probes to designated dsDNA targets (8–14) via
formation of so-called PD-loops and related complexes (Fig. 1C).
In addition, this locally exposed region can provide an access of
DNA-processing enzymes, like single-stranded DNA (ssDNA)-spe-
cific endonucleases or DNA polymerases, to chosen DNA
sequences (5–7,15). The use of PNA openers is demonstrated here
by two applications, PNA-assisted site-directed rare cleavage of
dsDNA with ssDNA-specific endonucleases (5) and nondenaturing
dsDNA sequencing via design of an artificial primosome (15). Note
that the detailed protocols of two other applications of PNA open-
ers, duplex DNA capture and topological labeling, have been
recently published elsewhere (16,17).

DNA rare cleavage is used in gene mapping and cloning proce-
dures. The artificial restriction enzyme systems, like methylation-
based Rec-A assisted restriction endonuclease (RARE) (18,19) and
PNA-assisted rare cleavage (PARC) (20–24) approaches are
complementary to the scarce arsenal of natural rare cutters. PNA
openers provide with one more, rather direct approach, which does
not require the pre-methylation step intrinsic in the “Achilles’heel”

Fig. 1. Looped structures formed within dsDNA by bis-PNA openers:
single P-loop (A), merged or extended P-loop (B' and B'') and PD-loop
(C). PNA openers may bind the same (B') or opposite (B'') dsDNA
strands; exposed DNA stretches can be attacked by ssDNA-specific
nuclease (arrows); oligonucleotide probe can serve as a primer to be
extended by DNA polymerase (arrowhead) via strand displacement.
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strategy employed by both aforementioned techniques. In this alter-
native method (5), ssDNA-specific endonucleases are used, as
shown schematically in Fig. 1B, to selectively cut the two stretches
of ssDNA exposed inside the extended P-loop by PNA invasion.
Consequently, the double-stranded break is quantitatively generated
at a chosen dsDNA site, thus yielding the corresponding duplex
DNA fragment (see Fig. 2 as an example). Besides strand-displace-
ment ability, PNA resistance against nucleases (25,26) is essential
for this method, too.

Fig. 2. Use of PNA openers for rare fragmentation of 48.5 kb wild-
type λ DNA with mung bean nuclease (the experiment was done in
collaboration with Dr. Peter E. Nielsen). Bis-PNA (T7)2 was used as a
single opener to expose the double-target site, T7N6T7, located at 6.1 kb
within λ DNA. The conditions were as follows: samples of 0.1 µg DNA
and 10 µM PNA were incubated for 10 min in TE buffer (buffer A) at
37°C. Then they were digested at room temperature with 20 U nuclease
in buffer B (30 mM NaAc, 50 mM NaCl, 1 mM ZnSO4, 0.1% of glycerol,
pH 4.5) for 20, 10, and 5 min (lanes 1, 2, and 3, respectively). Lane 4:
10 min incubation with nuclease without PNA pretargeting; lane 5: intact
λ DNA; lane M: λ DNA-HindIII digest used as a size marker (note that
the largest, 27.5 kb fragment consists in fact of two end-located λ DNA-
HindIII fragments, 4.4- and 23.1-kb-long, annealed via the cos-termini).
Electrophoresis was run in 0.5% agarose gel filled with TBE buffer. The
expected 6.1-kb-long dsDNA fragment is clearly observed following the
quantitative PNA-assisted cleavage; two other major longer fragments,
~17.7- and 24.7-kb-long, could be explained by λ DNA cleaving in one
more site, T5NT7, located at 23.8 kb. Although this target exhibits a small
space between PNA-binding sites, one of which is in addition shorter, it
is flanked by AT-rich sequence (87% AT), that becomes easily accessible
for nuclease digestion after the PNA nearby binding.
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Use of PNA openers together with the primer and DNA poly-
merase capable of strand-displacement activity makes it possible to
initiate, via the PD-loop formation, the primer-extension reaction
directly within linear dsDNA (shown schematically in Fig. 1C).
Combination of this approach with isothermal dideoxy chain termi-
nation protocol (27) results in a high-quality sequencing ladder of
several hundred nucleotides even for long DNA templates: an
example of sequence read obtained by this kind of DNA sequencing
for the case of ~50 kb dsDNA is presented in Fig. 3 (15). Therefore,
the method promises to perform sequencing on the excessive back-
ground of unrelated DNA to evade target purification procedures.
Nondenaturing sequencing of dsDNA also avoids complications
caused by folded loops that may form in denatured or ssDNA
templates, but not in linear dsDNA templates. We anticipate that
sequencing of that type could be used in various DNA diagnostics,
e.g., in SNP analysis.

Note that a typical site that is capable of forming the extended
P-loops shown in Fig. 1B,C includes 20 bp or more. Therefore,
its sequence is normally unique in the whole genome. Nevertheless,
such sites are met every 400–500 base pairs in a random DNA
sequence, on average (8,15–17). Thus, normally every genome of
interest must contain many of them.

2. Materials

2.1. Materials Common to Methods 1 and 2

1. A pair of appropriate [7 + 7]- and/or [8 + 8]-mer bis-PNAs with
achiral and uncharged “classical” N-(2-aminoethyl)glycine backbone
and pseudoisocytosine instead of cytosine in one half (2,28,29) is
required. Incorporation of two–three positively charged terminal
lysines and use of noncharged linker of three eg1 units (eg1 = 8-amino-
3,6-dioxaoctanoic acid [2]) is recommended for better stability and
specificity of PNA-DNA complex (28,29).

2. Duplex DNA carrying the 20–25 bp target site that is able to form
the extended P-loop. This site must contain the 7–8-bp-long
oligopurine PNA-binding sites positioned on the same or different
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Fig. 3. Application of PNA openers for nondenaturing sequencing of 46.4 kb λ-plasmid recombinant DNA prior
digested by AatII. Recombinant DNA was obtained by cloning of the 2.7 kb plasmid carrying the insert,
AGAG2A2GCTACTG2AG2AGA, into the EcoRI site of the 43.7 kb lgt11 vector. This site is able to form the
extended P-loop upon targeting with a pair of PNA openers, TJTJ2T2J-CT2C2TCT and TCTC2TC2-J2TJ2TJT (J
denotes pseudoisocytosine), and PD-loop after addition of oligonucleotide primer, fluorescein-
GAG2A2GCTACTG2AG. To improve the sequence read with Sequenase, fluorescein-labeled dATP was added to
all dNTP/ddNTP mixtures (Pharmacia Biotech AutoRead sequencing kit). A part of the sequence data thus obtained
is shown, as it was detected using A.L.F. DNA Sequencer (~200 bp of λ-plasmid DNA was sequenced in total).



124 Demidov and Frank-Kamenetskii

DNA strands and separated by up to 10 bp of mixed purine-pyrimi-
dine sequence.

3. PNA-binding buffer (buffer A): 25 mM MES, pH 6.5 or 10 mM
Na-phosphate, pH 6.8, or any other appropriate low-salt buffer solu-
tion at neutral pH (addition of 1 mM EDTA is recommended to bind
bivalent cations). Typically, the concentration of the target DNA is
much less than the PNA concentration yielding the pseudo-first-order
binding kinetics.

4. Sephadex G-50 (Sigma) or microspin G-50 column (Pharmacia
Biotech) for removing unbound PNA and replacing the buffer A by
one of the two reaction buffers (see below) via gel filtration.

2.2. Materials Specific to Method 1

1. Any ssDNA-specific endonucleases like S1 and mung bean nucleases
(Promega, New England BioLabs, Gibco-BRL, or Roche MB).

2. Nuclease reaction buffer (buffer B): 30–50 mM NaAc, 50–250 mM
NaCl, 1–2 mM ZnSO4, 0.1% of glycerol, pH 4.1–4.6.

3. 500 mM EDTA, pH 8.0, or 10% sodium dodecyl sulfate (SDS) to
stop nuclease digestion (×10 solutions).

4. Regular or pulsed-field electrophoretic equipment.

2.3. Materials Specific to Method 2

1. Pharmacia Biotech AutoRead sequencing kit (30), which includes
the primer-annealing buffer (buffer C): 100 mM Tris-HCl, 10 mM
MgCl2 pH 7.5; primer-extension buffer (buffer D): 15 mM citric acid,
15 mM dithiothreitol (DTT), 2 mM MnCl2, pH 7.5; and four dNTP/
ddNTP mixtures: A-mix (×10 solution) - 5 µM ddATP, 1 mM dATP,
1 mM dCTP, 1 mM dTTP, 1 mM 7-deaza-dGTP, 50 mM NaCl, 40 mM
Tris-HCl, pH 7.6; composition of C-mix, G-mix and T-mix is the
same as that of A-mix except ddATP, is replaced by ddCTP, ddGTP
and ddTTP, respectively.

2. Primer: usually 15–20 nt 5'-fluorescein-labeled oligonucleotide
complementary to the displaced DNA strand.

3. Escherichia coli SSB protein (Promega): ~1 µg per sample.
4. DNA sequencing equipment, e.g., automated A.L.F. DNA Sequencer

(Pharmacia Biotech).
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3. Methods

The binding of PNA openers (0.1–10 µM in dependence on the
binding affinity of bis-PNAs) to target dsDNA (0.1–10 µg in
dependence on the DNA length) with formation of extended P-loops
is a common step to both methods. For this, incubate dsDNA with
PNAs in the buffer A at 37°C for an appropriate time to complete
the formation of PNA-DNA invasion complexes. Remove an excess
of unbound PNA at room temperature by gel filtration through a
Sephadex G-50 column equilibrated with the buffer required at the
next step.

3.1. Method 1: Site-Directed Rare Cleavage
of Duplex DNA (see Notes 1–10)

1. Take 5–20 µL of the DNA sample (pre-targeted by PNA openers) in
the buffer B.

2. Add ~10 U mung bean or ~100 U of S1 nuclease and incubate
~30 min at room temperature or 37°C.

3. Stop the nuclease digestion of DNA by addition of SDS or EDTA
with subsequent cooling of samples on ice.

4. If necessary, check the DNA cleavage by gel electrophoresis.

3.2. Method 2: Nondenaturing Sequencing
of Duplex DNA (see Notes 1–4 and 11–14)

1. Take 5–20 µL of the DNA sample (pre-targeted by PNA openers) in
buffer C.

2. To form the PD-loop, add 20–40 pmol primer and incubate for 15 min
at 37°C.

3. Transfer the sample into buffer D by gel filtration at room temperature.
4. Add DNA polymerase and SSB protein, and perform the Sanger

dideoxy sequencing reactions at 37°C using AutoRead sequencing
kit and corresponding procedures (omitting the denaturing and neu-
tralization steps).

5. Register sequencing results using corresponding sequencing
equipment.
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4. Notes

1. If necessary, shorter bis-PNAs could also be used as openers (our
unpublished data; see also ref. [31]). However, their binding may
not be stable enough and use of [7 + 7]-mer bis-PNAs or longer is
recommended, when possible.

2. PE Biosystems (Framingham, MA) offers custom synthesis of bis-
PNA oligomers using automated protocols. Manual PNA synthesis
(up to 20 µM) is less expensive and could be advantageous for small-
budget laboratories with synthetic experience (32–34).

3. Use of siliconized micro/mini test tubes is recommended to avoid a
loss of PNA via its binding to the tube’s surface.

4. The PNA binding could be quantitatively checked by the gel-shift
assay (1,35,36), if required.

5. In case of cutting the large DNAs significant background cleavage
can be observed due two reasons: a) the formation of mismatched
PNA-DNA complexes exposing incorrect, unwanted sites; and b) the
nonspecific background cleavage of dsDNA regardless of the PNA
targeting.

6. The formation of mismatched PNA-DNA complexes can be mini-
mized by the choice of optimal targeting conditions (31). Key fac-
tors are: PNA quantity and/or time of PNA targeting as well as salt
concentration and pH of buffer A. If, by some reason, the selectivity
of dsDNA targeting by PNA openers under optimized experimental
conditions is still not satisfactory, preferential dissociation of mis-
matched DNA-PNA complexes at elevated temperature or alkaline
pH can be used to enhance the selectivity (37–39).

7. If nonspecific background cleavage is large, reduce the amount of
nuclease. Also, use of mung bean nuclease instead of S1 can decrease
the nonspecific background (5), especially in case of longer DNA
molecules. Although both nucleases have similar catalytic activities,
it is known that S1 nuclease effectively cleaves the DNA strand
opposite a nick in the duplex, whereas the mung bean nuclease can
only attack a gap consisting of a few nucleotides. Prior treatment of
target dsDNA by DNA ligase to heal ligatable nicks may eliminate
part of background cleavage, too.

8. Note that higher salt concentration of buffer B and lower tempera-
ture may also reduce the background cleavage though at the expense
of a less efficient digest.
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9. Usually, the mung bean nuclease allows to accomplish the method
on sub-megabase DNAs (see Fig. 2 as an example). Still, inherent in
this method nonspecific dsDNA cleavage, that is higher than in case
of the methylation-based approaches (18–24), most probably will
limit its use for selective cutting of megabase DNAs. Note that high
molecular-weight DNAs have to be embedded in agarose plugs for
preserving their integrity. In that case, all manipulations should be
adapted to handle with gel pieces as in (18–24).

10. Though we have no experience with other ssDNA-specific endonu-
cleases, they (e.g., nuclease P1; Roche MB) could also be of poten-
tial use.

11. Modified T7 DNA polymerase (Sequenase), Klenow enzyme or any
other DNA polymerase with strand-displacement activity can be used.

12. Digestion of longer dsDNA templates with appropriate restriction
enzyme into ~1 kb fragments may enhance quality of the sequenc-
ing data.

13. Addition of 1 mM fluorescein-labeled dATP to dNTP/ddNTP mix-
tures (×10 solution) and some variation of dNTP: ddNTP ratio may
significantly improve sequence read.

14. Other primer-extension applications, e.g., incorporation of multiple
labels into primer to amplify the hybridization signal (9,15) and map-
ping of DNA-binding ligands (40), can be done in a similar way.
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Colorimetric Detection of PNA-DNA
Hybridization Using Cyanine Dyes

Miaomiao Wang and Bruce A. Armitage

1. Introduction

The high affinity and sequence selectivity with which peptide
nucleic acid (PNA) oligomers bind to complementary DNA and
RNA makes them attractive hybridization probes for diagnostics.
As is the case for all detection schemes, some type of signaling event
is required in order to demonstrate successful hybridization. This
chapter focuses on optical detection methods, although electro-
chemical (1) and surface plasmon resonance (2) methods have also
been reported. Optical methods are of advantage because of the real-
time monitoring capability in standard techniques, such as poly-
merase chain reaction (PCR), as well as the potential for use in vivo
in conjunction with fluorescence microscopy.

Fluorescence is one of the most commonly used methods for
detecting hybridization using DNA probes and the same is true for
PNA. A number of modifications to the standard PNA structure
have provided fluorescence detection schemes. For example, mov-
ing the exocyclic amino group of adenine from position 6 to 2 on
the purine ring yields 2-aminopurine (2-ap; see Fig. 1 for chemical
structures of fluorophores and quenchers used in various formats),
which fluoresces at 367 nm (excitation at 307 nm) when incorpo-
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rated into PNA. Moreover, when the 2-ap PNA is hybridized to a
complementary DNA strand, the fluorescence of the 2-ap is reduced,
allowing real-time monitoring of hybridization. This modification

Fig. 1. Chemical structures of fluorophores, quenchers and cyanine
dye used in PNA-based DNA detection systems.
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has been used to measure the kinetics of PNA-DNA hybridization
(3,4). There are three drawbacks to using this technique for detec-
tion of hybridization, however. First, substitution of adenine with 2-
ap leads to a decrease in thermal stability of 2–3°C. Second, the
sensitivity is not particularly high, because the decrease in fluores-
cence upon hybridization is only 15%. Finally, it is generally easier
to detect an increase in fluorescence against a dark background than
a decrease against a bright background.

Several methods have been reported that rely on an increase in
fluorescence to report hybridization. The first of these is an adapta-
tion of the very successful molecular beacons originally developed
for DNA. A molecular beacon is a hairpin DNA with a fluorophore
and quencher attached to opposite ends of the hairpin (Fig. 2) (5).
This places the fluorophore and quencher at close distance leading
to a dark background. When the beacon hybridizes to its target
DNA, the hairpin opens, separating the fluorophore and quencher
by 30–50 Å and causing a large increase in fluorescence intensity.
A similar approach has been taken with PNA, in which a hairpin
was designed having an acridine fluorophore and anthraquinone
quencher incorporated into the stem such that they would be held in
a face-to-face orientation to maximize quenching (6). The acridine
was excited at 417 nm and the spectra from 430–600 nm were
recorded. Opening of the PNA hairpin upon hybridization to a

Fig. 2. The molecular beacon concept ([see ref. 5]). In the hairpin form,
the fluorophore (F) and quencher (Q) are close, allowing effective
quenching by energy transfer. Upon hybridization, F and Q are separated,
relieving quenching.
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complementary DNA target resulted in a 10-fold increase in fluo-
rescence. However, the hairpin had a significant amount of back-
ground fluorescence, which could be due to some fraction of
hairpins in which either the acridine or anthraquinone (or both) were
not stacked within the stem helix. In addition, this design requires
that the two groups be covalently linked to the PNA backbone,
rather than to the termini, leading to a significantly more complex
synthetic scheme than terminal functionalization.

A chimeric hairpin was also designed in which one side of the
stem was a biotinylated DNA while the other side of the stem and
the entire loop was composed of PNA (7). The DNA and PNA com-
ponents were linked by a disulfide bridge and a coumarin
fluorophore and DABCYL quencher were attached to the ends of
the PNA and DNA portions of the stem, respectively. The full hair-
pin was immobilized in streptavidin-coated microtiter plates. Addi-
tion of oligonucleotides or PCR amplicons with the target sequence
yielded detectable fluorescence enhancements due to hybridization
with the beacon and the effect was sequence-specific. The choice of
coumarin for the fluorophore was nonideal, given the low quantum
yield and tendency of the fluorophore to photobleach; however,
DABCYL is a universal quencher (8) and thus a wide range of
fluorophores could be used.

The two examples previously described follow the original
molecular beacon design faithfully in terms of utilizing a hairpin sec-
ondary structure to minimize fluorescence in the unhybridized state.
However, subsequent work illustrated that a specific secondary struc-
ture is not essential when using PNA. This is because single-stranded
PNAs evidently adopt a collapsed structure in aqueous solution, most
likely because of the relatively hydrophobic N-[2-aminoethyl]glycine
backbone. This structure, although not well-defined, is sufficient to
position a fluorophore and quencher in close proximity, leading to
quenching in the unhybridized state and relief of quenching upon
hybridization. For example, Seitz reported a probe in which the
fluorophore was EDANS (a dimethylaminonaphthalene sulfonate
derivative) and the quencher was DABCYL (9). The system was
excited at 335nm, and fluorescence from 400–600 nm was observed.
Hybridization induced ca. five-fold fluorescence enhancement within
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5 min of mixing the probe and target at room temperature. The sensi-
tivity of the assay was limited by the fact that the unhybridized PNA
probe had residual fluorescence, which is not surprising because the
collapsed conformation of the probe need not place the fluorophore
and quencher in direct contact.

PNA-based molecular beacons have been simplified even further
through the incorporation of the fluorophore thiazole orange (TO),
which is an asymmetric cyanine dye that exhibits a large fluores-
cence enhancement at 510 nm (excited at 470 nm) when bound to a
nucleic acid target (10,11). By conjugating TO to the N-terminus of
the PNA, this so-called “light-up probe” has a much higher sensi-
tivity than the other fluorescence detection systems based on PNA
(~50-fold enhancement in fluorescence) (12). Unfortunately, the
background fluorescence can be significant in the light-up probes
and is sequence-dependent (13). (Mixed base sequences have much
greater background fluorescence than homopyrimidine PNAs.) The
tethered TO fluorophore can evidently bind to the single-stranded
PNA (“back-binding”) giving the residual fluorescence. Whether
the sequence-dependence of the residual fluorescence is due to
selectivity in the binding of TO to ssPNA or to sequence-dependent
variation in the collapsed secondary structure of the PNA is unre-
solved. Nevertheless, in addition to the higher sensitivity, the light-
up probes benefit from simpler synthetic requirements than the other
molecular-beacon designs, which require both a fluorophore and
quencher to be incorporated within the same sequence.

Fluorescence polarization can also be used to follow PNA
hybridization (14).  When a fluorophore is excited with polarized
light, the emission can also be polarized, provided the fluorophore’s
rotational mobility is restricted on the time scale of fluorescence
(usually 1–10 nanoseconds for organic fluorophores). The orienta-
tion of the fluorophore dictates the intensity of the emitted light,
which is polarized either parallel or perpendicular to the excitation
beam polarization. Fluorescence polarization measures the ratio of
the two vectors, and thus illustrates the difference in the orientation,
which is dependent on the fluorophore’s environment. Fluorescein-
labeled PNA was used in conjunction with polylysine to amplify
the signal. When PNA hybridizes to its DNA target, the motion of
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the fluorescein is restricted to some extent, but the difference in
polarization relative to unbound PNA is relatively small. However,
addition of polylysine results in formation of a PNA-DNA-polylysine
complex. With sufficiently high molecular-weight polylysine, the dif-
ference in mobility between free and hybridized PNA is amplified, lead-
ing to a two-fold increase in fluorescence polarization. With a relatively
short PNA 9-mer probe, very good discrimination between a fully
matched and single mismatch sequence was achieved. A linear rela-
tionship between concentration of target DNA and the fluorescence
polarization signal was not evident, so some modification of the system
will likely be required to achieve quantitative analysis of DNA.

In contrast to these fluorimetric methods, our group recently
reported the use of cyanine dyes as small molecule ligands and colo-
rimetric indicators for PNA-DNA hybrids (15). The dyes are rela-
tively inexpensive, and since no covalent bond is required to attach
the dye to the PNA, unmodified PNA can be used. Given the high
cost of custom PNA synthesis and added expense incurred upon
modifying the structure, this is a significant advantage. Upon bind-
ing to PNA-DNA, the dyes show significant changes in optical prop-
erties such as UV-vis absorbance, circular dichroism, and
fluorescence. For example, the dye DiSC2(5) exhibits a ca. 120 nm
shift to shorter wavelength of the main absorption band. This results
in an instantaneous color change from blue to purple, providing a
simple colorimetric indicator for PNA hybridization. Importantly,
DiSC2(5) has successfully bound to all sequences tested (ca. 20 dif-
ferent sequences screened). Here we will discuss in greater detail
the use of cyanine dyes as indicators for PNA-DNA hybridization.
(See Notes 1–3 for factors to consider in designing the PNA probe
and selecting the target sequence.)

2. Materials

1. Commercial suppliers of cyanine dyes. A variety of cyanine dyes
are available through Aldrich Chemical Company (Milwaukee, WI)
and Molecular Probes, Inc (Eugene, OR). DiSC2(5) was originally
available from both sources, but is now available only from
Aldrich. It is quite inexpensive ($25/g) and given the high extinc-
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tion coefficient (ε651 = 260,000 M–1 cm–1 in methanol), very little
dye is required for most assays (1–10 µM dye concentration in
100–1000 µL total volume).

2.  PNA oligomers. Custom-synthesized PNA oligomers are available
from PE Biosystems (www.pebio.com). Useful information regard-
ing the design of appropriate PNA sequences is also available at the
company’s web site.

3. Dye stock solutions. Cyanine dyes exhibit good solubility in metha-
nol and DMSO. Stock solutions containing 1–2 mM dye are readily
prepared in these solvents. Solutions should be stored in the dark to
prevent photobleaching of the dye (see Note 4). Concentrations can
be determined spectrophotometrically using the manufacturer’s
extinction coefficient (ε651 = 260,000 M–1 cm–1 in methanol for
DiSC2(5)).

3. Method

3.1. Sample Preparation

Dye binding to PNA-DNA hybrids is virtually instantaneous and
yields an immediate visible color change. Thus, the “rate-limiting
step” in using DiSC2(5) to detect PNA-DNA hybrids will likely be
the actual formation of the hybrid. Hybridization can be fast for
unstructured, single-stranded targets and in these cases, the PNA
and dye can be added according to the following procedure:

1. The DNA target is suspended in aqueous sodium phosphate buffer
(10 mM, pH 7.0; NaCl and EDTA can also be included without inter-
fering with the dye). The concentration of target can be varied,
although we can readily detect 1 µM strand concentration visually.
The buffer should also include ca. 10% methanol in order to prevent
adsorption of the dye to the walls of the sample container. (A neutral
detergent such as Tween-20 can also be used for this purpose. How-
ever, anionic detergents such as sodium dodecyl sulfate (SDS) should
be avoided because these will compete more favorably than neutral
surfactants or cosolvents for binding of the cationic dye.)

2. The desired amount of PNA is pipeted from a stock, aqueous solu-
tion and the sample is mixed.

3. The dye is added by pipet or 10 µL syringe from a methanol or dim-
ethyl sulfoxide (DMSO) stock solution and the sample is mixed. A
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ratio of one dye per two base pairs of PNA-DNA duplex is usually
sufficient to achieve tight binding.

Folding of the DNA into secondary and tertiary structure will
impose kinetic barriers to hybridization. In these cases, a
preannealing step may be required. This involves mixing of the
DNA and PNA following steps 1 and 2, then heating to 60–90°C
(depending on the stability of the DNA selfstructure) followed by
slow cooling to the assay temperature (normally 15°C). The dye
can then be added according to step 3. (see Note 5.)

3.2. Detection of Hybridization

Qualitative detection of PNA-DNA hybridization can be made
visually, because DiSC2(5) undergoes a striking blue-purple color
change upon binding. Alternatively, a UV-vis spectrophotometer
can be used to record the absorbance spectrum, since the dye exhib-
its λmax = 648 nm in the buffer and 534 nm when bound to the PNA-
DNA (Fig. 3). Samples can be prepared in cuvets for standard
spectrophotometers or in microtiter plates for use in plate readers.
The latter can be particularly useful for parallel screening of many
different targets. We have not yet investigated whether quantitative
detection of PNA-DNA hybrids is possible with the cyanine dyes.

3.3. Detection of Single-Base Mismatches

The cyanine dyes can give false-positives when the PNA hybrid-
izes to a single-base mismatch target. This is because the high affin-
ity of PNA for DNA allows hybridization even in the event of a
mismatch. The high affinity of the dye for PNA-DNA then leads to
effective binding. However, we have found that the thermal stabil-
ity of the dye aggregate is depressed by the mismatch (15). This
effect likely occurs because the mismatch perturbs the regular heli-
cal structure of the PNA-DNA hybrid, which negatively impacts
the stability of a dye aggregate assembled thereon. Thus, recording
“melting curves” at either 648 nm or 534 nm for known matched
and mismatched targets will yield different Tm values for the dye
aggregates, allowing discrimination between matched and mis-
matched targets in unknown samples. (It should be noted that the
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melting temperature for the aggregate is usually between 20–30°C,
which is well below the melting temperature for the PNA-DNA
hybrids.) In these experiments, a sample is prepared as described
earlier, heated to 40°C (i.e., above the dye aggregate melting tem-
perature), then cooled to ca. 5–10°C at a rate of 1°C per min. The
absorbance at 648 or 534 nm is collected at periodic intervals, such
as every 0.5 or 1.0°C. Plotting the absorbance as a function of tem-
perature and then taking the first derivative yields an estimate of the
melting temperature of the dye aggregate.

Fig. 3. Chemical structure of colorimetric PNA-DNA indicator
DiSC2(5) and UV-vis spectra for the dye in buffer (solid line) and in
PNA-DNA (dashed line).
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4. Notes

1.  Nonspecific binding of the dye. The cyanine dyes studied to date are
both cationic and hydrophobic. This leads to their binding to most
polyanionic species, including double- and single-stranded DNA.
Thus, it would be very difficult to detect a PNA-DNA hybrid in the
presence of a large excess of unhybridized DNA. This limitation
might be circumvented if a biased PCR procedure is followed in
which a relatively short section of only the target strand of a DNA
sample is amplified, followed by addition of the PNA and dye for
detection.

2. Short PNA-DNA hybrids. We have noted that the affinity of
DiSC2(5) for PNA-DNA hybrids is noticeably lower when the
hybrid is short (<10 base pairs). This is likely due to the fact that the
dye assembles on the PNA-DNA helix as an aggregate, and the sta-
bility of the dye aggregate will naturally depend on its length.
Because most applications will use longer PNA probes, this should
not be a practical problem.

3.  PNA-RNA targets. We have not yet investigated whether cyanine
dyes bind to PNA-RNA duplexes. However, DiSC2(5) binds tightly
to PNA2-RNA triplexes, so it would be very surprising if the dye
failed to bind to PNA-RNA.

4. Photobleaching. The purple color and 534 nm absorption band fade
noticeably when samples are left under room light for ca. 1 h. Cya-
nine dyes typically are susceptible to photobleaching and this prop-
erty is enhanced in aqueous vs organic solvents. Photobleaching can
be accelerated even further when dye aggregates are formed, as in
the case with PNA-DNA hybrids. Thus, measurements should be
recorded promptly after addition of the dye to the sample.

5. Thermal degradation of the dye. Cyanine dyes are susceptible to ther-
mal degradation in aqueous solutions. Thus, manipulations that
require heating of the sample above 60°C should be done prior to
addition of the dye.
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PNA-Mediated PCR Clamping

Applications and Methods

Deborah G. Murdock and Douglas C. Wallace

1. Introduction

About 90% of sequence variants in humans are differences in single
bases of DNA, called single nucleotide polymorphisms (SNPs). When
two individuals are compared, their genomic DNA differs at ~1/1000
nucleotides (1). Neutral polymorphisms may be responsible for subtle
differences between individuals, such as hair and eye color, or may
be silent identifiers of variability and relatedness. Other polymor-
phisms cause genetic diseases such as hemophilia and are referred to
as mutations. Polymorphisms within an individual may cause cancer
or other diseases, are responsible for the variability of our immune
response, and have been implicated in the aging process. Identifica-
tion of polymorphisms can therefore be useful in diagnosis of genetic
disease, detection of tumors, study of immune response and aging,
identification of microbial strains, and developing relatedness trees
between humans or other organisms.

Several methods exist to detect single nucleotide DNA polymor-
phisms, the two most common being DNA sequencing and
restriction fragment-length polymorphism (RFLP) analysis.
Sequencing of cloned genomic DNA or polymerase chain reaction
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(PCR)-amplified products is the most direct polymorphism detec-
tion method, but can be labor intensive and expensive. RFLP analy-
sis of restricted genomic DNA by Southern blotting, or of digested
PCR products by agarose gel electrophoresis requires that the poly-
morphism creates or eliminates a restriction site. Both sequencing
and RFLP analysis are ineffective when the polymorphism exists as
a small percentage of the total DNA population. Allele-specific
PCR-based methods of polymorphism identification are able to
detect small levels of point mutations, but the approach is limited
by the fact that most primer-template mismatches have no signifi-
cant effect on the amplification process (2).

Peptide nucleic acid (PNA)-mediated PCR clamping is a versa-
tile and sensitive method to identify single nucleotide changes in
DNA molecules, even when these changes exist as a small percent-
age of the total DNA. As first described by Ørum et al. (3), PNA
clamping specifically blocks amplification of a given DNA tem-
plate, while allowing amplification of another template that differs
by as little as one nucleotide. While PNAs are DNA mimics in terms
of their capability to bind to DNA in a sequence specific manner,
PNA molecules have properties unique from DNA that allow PNA
clamping. First, PNA/DNA interactions are generally 1°C per base
pair more stable than the corresponding DNA/DNA duplex. As a
result, a PNA molecule can be designed that is complementary to a
DNA template at a PCR primer binding site such that it will com-
petitively block DNA primer binding (or, less efficiently, to a region
adjacent to a primer binding site to cause arrest of elongation by the
DNA polymerase). Secondly, PNAs cannot function as primers for
DNA polymerase, and as such will eliminate amplification when
competitively excluding a DNA primer in PCR. Lastly PNA/DNA
duplexes are much more destabilized by single base-pair mis-
matches than are DNA/DNA duplexes. This property allows design
of PNA molecules that competitively exclude DNA primers from
one template, but not from another template that differs by one base
pair. Therefore, in an amplification reaction containing DNA with
mixed template varying at one nucleotide, PNA molecules can be
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used to selectively block amplification of one DNA template while
allowing amplification of the other (Fig. 1). This blockage is very
efficient, even when the blocked template is in vast excess, resulting
in detection of a template present at a ratio of 1/20,000 in some reac-
tion conditions. In addition, PNA clamping is faster and easier than
most techniques that are presently used to identify point mutations,
while at the same time providing great sensitivity and specificity.

Fig. 1. PNA-mediated PCR clamping methodology. Primers for PCR
are shown as arrows. Bars represent PNA. Asterisks represent polymor-
phisms. Under the appropriate cycling conditions, the PNA will bind to the
wild-type, but not the mutant template, blocking annealing of the upstream
primer, and allowing amplification of only the mutant molecules.
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The versatility of PNA clamping can be illustrated by the various
applications of the technique reported in the literature. In addition
to allowing basic point mutation detection for identification of
genetic disease (4–6), the tremendous sensitivity of the technique
has proven useful in many different applications where the muta-
tion or variation is at a very low level and difficult to identify by
standard point mutation detection methods. Low levels of variation
seen in cancer (7–10), mtDNA disease and aging (5), somatic muta-
tion mosaicism (11), mRNA editing (12), and microbial mixed com-
munities (13) have all been evaluated by PNA clamping methods.
These applications, and the modifications of PNA clamping
described in each, are reviewed below.

1.1. Diagnostic Detection of Single Nucleotide Changes
in Genetic Disease

1.1.1. Familial Thrombophilia

A single base change in the Factor V gene causes inherited resis-
tance to activated protein C, resulting in familial thrombophilia. This
mutation, a G to A change at nucleotide 1691, has a high occurrence
in the Caucasian population, and constitutes a significant risk factor
for thromboembolic events. Behn and Schuermann (6) reported a
PNA clamping based technique to allow diagnosis of the Factor V
mutation. Genomic DNA was prepared from individuals homozy-
gous for the Factor V mutation or the normal allele, as well as indi-
viduals heterozygous for the mutation. PNA molecules were
designed to bind to either the wild type or the mutant sequence sur-
rounding nucleotide 1691. These PNAs partially overlap with the
sequence of the PCR primer flanking the mutation, and were shown
to block PCR amplification of their complementary template, pre-
sumably by primer exclusion. The affects of several experimental
factors, such as PNA annealing temperature, primer annealing tem-
perature, MgCl2 concentration, concentration of template DNA, and
PNA concentration were also evaluated. The authors conclude that
the PNA-medicated PCR clamping technique is an attractive alter-
native for determination of factor V alleles.
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1.1.2. Hereditary Hemochomatosis

Hereditary hemochromatosis (HH), an iron overload disease, is
the most prevalent identified inheritable disease, afflicting 1.5 mil-
lion Americans. 83% of all diagnosed HH patients of Northern
European ancestry have a common mutation, the C282Y mutation
in the HFE gene (14). HH is frequently undiagnosed, and can be the
cause of liver disease, cardiovascular disease, arthritis, and diabe-
tes. Because this disease is treatable by therapeutic phlebotomy,
early diagnosis is valuable.

Kyger et al. (4) report the application of PNA clamping to detect
the common C282Y mutation in HH. PNA molecules correspond-
ing to both mutant and wild-type sequences were designed, and the
melting temperatures of these PNA molecules in complex with wild-
type and mutant primers were measured in a Beckman spectropho-
tometer with a Peltier temperature controller. The melting tempera-
ture of the wild type PNA (75°C) was reduced by 18°C (to 58°C)
when the DNA template differed by one nucleotide; and the melting
temperature of the mutant PNA (72°C) was reduced by 11°C. In
contrast, the melting temperatures of the primers (65°C and 64°C)
were reduced to 60°C by one mismatch. These PNA molecules were
used in test reactions containing completely wild-type, completely
mutant, or heterozygous DNA template. In a variation on previously
reported PNA methods, Kyger et al. (4) used a LightCycler to
perform real time fluorescent PCR, eliminating the need for
postamplification steps such as agarose gel electrophoresis.
Real-time PCR also reduces the time necessary to obtain results to
less than 1 h. These PNA molecules were shown to block PCR
amplification of their cognate wild-type or mutant template, and
Kyger et al. (4) conclude that PNA clamping performed with real
time fluorescence PCR provides a rapid genetic assay to distinguish
HH patients from carriers and normal individuals.

1.2. Detection of Oncogenic Point Mutations

There is a growing demand for methods that allow the detection
of mutations that cause cancer in order to provide early detection,
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prognosis, and risk assessment. Detection of cancer-causing muta-
tions is complicated by the fact that these mutations may constitute
a very small fraction of the total in tissues and bodily fluids. Muta-
tions in the ras and p53 proto-oncogenes are found to be a frequent
cause of human malignancies. A large percentage of these ras and
p53 gene mutations are found within a small number of “hot spot”
positions. Because PNA clamping is extremely sensitive, and one
PNA can be used to distinguish between several mutations at a given
hot spot; PNA clamping has been successfully applied to the detec-
tion of cancer-causing point mutations.

Thiede et al. (7) used PNA clamping to detect point mutations in
the ras proto-oncogene. Because cancer-causing mutations are
known to cluster in a 4–5 base pair span of DNA in codons 12 and
13 of the ras gene, a PNA was designed complementary to the wild-
type version of that region of the DNA. PNA clamping with this one
PNA can theoretically detect any of the twelve mutations that occur
in codons 12 and 13 of ras. This hypothesis was tested on six of the
twelve possible ras mutations derived from several tumors that had
been previously characterized. While the PNA completely blocked
amplification of ras from a wild-type sample, amplification
occurred from all known ras mutant samples. The nature of the
mutation was confirmed by sequencing the product. Therefore, PNA
clamping was able to detect all six mutations regardless of the site
or type of mutation. Additionally, the sensitivity of the technique
was tested by creating mixtures of wild type and heterozygous tem-
plate. The mutation could be detected at a level of one mutation in a
background of 200 wild-type alleles (1/200). While direct sequenc-
ing confirmed detection of the mutant allele with PNA, sequence
analysis of the same DNA amplified without PNA failed to detect
the mutation, illustrating the enrichment of the mutation in the PNA-
clamping mediated reaction. Thiede et al. (7) conclude that PNA
clamping can detect several hot spot mutations with one reaction,
and that this method is very sensitive, detecting 1 mutant allele in a
background of 200 wild-type. This same technique was adapted by
Takahashi et al. (15) to measure the mutagenicity of bisphenol A, a
chemical used in the production of polycarbonate plastic products.
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Human tissue culture cells were treated with different concentra-
tions of bisphenol A, and levels of ras codon 12 mutations were
measured. It was reported that these mutations can be seen when
present at about 0.005% in genomic DNA.

PNA clamping has also been applied to detection of mutations in
the p53 gene. Previously, point mutations in p53 had been evalu-
ated using the PCR-SSCP (single-strand conformational polymor-
phism) technique. PCR-SSCP, however, only allows detection of a
mutant allele if it is over 2–5% of the total DNA, making detection
impossible in certain tissues and body fluids. Behn and Schuermann
(16) used a PNA mediated “mutant enriched” PCR-SSCP technique
to evaluate p53 from brush cytology material. In order to improve
the level of detection, Behn and Schuermann enriched the PCR
product used for SSCP detection for mutant molecules by using
PNA clamping, reducing amplification of the wild-type template.
Cancer-causing mutations in the p53 gene frequently occur at hot
spots in codons 248 and 249, allowing the use of one PNA to evaluate
several mutations. PNAs were designed complementary to both p53
hot spots, with primers flanking the mutation and not overlapping
the PNA (elongation arrest). The resulting mutant enriched product
was subjected to the SSCP technique. Serial dilution experiments
showed that 1 mutation in 200 wild-type molecules could be
detected (0.5%) with this method. This mutant enriched PCR-
SSCP technique was then used to evaluate the p53 hot spot alleles
in brush cytology material from 20 different lung cancer patients.
While no mutations could be found in these patients with tradi-
tional PCR-SSCP, PNA-mediated “mutant enriched” PCR-SSCP
found mutations in four of these samples. These mutations were
confirmed by excision of the polymorphic band, reamplification,
and sequencing. All mutations found were in the p53 hot spots,
and all were different.

An adaptation of the method described earlier was reported to
detect mutations in both p53 and ras from exfoliated tissue material
(8). Again, elongation arrest based PNA-enriched PCR was used to
partially block wild-type allele amplification in the first PCR reac-
tion, enriching the product for mutant alleles. Instead of SSCP
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analysis, however, mutant alleles were detected by performing a
second nested round of amplification on the enriched product with
primers engineered to create a restriction site at the wild type locus.
The resulting product was digested with the appropriate restriction
enzyme, and any mutant product was seen as undigested product by
agarose gel electrophoresis. This method was tested on mixtures of
DNA from wild type and p53 or ras mutant cell lines. Without PNA,
mutant alleles could be detected at a level of 5%, while addition of
PNA allowed detection of mutant alleles at a level of 1 in 1000, an
improvement of 50-fold. The method was then used to examine
brush cytology material taken from 20 patients with lung cancer
that had been previously examined for mutations in p53 and ras.
While 19 mutations had been identified with repetitive PCR-RFLP
based enrichment procedures, 13 could be identified with PNA-
enriched RFLP analysis described here. This procedure is not as
sensitive as the previous procedure used, but has the advantage of
being more rapid and able to identify many different mutations with
one set of primers. Finally, this method was used to evaluate p53
and ras mutations in sputum samples taken from 23 lung cancer
patients. Eight lesions were detected in this manner, and seven of
them were confirmed by analysis of lavage samples taken during
bronchoscopy, indicating that this method is sensitive enough to
detect mutations in material taken in a noninvasive manner.

In addition to the elongation arrest-based methods described ear-
lier, primer exclusion-based PNA clamping has also been applied to
detect mutations in the p53 gene. This method was successful in
detecting point mutations in DNA derived even from formalin-
fixed, paraffin-embedded samples. Myal et al. (10) used a PNA mol-
ecule complementary to the hot spot in the p53 gene with a primer
differing from the PNA only in length. In a test reaction containing
dilutions of DNA from two breast cancer cell lines, PNA clamping
completely blocked wild-type p53 amplification, and could detect a
mutation in the hot spot region when present at 0.05% of wild type.
This is a 10-fold improvement in detection from that obtained pre-
viously with fresh or frozen tissue.
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Rhodes et al. (9) also report the use of PNA to enhance the sensi-
tivity of allele specific PCR to detect mutations in the ras gene. The
PNA used in this study was a 19mer complementary to normal K-ras
sequence at nucleotides 26–45 and overlapping with the binding
site of one of the PCR primers by 5 nucleotides. This PNA was
incubated with the template DNA for 1 h at 37°C, followed by
amplification of the template in the presence of the PNA. The prod-
uct of the PNA-clamped amplification was then diluted and sub-
jected to allele-specific PCR. The authors report that adding the
PNA-clamping step before the allele-specific PCR step increased
the detection limit of allele-specific PCR 5–10-fold.

1.3. Detection of Mitochondrial DNA Mutations

Inherited mitochondrial DNA (mtDNA) mutations have been
shown to cause a variety of degenerative diseases, and the accumu-
lation of somatic mtDNA mutations have been implicated in aging.
Detection of mutations in mtDNA is complicated by the fact that
each cell contains hundreds to thousands of mtDNAs, and a mutant
cell can contain any proportion of mutant or wild-type molecules, a
condition known as heteroplasmy. As a result, it is often important
to be able to detect low proportions of mutant mtDNAs in maternal
relatives at risk for a disease, or in the tissues of aging individuals.
Murdock et al. (5) have applied the PNA-clamping PCR technique
to detect two pathogenic point mutations: the tRNA-Leu np3243
mutation causing mitochondrial myopathy, encephalopathy, lactic
acidosis, and strokelike episodes (MELAS); and the tRNA-Lys
np8344 mutation causing myoclonic epilepsy and ragged red muscle
fibers (MERRF), and the age-related np414 mutation. PNA mol-
ecules were designed to overlap with the PCR primer binding site,
allowing amplification of only mutant DNA template. The method
was shown to be extremely sensitive, being capable of detecting
mutations at the level of 0.1% of total molecules, without false
positives in the absence of mutant molecules. Moreover, it was
shown that the reaction can be multiplexed to identify more than
one mutation per reaction. Using this technique, the levels of three
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point mutations, the tRNALeu(UUA) 3243 mutation causing MELAS;
the tRNALys 8344 mutation causing MERRF; and the np 414 muta-
tion adjacent to the control region promoters, were evaluated in hu-
man brain and muscle from individuals of various ages. While none
of the mutations were detected in brain samples from individuals
ranging in age from 23–93, the 414 mutation could be detected in
muscle from individuals 30 yr and older. These data demonstrate
that the 3243 and 8344 mutations do not accumulate with age to
levels greater than 0.1% in brain and muscle. By contrast, the 414
mutation accumulates with age in normal human muscle, though
not in brain. The reason for the striking absence of the 414 mutation
in aging brain is unknown.

1.4. Determination of Somatic Mosaicism (GNAS1)

McCune-Albright syndrome is a disease marked by the triad of
polyostotic fibrous dysplasia, skin pigmentation, and endocrine dis-
orders. MAS has been shown to be caused by somatic missense
mutations in codon 201 of the GNAS1 gene. Because these muta-
tions are mosaic, they can be difficult to detect in the wild-type DNA
background. While MAS is uncommon, fibrous dysplasia (FD) of
bone not associated with skin or endocrine abnormalities is a fre-
quent and serious skeletal disorder. Bianco et al. (11) used PNA
clamping PCR to investigate the occurrence of mutations in the
GNAS1 gene in DNA from cultures of fibrous dyplastic lesions dis-
sected from non-MAS FD patients. Mutations in codon 201 (R201C
or R201H) were found in all eight FD patients tested, suggesting
that both FD and MAS are caused by mutations in the GNAS1 gene,
and that the phenotypic differences are a result of different patterns
of somatic mosaicism.

1.5. Microbial Mixed Community Analysis

The analysis of the diversity of complex microbial environments
is often performed by determining the sequence of the 16S rRNA
genes present in the mixed culture. This can be achieved most sim-
ply by direct PCR amplification of the 16S rRNA gene from the



PNA-Mediated PCR Clamping 155

microbial mixture without culturing, followed by cloning and
sequencing of the resultant product. In cases where one bacterial
strain predominates, or some strains are present in very small ratios,
it would be helpful to selectively block amplification of some 16S
rRNA gene variants. von Wintzingerode et al. (13) investigated the
use of PNA clamping to enrich for 16S rRNA genes with polymor-
phisms not frequently found in clone libraries taken from complex
microbial cultures. A PNA molecule was designed with an eight base
pair overlap with the binding site of one of the 16S rRNA primers.

This PNA was shown to block amplification of completely
complementary rDNAs, but not rDNAs containing one or two mis-
matches. This PNA was then used in a test reaction that contained a
1:100 ratio of polymorphic to normal rDNA. The resulting product
was cloned to create an rDNA library, and individual cloned DNAs
were screened by dot blot hybridization. Twenty-eight of 34 clones
tested were positive in PNA clamping-derived libraries, while only
one of 34 clones was positive in the library created without PNA.

PCR clamping was then used to create libraries from an anaero-
bic dechlorinating consortium of bacterium. This consortium had
recently been shown to contain several representatives of recently
described phylogenetic groups. Both primer exclusion and elonga-
tion arrest-based PCR clamping were performed, although elonga-
tion arrest-based PCR clamping was less successful at eliminating
amplification. Binding of PNA to the most abundant rDNA
sequences allowed the identification of variant rDNA sequences that
had not been identified in previous experiments.

1.6. Analysis of mRNA Editing of apoB

Apolipoprotein B (apoB) is the major component of chylomicrons
and low density lipoproteins (LDL) in the cell. ApoB exists in two
forms, apoB-100, the full-length form, and apoB-48, which is the
product of mRNA editing. This mRNA editing, which changes the
CAA-Gln codon at 2153 to a UAA stop codon, is species- and tis-
sue-specific. Because the level of the edited message can be very
low, a radioactive reverse transcription (RT)-PCR primer extension
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method had been previously used to detect it. Zhong et al. (12)
describe a PNA-mediated PCR clamping method to detect low lev-
els of mRNA editing of apoB.

To create a test system for the method, Zhong et al. reverse tran-
scribed mRNA from a HepG2 cell line that has no editing of apoB
messages, and from transfected HepG2 cells that have 4% editing
of the apoB message. The DNA from the reverse transcription was
mixed at various ratios to create template samples with 0, 0.5, 1.0,
2.0, or 4.0% “edited” DNA. Primer-exclusion PCR clamping was
then performed in the presence of a PNA molecule that overlaps the
primer at 4 nucleotides. The products of PCR clamping were sub-
jected to a primer extension assay to determine the extent to which
they contained selectively amplified “edited” DNA. While the “0%”
sample contained only a background band, the other samples
with PNA added contained 90% “edited” product. The 0.5%
“edited” template yielded 89% “edited” product, representing
nearly a 180-fold increase. The authors conclude that PNA-medi-
ated PCR clamping can serve as a sensitive nonradioactive new
method to detect apoB mRNA editing.

1.7. Cloning IgG Variable Region

The cloning of immunoglobulin variable region genes from
hybridomas is used to harvest single-chain Fv (scFv) with pre-
defined specificities that can be used therapeutically. Hybridomas
are created by fusing a B-cell line containing the functional scFv
gene of interest to a cell line derived from the mouse myeloma
MOPC-21. Cloning of the scFv is often complicated by the fact that
these hybridomas express an aberrant nonfunctional kappa (abVκ)
light chain transcript from the MOPC-21 derivative. Primers
designed to amplify variable regions cannot distinguish between the
functional gene from the fused B cell, and the aberrant Vκ tran-
script from MOPC-21. In addition, the MOPC-21 transcript has
been reported to be preferentially amplified by RT-PCR, resulting
in a preponderance of abVκ clones.
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Cochet et al. (17) applied the PNA-mediated PCR-clamping
method to block the elongation of the MOPC abVκ cDNA from
hybridomas, while allowing the amplification of the functional scFv
cDNA from the fused B cell. A PNA molecule was designed
complementary to the CDR3 region of the abVκ gene, six nucle-
otides carboxy terminal to the PCR primer binding site. cDNA was
created by reverse transcription of mRNA from the hybridoma, and
was used as template in PNA-mediated clamping PCR. The prod-
ucts from reactions performed in the presence and absence of PNA
were cloned and screened for specific Vκ alleles. While all inserts
from the PCR performed without PNA were typed as MOPC abVκ,
over half of the clones derived from the PCR performed in the pres-
ence of PNA were shown to contain the functional scFv cDNA.

The authors conclude that PCR clamping provides a useful tool
to improve the cloning efficiency of specific immunoglobulin vari-
able regions produced by hybridomas.

1.8. Determination of Allelic Allocation

Cytochrome P4501A1 (CYP1A1) plays an important role in the
bioactivation of procarcinogenic xenobiotics. Four polymorphisms,
designated m1, m2, m3, and m4, have been identified in the human
CYP1A1 gene, and the frequency of these base changes varies among
ethnic groups. Two of the four polymorphisms have been proposed to
increase enzymatic activity of the protein, and as such have been sug-
gested to be biomarkers for increased susceptibility to certain malig-
nancies, especially lung cancer. M1 and m3 occur in the 3' flanking
region of the gene, while m2 and m4 are in adjacent codons of the
gene, both causing amino acid changes. Diagnosing not only the poly-
morphisms, but also their allelic combinations (m1/m2, m1/m4, m2/
m4) could have important toxicological consequences.

To determine the allelic allocation of m1, m2, and m4 polymor-
phisms, three PNA molecules differing only at the polymorphic site
were used to block amplification of wild-type, m2, or m4 alleles
(18). The resulting PCR products could then be tested for the sec-
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ond polymorphism by restriction digestion. For example, to analyze
the linkage of m1 and m2, a segment of CYP1A1 was amplified
from DNA simultaneously heterozygous for both m1 and m2 in the
presence of PNA specific for m1, m2, or wild-type alleles. As shown
in Fig. 2, if m1 and m2 are on different alleles (allelic allocation
option 2), then the wild-type PNA would block amplification of both

Fig. 2. Determination of allelic allocation. Option 1, in which poly-
morphisms m1 and m2 occur on the same allele, can be distinguished
from option 2, in which both polymorphism occur on different alleles, by
PNA clamping-mediated PCR. In option 1, a product is created whether
the added PNA binds to the wild-type or the polymorphic sequences. In
option 2, no product is amplified when a wild-type specific PNA is added.
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alleles, and no product would result. On the other hand, if m1 and
m2 are on the same allele, then one allele would be amplified in the
presence of each PNA. The presence of m1 on the amplified allele
can then be verified by restriction-digestion analysis of the PCR
product. Mrozikiewicz et al. (19) use PNA clamping to show that
m1 and m2 mutations are always on the same allele in heterozygote
individuals, and that m1 and m4 were always on distinct DNA
strands in six individuals, and further evaluate the frequency of these
CYP1A1 mutations in the Turkish population.

In this report, we outline the procedures used to identify the np414
mutation in mitochondrial DNA with PNA-clamping mediated
PCR. This protocol should be easily adaptable to the identification
of most single nucleotide polymorphisms.

2. Materials

2.1. Polymerase Chain Reaction

1. 10X PCR buffer: 100 mM Tris-HCl, 15 mM MgCl2, 500 mM KCl,
pH 8.3 (Roche Molecular Biochemicals, Indianapolis, IN).

2. PCR nucleotide mix: 10 mM each of the sodium salts of dATP,
dCTP, dGTP, and dTTP) (Roche Molecular Biochemicals, India-
napolis, IN).

3. PNA (Applied Biosystems, Foster City, CA) (see Note 1). T414T
(H-TTG GCG GTA TGC ACT-CONH2) Synthesized PNAs arrive
in dried form, and should be rehydrated in H2O, separated into 10
reaction aliquots, lyophilized again in a vacuum dessicator, and
stored at –70°C until needed.

4. 40–60 ng total genomic DNA or 1 ng plasmid DNA template.
5. Taq DNA polymerase, 5 units/µL (Roche Molecular Biochemicals).
6. PCR primers (see Note 2):

primer 386.for = 5'-ccagatttcaaattttggcgg-3'
primer 780.rev = 5'-actcactggaacggggatgc-3'

7. H2O (see Note 3). DNase-free water (Life Technologies, Rockville,
MD) or reagent-grade ultrapure water purified by the MilliQ purifi-
cation system (Millipore Corporation, Bedford, MA).
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2.2. Restriction Analysis of PCR Product

1. Restriction endonuclease FokI 5U/µL (Roche Molecular Bio-
chemicals).

2.3. Agarose Gel Electrophoresis

1. 3:1 agarose (BioWhittaker Molecular Applications, Rockland, MN).
2. TBE buffer: 89 mM Tris-HCl base, 89 mM Boric acid, 2 mM EDTA.
3. 10 mg/mL ethidium bromide solution (Life Technologies,

Rockville, MD).
4. DNA molecular-weight marker: pBR322 DNA-MspI digest (New

England Biolabs, Inc., Beverly, MA).
5. 6X DNA loading buffer: 0.25% bromophenol blue, 0.25% xylene

cyanol, 30% glycerol.

3. Methods

3.1. Polymerase Chain Reaction

1. For each template to be investigated, amplification is performed in
the presence and absence of PNA. The following reagents are mixed
in thin wall 0.2 mL PCR tubes to create 50 µL reactions: 5.0 µL 10X
PCR buffer, 1.0 µL 10 mM each dNTP mix, 1.0 µL 20 µM primer
386.for, 1.0 µL 20 µM primer 780.rev, 1.0 µL genomic (40–60 ng)
or plasmid DNA (1 ng) template, 0.5 µL Taq DNA polymerase
(5U/µL), 1.0 µL 100 µM PNA T414T or H2O, 39.5 µL H2O.

2. The reactions are then performed under the following cycling conditions:
1 cycle of 94°C for 2 min, 25 cycles of 94°C for 30 s (denaturation),
69°C for 30 s (PNA annealing), 56°C for 30 s (DNA primer anneal-
ing), 72°C for 30 s (extension), 1 cycle of 72°C for 5 min.

3. To increase the sensitivity of the PNA-clamped reaction, a second
round of PCR can be performed on 1 µL of 1/100 diluted product
from the first reaction. PNA is not added to the second amplification
reaction, because detection from the second reaction was found to be
more sensitive in the absence of PNA. Therefore, wild-type DNA
amplification products should be distinguished from mutant prod-
ucts by restriction-enzyme digestion.
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3.2. Optional Confirmation of Point Mutation
by RFLP Analysis

1. Confirmation that the product generated by PNA-clamping PCR has
a mutation can be achieved in several ways (see Note 4). The mtDNA
np414 mutation creates a FokI restriction-enzyme recognition site
that can be used for confirmation. The reaction conditions are as fol-
lows: 10 µL PCR product, 2 µL enzyme buffer,1 µL FokI, 7 µL H2O.

2. Reactions are incubated for 1.5 h at 37°C.

3.3. High-Resolution Gel Electrophoresis Analysis
of Small DNA Fragments

1.  Loading dye is added directly to the reaction, and the entire volume
is loading into one well of a 3.5% agarose gel containing 0.5 µg/mL
ethidium bromide (see Note 5).

2. The DNA is run at high voltage (100 volts for 11 cm gel for approx 1 h),
and visualized with UV light.

4. Notes

1. PNA design. We have found that a 15-mer PNA works well for PNA
clamping. A 15-mer PNA will generally have a melting temperature
of about 70°C, with a single mismatch lowering the melting tem-
perature by approx 15°C. The mismatch should be in the center of
the PNA where it is the most destabilizing. PNAs should be designed
anti-parallel to the DNA template, with not more than 4 purines or 3
guanines in a row and an overall purine content of not more than
60%. Self-complementarity should be avoided, because PNA with
palindromes or hair-pins tend to aggregate.

2. The design of the primer that competes with the PNA for template
binding is very important. The 3’ end of this competitive primer should
partially overlap with the PNA, but preferably should not contain the
polymorphic nucleotide. This allows confirmation of the polymorphism
in the PCR product if the change creates or destroys a restriction site.
The melting temperature of the competitive primer should be lower
than the PNA/DNA melting temperature, but higher than the mis-
matched PNA/DNA melting temperature. The length of the competi-
tive primer is the most useful variable in optimizing PNA clamping
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reaction conditions. Because the polymorphic restriction site will be
very close to the end of the PCR product, the second primer should be
sufficiently close to the first such that the resulting restricted bands
can be resolved from one another by gel electrophoresis.

3. High-performance PCR applications appear to be very sensitive to
the quality of the water used in the reaction. We have successfully
used both commercially available DNase-free water, and reagent-
grade ultrapure water purified by the MilliQ purification system for
PNA-clamping reactions.

4. Optimally, the results of PNA-clamping are read as the presence or
absence of a PCR product. In some cases, however, the clamping is
not complete, and the results must be verified by alternative tech-
niques that confirm the presence of a polymorphism. If the polymor-
phism creates or eliminates a restriction-enzyme site, restriction
digestion followed by agarose or acrylamide (see Note 5) gel elec-
trophoresis may be performed. If the polymorphism does not create
a restriction site, one may be created in some cases in combination
with a mismatch primer (8). Other alternatives are described in the
applications listed in the introduction of this chapter, and include
sequencing (7,11), radioactive ASA (9), radioactive primer exten-
sion assay (12), SSCP (16), and real-time fluorescent PCR (4).

5. The design of the PNA and primers in primer exclusion-based PNA
clamping requires that any restriction-enzyme sites created or
destroyed by the polymorphism will create very small DNA frag-
ments. These fragments may still be evaluated by agarose gel elec-
trophoresis if the following conditions are used. 3:1 agarose in TBE
buffer provides very good resolution of small DNA fragments. The
gels should be run with ethidium bromide in the gel (as opposed to
poststained) for short times with high voltages to avoid diffusion of
small bands.
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PNA Clamping Techniques for the
Determination of Oncogene Mutations

Marcus Schuermann and Moira Behn

1. Introduction

Activating point mutations of the ras and p53 type can be used as
genetic markers to screen for the presence of neoplastic cells in human
tissue (1,2). The high frequency of activating K-ras and p53 muta-
tions found in most solid tumors and the fact that a large percentage
of these are found within a relatively small number of so-called “hot-
spot” positions has encouraged the development of PCR techniques
which at the same time provide a high degree of sensitivity.

While the determination of oncogene mutations in clonal mate-
rial is relatively easy, the methodology at hand becomes technically
limiting as soon as determination is performed on material taken
from body fluids or areas outside the tumor bulk phase. In these
cases, the number of cancer cells may be either too small to allow
direct detection or, as is often the case cells bearing oncogene muta-
tions are often contained in a majority of normal cells. These can be
representing “contamination“ from adjacent normal tissue, exfoli-
ated cells from the same organ or immunoreactive cells which have
been invading the tissue. Existing techniques have met this issue in
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the past trying to enrich for mutant alleles either by positive selec-
tion through oligonucleotide-driven allele-specific amplification
(called polymerase chain reaction [PCR]-ASA [3]) or by provid-
ing a negative selection on wild-type alleles. The latter is possible
through the choice of naturally occurring or artificially introduced
palindroms around the sequence of interest, which allow a selec-
tion of mutant alleles by restriction endonuclease digestion
(referred to as PCR-RFLP = analysis by generation of artificial
restriction fragment length polymorphism) (4–7). Although these
protocols ensure a relatively high sensitivity (4,8) of determining
up to 1 mutant allele in 10,000 normal alleles the reamplification
steps required to obtain this sensitivity bear an increasing risk of
Taq polymerase-borne infidelity.

To meet these obvious limitations an alternative strategies has
been developed on the basis of allele exclusion by using synthetic
peptide nucleic acid molecules (PNAs) (9). PNAs are oligonucle-
otide mimics containing a peptide instead of a ribose-phosphate
backbone, which bind strongly and sequence specifically to
complementary DNA-strands by Watson-Crick hydrogen bonding.
(10–12). In PCR clamping, a PNA oligomer binds to a target wild-
type sequence and, due to its inability to serve as a primer blocks
amplification of a DNA-fragment confined by a pair of two out-
side located DNA oliogonucleotide primers. In the case of a single-
base mismatch, the DNA/PNA duplex is significantly destabilized,
which allows strand elongation from a bound DNA oligomer to
proceed resulting in the detection of PCR fragments, most of
which harbor the variant allele. PNA-directed PCR clamping thus
can be a useful alternative for selective allele enrichment. Several
techniques have been described hence most of which rely on PNA
clamping first decribed by Ørum and coworkers (9). The testing is
based on amplification of target nucleic acids by PCR, whereby
the addition of PNAs serves in the discriminantion of variant alle-
les. Based on this technique we describe two modifications that
have been successfully applied to improve conventional (single-
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strand conformational polymorphism analysis (SSCP) and PCR-
RFLP analysis.

1.1. “Mutant-enriched” PCR-SSCP Using PNAs

The technique described is based on the original protocol for
SSCP analysis described by Orita et al. (13) which consists of a
PCR step followed by strand separation by electrophoresis on a
denaturing acrylamide gel. The advantage of this technique is the
rapid detection of variant or mutated alleles over a broad range of
the amplified fragment. The resolution of the conventional tech-
nique, however, is dependent on the clonal percentage of mutant
alleles in the material examined, which usually should lie above
5%. Allele selection by PNA clamping here offers the advantage of
extending the sensitivity of detetction by at least one order of mag-
nitude. We tested this hypothesis by designing a PNA spanning the
codon 248 and 249 region of the p53 gene (codon 246–250), alter-
natively the codon 273 hot spot in exon 8 (the PNA being comple-
mentary to codon 271–275 of the p53 gene).

1.2. Combined Allele-Specific Enriched
PCR (CASE-PCR)

This method takes advantage of the allele-specific discrimination
of PNAs and the PCR-RFLP technique allowing the easy identifica-
tion of mutant alleles. The method was termed CASE-PCR (com-
bined allele-specific enriched PCR) according to the different
character of each PCR step performed and the additive mutant selec-
tive effect achieved by this method (15). The enriched PCR protocol
designed by us comprises two PCR steps, a first step involving a
mutation-selective PNA oligonucleotide and conventional DNA
primers meant to pre-amplify genomic material containing variant
alleles of interest (schematically shown in Fig. 1). This step requires
an additional segment in the PCR profile at higher annealing tem-
peratures in order to allow the preferential association of the PNAs to
DNA. The mutant-enriched PCR products then are reamplified using
nested primers one of which covers the site of mutation and generates
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a polymorphism recognized by a restriction endonuclease of choice
(diagnostic PCR-RFLP step). Subsequent digestion will then allow
the separation of all wild-type fragments by gel electrophoresis.

2. Materials

2.1. Mutant-Enriched PCR-SSCP Using PNAs

2.1.1. DNA-Oligonucleotide Primers

p53, exon7(169nt): p5: 5'-CCTCATCTTGGGCCTGTGTTAT-
CTCCTAGGTTGGCT-3'

p6 :5 ' -CCAGTGTGCAGGGTGGCAAGTGGCTCCT-
GACCTGGA-3'

Fig. 1. Schematic representation of the two steps of CASE-PCR.
Arrows indicate primer positions. The position of the PNAs is indicated
by a bar. A base-pair mismatch due to a missense mutation (black tri-
angle) will block clamping by a complemetary PNA, allowing strand
elongation to proceed beyond the PNA-covered sequence. RE, restric-
tion enzyme.
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p53, exon 8 (196nt): p7: 5'-CTCTTGCTTCTCTTTTCCTATCC-
TGAGTAGTGGTAA-3'

p8:5'-CCTCCACCGCTTCTTGTCCTGCTTGCTTACC-
TCGCT-3'

2.1.2. PNAs

PNAs were provided by TIB MolBiol (Berlin, Germany).
PNA248-9: GGGCCTCCGGTTCAT- NH2 (covering p53,

codon 246–250)
PNA273: ACAAACACGCACCTC -NH2 (covering p53 codon

271–275)

2.1.3. PCR Clamping Reaction

1. Reaction buffer: 25 mM TAPS, pH 9.3, 50 mM KCl, 1.5 mM MgCl2,
(see Note 1) and 1 mM dithiothreitol (DTT).

2.  Nucleotides: 0.2 mM of each dATP, dCTP, dGTP, dTTP dissolved
in A. bidest.

3. Taq DNA-Polymerase (Boehringer Mannheim).
4. 50–100 ng genomic sample DNA (see Note 2) dissolved in 50 µL
of 10 mM Tris-HCl, pH 8.3.

2.2. Combined Allele-Specific Enriched PCR
(CASE-PCR)

2.2.1. DNA-Oligonucleotide Primers for Preamplification
Step (see Note 3)

Sequences and nomenclature for k-ras amplification according to
Mitsudomi et al. (16).

K-ras, exon 1 (266 bp):
K-ras 5': 5' - GTATTAACCTTATGTGTGACATGTTCTAAT - 3'
K-ras 3': 5' - ACTCATGAAAATGGTCAGAGAAACC-

TTTATCTG - 3'
p53, exon 7 (647 bp) :
p5: 5'-CCTCATCTTGGGCCTGTGTTATCTCCTAGGTTGGCT-3'
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p8: 5'-CCTCCACCGCTTCTTGTCCTGCTTGCTTACCT-
CGCT-3'

p53, exon 8 (196 bp):
p7: 5'-CTCTTGCTTCTCTTTTCCTATCCTGAGTAGT-

GGTAA-3'
p8: 5'-CCTCCACCGCTTCTTGTCCTGCTTGCTTACCTCGCT-3'

2.2.2. DNA-Oligonucleotide Primers for PCR-RFLP Step

Sequences and nomenclature according to Mitsudomi et al. (16).
K-ras, codon 12 (180 bp):
K12MvaI: 5'- CTGCTGAAAATGACTGAATATAAACTTGT

GGTAGTTGGACCT - 3'
K12as-1: 5' - CCTTTATCTGTATCAAAGAATGGTCCTGCA-

CCAATATGC - 3'
p53, codon 248 ( 249bp):
248CspI: 5'- ACTACATGTGTAACAGTTCCTGCATGGGCGG

CACGGAC - 3'
as24x:  5'- AGAGAAAAGGAAACTGAGTGGGAGCAGTAA

GATTC - 3'
p53, codon 249 ( 246bp):
249Bsu36I:  5'- ACATGTGTAACAGTTCCTGCATGGGCGGC

ATGAACCTG - 3'
as24x:  5'- AGAGAAAAGGAAACTGAGTGGGAGCAGTA

AGATTC - 3'0
p53, codon 273 (166bp):
273MluI:   5'-TGGTAATCTACTGGGACGGAACAGCTTTG

AGACG - 3'
p8: 5'-CCTCCACCGCTTCTTGTCCTGCTTGCTTACCTC

GCT-3'

2.2.3. PNAs (see Note 4)

PNAs were provided by TIB MolBiol (Berlin, Germany).
PNAK12-3: TACGCCACCAGCTCC-NH2 (covering K-ras,

codon 10–14)
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PNA248-9:  GGGCCTCCGGTTCAT- NH2 (covering p53, codon
246–250)

PNA273: ACAAACACGCACCTC -NH2 (covering p53 codon
271–275)

2.2.4. Pre-Amplification (PCR Clamping) Step

1. Reaction buffer: 25 mM TAPS, pH 9.3, 50 mM KCl, 1.5 mM MgCl2,
1 mM DTT, 3.75% glycerol (7.5% glycerol in case of PNAK12-3).

2. Nucleotides: 0.2 mM of each dATP, dCTP, dGTP, dTTP dissolved
in A. bidest.

3. Taq DNA-Polymerase (Boehringer Mannheim).
4. Genomic sample DNA dissolved in 50 µL of 10 mM Tris-HCl,

pH 8.3.

2.2.5. PCR-RFLP Step

1. Reaction buffer: 60 mM Tris-SO4, pH 9.1, 18 mM (NH4)2SO4,
1.5 mM MgCl2;

2. Nucleotides:  0.2 mM of each dATP, dCTP, dGTP, dTTP dissolved
in A. bidest.

3. Taq DNA-Polymerase (Boehringer Mannheim).

3. Methods

3.1. Mutant-Enriched PCR-SSCP Using PNAs

3.1.1. PCR-Clamping Reaction (Step 1)

The PCR step is performed in a total volume of 25 µL reaction
buffer, 0.2 mM of each dNTP, 50–100 ng of DNA, 25 pmol of each
primer, 12.5 pmol of PNA, 3.75% glycerol (7.5% glycerol in case
of PNAK12-3) and 1 unit of Taq DNA-Polymerase. To prevent
unspecific polymerization prior to thermal cycling, the mixture is
directly placed into a pre-heated thermocycler and kept at 94°C for
5 min. PCR amplification over 24 cycles with the following param-
eters: 94°C, 60 s, 73°C 60 s in case of PNA248-9 or alternatively
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68°C in case of PNA273; 54°C 60 s; and 72°C 120 s. The additional
step at 73°C or 68°C, respectively, is chosen in order to allow the
preferential annealing of the PNA to DNA.

3.1.2. Reamplification (Step 2)

One µL of the resulting PCR-amplified DNA from step 1 is
reamplified using identical PCR clamping conditions but this time
adding 0.1 µCi 33P-cCTP in a 25 µL reaction volume.

Fig.2. Example of a PCR-SSCP gel using a PNA oligonucleotide
largely blocking the amplification of wild-type p53 alleles. A clear poly-
morphism becomes visible in lanes 3, 4, and 16, which is not seen in the
absence of added PNA. Following mutant-enriched SSCP-PCR, aliquots
of the radiactively labeled PCR amplification product was loaded onto a
MDE-gel and run overnight (see details in Subheading 3.).
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3.1.2.1. SSCP-ANALYSIS

Following the mutant-enriched-PCR 3 µL of α[33P]-dCTP
labeled PCR amplification product is added to 12 µL of sequencing
stop solution (95% formamide, 10 mM NaOH and tracking dyes,
heated to 95°C for 3 min and loaded onto a MDE-gel (HydrolinkTM;
at the size of 40 × 20 cm and 1.5 mm thickness) according to the
manufacturer’s specification (see Note 5). The gel is run in 1/2 ×
TBE (50 mL TBE + 950 mL dH2O) at 4°C and 4 Watts overnight
(about 14 h) and the labeled fragments are visualized by autoradiog-
raphy. An example of a PCR-SSCP gel is shown in Fig. 2  demon-
strating the gain in sensitivity by PNA-mediated allelosuppression.

3.2. Combined Allele-Specific Enriched
PCR (CASE-PCR)

3.2.1. PNA-PCR Parameters (Pre-Amplification)

Each reaction is performed in a volume of 25 µL reaction buffer
(see Subheading 2.2.4.) containing 0.2 mM of each dNTP, 50 ng of
DNA, 25 pmol of each primer, 75 pmol of PNA, and 1 unit of Taq
DNA-Polymerase. To prevent unspecific polymerization prior to
thermal cycling, hot start is performed by 5 min preheating at 94°C.
The PCR reaction itself is performed over 24 cycles with the fol-
lowing conditions: 60 s at 94°C, 60 s at 73°C (PNA248-9) or, alter-
natively, at 68°C (PNAs K12-3 and 273), 60 s at 54°C and 120 s at
72°C (see Note 6).

3.2.2. Purification of PCR Products

DNA fragments resulting from the first amplification are purified
by centrifugation through quick-spin columns (QIAquick PCR
Purification Kit; Qiagen). The samples are then diluted 1:100 to
1:300 and 2 µL are taken for the PCR-RFLP analysis.

3.2.3. PCR-RFLP Analysis

Two µL of diluted pre-amplified products of first step are ampli-
fied over 30 cycles in a volume of 50 µL containing the following
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buffer components: PCR-RFLP reaction buffer (see Subheading
2.2.5.), 0.2 mM of each dNTP, 25 pmol of each primer, and 2 Units
Taq DNA polymerase (50 µL of total reaction volume). PCR param-
eters: 60 s at 94°C, 60 s at 60°C; 120 s at 72°C. The number of cycles
can be reduced to 24 if more than 100 ng of input material is taken.

3.2.4. Endonuclease Digestion of PCR-RFLP Products

Five microliter aliquots of the PCR-RFLP reaction are digested
with 25 units of the following respective enzymes. These are for
K-ras codon 12: MvaI (Boehringer Mannheim), for p53 codon 248:
CspI (Stratagene), p53 codon 249: Bsu36I (Stratagene), and p53
codon 273: MluI (Boehringer Mannheim). The digestion is performed
for 3 h in a total volume of 25 µL under conditions recommended by
the supplier (PCR reaction components are ignored). 20 µL of the
digestion products are electrophoresed through a 3% ethidium bro-
mide stained Nu Sieve® Agarose gel (Biozym, FMC Rockland). The
PCR-RFLP step yields products of comparable intensities that are
either completely digested in case of wild-type status or are digestion
resistant in case of a given K-ras or p53 hot spot mutation.

3.3. Additional Comments

3.3.1. Mutant-Enriched PCR-SSCP

The mutant-enriched PCR-SSCP method allows the rapid, effi-
cient, and sensitive detection of oncogene “hot spot” mutations in
material containing only a minority of tumor cells (14). The limit of
detection is in the range of 0.5–1% variant (mutant) alleles, whereas
with conventional PCR-SSCP at least 5 %, i.e., the inclusion of
PNAs in the reaction step, provides an additional 10-fold increase
in sensitivity. A further advantage is that a single PNA can also
detect mutations in adjacent neighboring codons simultaneously.
Several PNAs strategically designed to cover the majority of p53
missense lesions could therefore prove a useful way to screen for
p53 mutations in exfoliated material from body fluids. The PCR
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Fig. 3. Analysis of oncogene mutations by CASE-PCR. DNA from a cell line harboring a homozygous K-ras codon
12 or p53 codon 248 mutation was diluted into DNA from a cell line with wild-type K-ras (p53) status to yield 200 ng
genomic DNA per vial. Top: Example of reaction products after 24 cycles of PNA-clamping. Bottom, reaction prod-
ucts after PCR-RFLP (total of 48 cycles) either in the presence or absence of specific PNA. Lane 1, mutant cell line, no
dilution; lane 2, diluted 1:10, lane 3, 1:102; lane 4, 1:5 × 102; lane 5, 1:103, lane 6, 5 × 103; lane 7, negative control.
Samples were processed as described in Subheading 3. The gel electrophoresis separates residual wild-type alleles
from enriched restriction resistant mutant forms (running as retarded bands). M =  molecular DNA marker.



176 Schuermann and Behn

clamping is largely independent of salt concentration, and tolerates
a relatively large temperature gradient with respect to both the DNA
and PNA hybridization temperatures.

3.3.2. Combined Allele-Specific Enriched PCR-SSCP

The use of PNAs in the reaction generally offers the advantage
to examine allelic mutations in several hot-spot positions (e.g.,
K-ras, codons 12, 13; p53, codons 248, 249) as long as these are
covered by one PNA molecule. By serial dilution of K-ras mutant
DNA into wild-type background we determined a safe limit of
detection in the range of one mutant allele in 103 wild-type alleles
(example shown in Fig. 3). We estimate the specific enrichment
effect of the PCR clamping step to be about 50-fold (15). Although
other PCR-RFLP based protocols are able to still lower the sensi-
tivity to approx 1 allele in 104 this procedure implies three to four
successive PCR steps with up to 100 PCR cycles, thereby aug-
menting the risk of amplifying Taq-polymerase borne errors. In
our hands the limitation to two successive PCR steps (involving
48–54 PCR cycles) provides a technically reliable way to screen
for single codon oncogene mutations but still offers a sufficiently
high sensitivity to account for low-abundance alleles. A similar
technique has been described based on the combination of PNA-
clamping and allele-specific PCR (18). While this method is even
more sensitive, the ASA step requires a larger collection of allele-
specific primers to cover all possible mismatches in each indi-
vidual codon to be examined, which limits the number of hot spot
positions that can be analyzed. Moreover, different sequence-spe-
cific primer-template combinations occur in each case that need
subtle adjustment of PCR conditions.

4. Notes

1. High concentrations of MgCl2 are normally recommended to stabi-
lize PNA/DNA binding; however, we found an optimal specificity at
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around 1.5 mM. Concentrations above 2.5 mM yielded false positive
results, presumably by weakening the PNA association.

2. The clamping reaction is relatively dependent on the amount of input
genomic DNA. For this reason no less than 50 ng of DNA should be
taken; we find an optimum around 100 ng. Otherwise, a preamplification
step is required.

3. The design of mismatch primers and primer combinations have been
chosen to allow uniform amplification conditions at 60°C . The type
of restriction enzyme chosen and the excessive amounts added in the
reaction should regularly ensure a complete digest within 3 h.

4. PNA oligomers should be always identical to the noncoding strand
of the wild-type allele and chosen so that a 15- nucleotide segment
around the “hot spot” mutation site is covered.

5. Instead of ordinary polyacrylamide gels we recommend the use of
(mutation detection enhancement)MDE-gels, which provide a high-
density resolution optimal for the detection of subtle differences in
the electrophoretic mobility of certain allele variants.

6. Conditions of the PCR clamping reaction have been identical to those
described by Thiede et al. (17) With a limitation to 24–30 amplifica-
tion cycles, the first step usually reveals specific PCR products of
varying intensities, most of which are barely visible in ethidium bro-
mide stained gels.
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PNA Fluorescent In Situ Hybridization
for Rapid Microbiology and Cytogenetic
Analysis

Brett Williams, Henrik Stender, and James M. Coull

1. Introduction

Hybridization-based assays for the detection of nucleic acids
including in situ hybridization are increasingly being utilized in a
wide variety of disciplines such as cytogenetics, microbiology, and
histology. Generally in situ hybridization assays utilize either cloned
genomic probes for the detection of DNA sequences or oligonucle-
otide probes for the detection of DNA or RNA sequences. Alter-
nately, peptide nucleic acid (PNA) probes are increasingly being
utilized in a variety of in situ hybridization assays (1,2). The neutral
backbone of the PNA molecule allows for the PNA probes to bind
to DNA or RNA under low ionic-strength conditions that will either
disfavor reannealing of complimentary genomic sequences or are
denaturing for RNA secondary structure but are favorable for
PNA/DNA or PNA/RNA hybridization (3,4). For in situ hybridiza-
tion assays, these unique properties of PNA probes offer significant
advantages that allow for the development of fast, simple, and
robust assays.

This chapter outlines two protocols that have exploited the unique
physico-chemical properties of the PNA molecule in the develop-
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ment of in situ hybridization assays for the targeting of chromo-
some specific human alpha satellite sequence and for the definitive
identification of microorganisms by targeting species-specific
rRNA sequences.

1.1. Culture Identification by PNA FISH

Fluorescence in situ hybridization using PNA probes (PNA-
FISH) is a new molecular method for definitive identification of
microorganisms using fluorescein-labeled PNA probes targeting
species-specific rRNA sequences (5–8). Due to the high cellular
abundance of rRNA, individual cells can be detected directly by
fluorescence microscopy (9) and thus identified directly in primary
cultures, thereby eliminating the requirement for subculture to
obtain pure isolates.

rRNA sequence analysis today is a well-established method for
phylogenetic analysis of microorganisms (10) and has further
enabled design of specific probes against the rRNA of most micro-
organisms of clinical, industrial, and environmental interest. As a
result, molecular diagnostic methods using rRNA sequences are rap-
idly replacing the classic phenotypic-identification methods based
on biochemical analysis and morphological characteristics.

The noncharged backbone of PNA allows hybridization to be
performed under low-salt conditions that are denaturing for rRNA
secondary structure but favorable for PNA-RNA hybridization (11).
This enables use of PNA probes targeting rRNA sequences in highly
structured regions where many species-specific target sequences are
found. Furthermore, the relative hydrophobic character of PNA
makes PNA probes able to easily diffuse through the hydrophobic
cell wall of fixed bacteria and yeasts. See Fig. 1.

1.2. Molecular Cytogenetic Analysis Using PNA FISH

FISH has become firmly established in cytogenetics, with the vast
majority of FISH probes in use being derived from cloned genomic
probes. Recently, the utility in FISH assays of directly labeled PNA
probes that have been designed from human satellite or telomeric
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repeat sequence has been demonstrated by a number of investiga-
tors (13–16). As mentioned previously, PNA probes can bind to
DNA under low ionic-strength conditions that disfavor reannealing
of complimentary genomic strands. This advantage is particularly
important for in situ hybridization experiments that target repetitive
sequences, because both the length and the repetitive nature of the
target sequences will effectively favor renaturation over hybridiza-
tion with labeled probes (13). These properties of PNA have been
exploited in the following protocol; the sensitivity of which when
used with a mixture of short synthetic PNA probes is comparable to
large cloned probes. See Fig. 2.

Fig. 1. Identification of Staphylococcus aureus from blood culture by
PNA-FISH. Identification is based on bright fluorescent cells and thus
combines the specificity provided by molecular technologies with the
typical cell morphology.
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2. Materials

2.1. Culture Identification by PNA FISH

1. Filter-sterilized PBS. It is recommended to add 1% Triton X-100 for
culture media containing material, such as charcoal, to prevent non-
specific binding of PNA.

2. Fluorescein-labeled PNA probe targeting rRNA: Typically, PNA
probe sequences of approx 15 bases with Tm values in the range of
60–70°C are optimal. Fluorescein-labeled PNA probes targeting

Fig. 2. Detection and enumeration of the X andY chromosomes
in human cells with sex chromosome abnormalities. A mixture of
Cy3 and fluorescein labeled PNA probes specific for the X cen-
tromere and Yq12 region, respectively, were used.
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Escherichia coli 16S rRNA, Pseudomonas aeruginosa 16S rRNA,
Salmonella enterica 23S rRNA, Staphylococcus aureus 16S rRNA,
Dekkera bruxellensis 26S rRNA as well as universal probes target-
ing eubacterium 16S rRNA and eukarya 18S rRNA are available
from Boston Probes (Bedford, MA), whereas custom-made PNA
probes can be obtained from Applied Biosystems (Foster City, CA).
It is recommended to re-suspend and store PNA probes in 50% aque-
ous N,N-dimethyl formamide (DMF) at –18°C prior to use.

3. Hybridization Buffer: 10% (w/v) dextran sulfate, 10 mM NaCl, 30%
(v/v) formamide, 0.1% (w/v) sodium pyrophosphate, 0.2% (w/v) poly-
vinylpyrrolidone, 0.2% (w/v) ficoll, 5 mM Na2EDTA, 0.1% (v/v) Tri-
ton X-100, 50 mM Tris-HCl, pH 7.5. Store at 2–8°C. (see Note 1).

4. Wash Solution: 25 mM Tris-HCl or CAPSO, pH 10.0, 137 mM NaCl,
3 mM KCl. Store at 2–8°C, preferably as a 60X stock solution.

5. IMAGEN Mounting Fluid (DAKO, Ely, UK). Store at 2–8°C. Alter-
natively, VectaShield Mounting Medium (Vector Laboratories, CA)
may be used, although it tends to give a more reddish smear back-
ground (see Note 2).

6. Ethanol (Histology Grade).
7. Milli Q or deionized water.
8. Teflon-coated microscope slides with 14-mm diameter wells for

FISH (ClearCell, Erie Scientific, Portsmouth, NH) (see Note 3).
9. Coverslips with a 0.15 mm thickness (No. 1).

10. Incubator or hybridization chamber at 55 ± 1°C.
11. Water bath (55 ± 1°C). The temperature of the water bath should be

checked using a thermometer in the water.
12. Coplin jar for slides.
13. Fluorescence microscope equipped with a 60× or 100× oil objective,

a 100 W mercury lamp, and a FITC/Texas Red dual band filter. The
use of a 50 W lamp reduces the fluorescent signal. The FITC/Texas
Red double filter provides excellent discrimination between
autofluorescence and specific signal, because autofluorescence will
appear reddish whereas cells detected by the fluorescein-labeled
PNA probe will be bright green. In particular clusters of cells and
yeast cells tend to autofluoresce and therefore make it difficult to
distinguish between positive and negative results using a standard
FITC-filter (see Note 4).

14. Immersion oil. The immersion oil used must comply with the micro-
scope objective and be nonfluorescent.
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2.2. Molecular Cytogenetic Analysis Using PNA-FISH

2.2.1. Reagents

1. Labeled PNA Probes: Typically, PNA probe sequences of approx
18–20 bases with Tm values in the range of 65–75°C are optimal.
Chromosome specific centromere and pan telomere probes are avail-
able from Boston Probes, custom-made PNA probes can be obtained
from Applied Biosystems. It is recommended to store the PNA
probes in 50% aqueous DMF at –18°C prior to use (1) (see Note 5).

2. Hybridization buffer: 20 mM Tris-HCl, pH 7.5, 70% formamide
(Gibco-BRL), 1X Denhardt’s solution (Sigma), 10 mM NaCl,
100 mg/mL tRNA (Sigma), 100 µg/mL salmon sperm DNA (Sigma),
pH 7.0–7.5.

3. Metaphase chromosome and Interphase cell suspension.
4. Ethanol (histology grade).
5. Mill-Q H2O.
6. Carnoy’s Fixative (3:1 methanol/acetic Acid): 3 parts methanol (J.T.

Baker) to 1 part glacial acetic acid (J.T. Baker).
7. 20X SSC 1% Tween 20: 3 M NaCl, 0.3 M Sodium Citrate, 1% (v/v)

Tween 20, pH 7.0–7.5. 2X SSC 0.1% Tween 20. Prepare 50 mL for
each experiment (sufficient for 5 slides) by making a 1 in 10 dilution
of the 20X SSC 1% Tween 20.

8. 10X PBS 1% Tween 20: 27 mM KCl, 15 mM KH2PO4, 1.4 M NaCl,
8 mM Na2HPO4, 1% (v/v) Tween 20, pH 7.5. 1X PBS 0.1% Tween
20. Prepare 50 mL for each experiment (sufficient for 5 slides) by
making a 1 in 10 dilution of the10X PBS, 1% Tween Wash Solution.

9. Mounting medium: Vector Shield (Vector Laboratories) containing
100 ng/mL of DAPI.

2.2.2. Equipment

1. Suitably equipped epifluorescence microscope with appropriate
filters (see Note 6).

2. Microscope slides: Gold Seal precleaned slides, dipped in 100%
ethanol, and polished with a lint free cloth (see Note 7).

3. Cover slips (22 × 22 mm): 0.15 mm thickness Corning brand No. 1.
4. Pipettes (10 µL and 20 µL).
5. Sterile pipet tips.
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6. Graduated cylinders.
7. Water bath (55–60°C).
8. Incubator or heating block (70–80°C).
9. Humidified chamber at room temperature.

10. Forceps.
11. Coplin jars (50 mL).

3. Methods

Before starting the assay procedure, prepare working-strength
wash solution and start to preheat (see Note 8).

3.1. Culture Identification by PNA-FISH

3.1.1. Preparation of Smears

1. Place one drop of phosphate-buffered saline (PBS) in a well on a
microscope slide.

2. Transfer a small drop (10–50 µL) of re-suspended culture or a small
part of a colony to the PBS and mix gently to emulsify.

3. Allow the smears to air-dry.
4. Fix the smears by passing the slide through the blue cone of a Bun-

sen burner three to four times, by heating for 20 min at 60°C, or by
methanol for 5 min (12).

5. Immerse the slide in 80% ethanol for 5–10 min. This step primarily
serves to disinfect the smear, but may also supplement fixation of
the cells.

6. Air-dry until the smears are dry (approx 10 min). The smears may be
stored for up to 14 d at 2–8°C prior to hybridization, preferably
placed in a sealed foil bag with a desiccant.

3.1.2. Hybridization

1. Dilute the fluorescein-labeled PNA probe in Hybridization Buffer.
Typically, a concentration in the range of 100–500 nM is optimal, but
it is recommended to carefully titrate individual probes using a panel
of representative species. The diluted PNA probe in the Hybridization
Buffer should be stored at 2–8°C and is stable for up to 1 yr.
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2. Add one drop of PNA probe in Hybridization Buffer to the well on
the microscope slide with the smear.

3. Add coverslip and try to avoid air bubbles trapped by coverslips, as
this will reduce the hybridization efficiency.

4. Incubate for 90 min at 55°C.

3.1.3. Stringent Wash

1. Immerse slide in preheated Wash Solution at 55°C in a Coplin jar
placed in a water bath at 55°C (see Note 8).

2. Carefully remove the coverslip.
3. Incubate for 30 min. at 55°C.

3.1.4. Mounting

1. Add one drop of Mounting Medium to the smear.
2. Add coverslip and try to avoid air bubbles as that may interfere with

microscopic examination.

3.1.5. Microscopical Examination

1. Examine slides using a fluorescence microscope. The cell smear ap-
pears in general brown/reddish. Positive identification is observed
as bright green fluorescent cells and further supported by cell mor-
phology. The intensity may vary between individual cells due differ-
ences in the amount of rRNA and/or permeability of the cell wall.
The slides are stable when stored in the dark for at least 14 d.

3.2. Molecular Cytogenetic Analysis Using PNA-FISH

3.2.1. Slide Preparation

1. Spot the cell suspension onto a cleaned microscope slide using your
current laboratory procedure. Evaluate the metaphase cells using
phase-contrast microscopy. Using a 20X phase objective, the
metaphase chromosomes should appear gray/black and free of cyto-
plasm. If there is excessive cytoplasm present it is not advisable to
proceed with the hybridization (see Note 9)

2. After preparing the slides, for optimal chromosome morphology and
staining intensity, the slides should be aged for at least 4 h at room
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temperature (preferably overnight) before proceeding with the hybrid-
ization steps. Alternatively, slides can be stored at –20°C; slides are
typically stable for at least 6 mo when stored correctly (see Note 10).

3.2.2. Hybridization

1. If the slides have been stored in the freezer, allow the slides to warm
to room temperature before use.

2. Prepare the PBS wash solution by adding 1X PBS, Tween Wash
Solution to a Coplin jar and warm to 57 ± 1°C.

3. Dilute the labeled PNA probe in Hybridization Buffer. Typically, a
concentration in the range of 4–100 nM is optimal. The diluted PNA
probe in Hybridization Buffer should be stored at 2–8°C and is stable
for up to 1 yr.

4. Apply a 10 µL aliquot of probe solution to the target area of the slide.
Immediately place a 22 × 22 mm glass coverslip over the probe solution
and allow the solution to spread evenly under the coverslip. Try to avoid
air bubbles because they may interfere with hybridization.

5. Place the slides in an incubator preheated to 70 ± 1°C for 5–8 min
(see Note 11).

6. Prepare a humidified hybridization chamber by placing a damp paper
towel in  a container at room temperature and cover the chamber
with a lid. Remove the slide from the incubator or heating block and
place the slide into the humidified hybridization chamber. Reseal the
container.

7. Incubate at room temperature for 30 min.

3.2.3. Posthybridization Washes

1. Immerse the slide(s) in 1X PBS, 0.1% Tween Wash Solution at room
temperature to remove the coverslip.

2. Transfer the slide(s) to the prewarmed 1X PBS, 0.1% Tween Wash
Solution and wash the slide at 57 ± 1°C for 20 min.

3. Rinse the slide(s) in 2X SSC 0.1% Tween wash solution for 1 min.
4. Drain the excess fluid from the slide and apply 20 µL of Mounting

Media containing DAPI counterstain to the target area and place a
22 × 22 mm glass coverslip. Try to avoid air bubbles because they
may interfere with visualization.

5. Place a tissue over the slide and gently apply pressure with your
fingers to squeeze out the excess mounting media.
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6. Store the slide in the dark for 15–30 min to allow the DAPI to stain
the cells before viewing under the microscope.

7. The slides may be viewed immediately or stored at 4°C or –20°C in the
dark. Slides are typically stable for at least 6 mo when stored correctly.

3.2.4. Microscopy Examination

The DAPI counterstain is used as a general DNA stain to aid in
the location of metaphase spreads and interphase cells. The fluores-
cent signals are viewed using an epifluorescence microscope
equipped with appropriate excitation and emission filters. In
metaphase spreads, the centromere of the chromosome of interest
will fluoresce brightly (the color of which will depend on the
fluorochrome(s) used). In interphase cells the centromeric signals
will be present as bright fluorescent spots. The hybridization effi-
ciency of the PNA probes should be greater than 90% for metaphase
and interphase cells.

4. Notes

1. The Hybridization Buffer contains 30% formamide. There is a pos-
sible risk of harm to unborn child. It is irritating to eyes, respiratory
system, and skin. Wear suitable protective clothing and gloves.

2. Care should be taken when using the Mounting Medium because it
may cause skin irritation. Skin should be flushed with water if con-
tact occurs.

3. The use of other slides should be carefully evaluated in respect to the
thickness of the teflon-coating, cell-adhesive characteristics, and
background spots due to unspecific binding of PNA probes.

4. It is important that the microscope is functioning properly. Make
sure that the microscope bulb is correctly adjusted and is not aged
above its specified lifetime.

5. PNA probes are compatible with a wide range of reporter molecules
including fluorochromes for the direct detection of the PNA probe
such as fluoroscein, rhodamine, and the alexa and cyanine series of
dyes. For indirect detection of PNA probes, alkaline phosphatase,
peroxidases, biotin, DNP, and digoxigenin labels have been utilized.

6. The epifluorecent microscope should be equipped with at least a 10×
plan Fluorite objective for locating cells of interest and a 60× and/or
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a 100× oil plan fluorite NA 1.3–1.4 objectives for observing the cells
at high magnification. Below are examples of filters from Omega
and Chroma suitable for three of the common fluorochromes used
in situ hybridization experiments (see Table 1).

7. The use of clean slides cannot be overemphasized. There are a num-
ber of protocols for cleaning microscope slides, the simplest of which
is to soak the slides in ethanol and wipe clean with a lint free cloth as
described earlier. Other approaches include soaking in detergent,
followed by rinsing in deionized water and either kept in distilled
water until use or dipped in ethanol and rapidly air-dried.

8. It is important that the temperature of the Wash Solution has reached
a temperature of 55°C prior to immersion of the slides.

9. The temperature and humidity of the environment in which the slides
are made should be optimized to 20–23°C and 50–60%, respectively.
If excessive cytoplasm is present, prepare another slide as follows:
spot the cell suspension onto a cleaned microscope slide, as the spot
takes on a grainy appearance add 1–2 drops of fixative (3:1
methanol:acetic acid). Allow the slides to dry and re-evaluate.

10.  If the slides are to be subjected to a hybridization experiment imme-
diately after preparation, then the following steps may be helpful in
maintaining chromosome morphology and signal intensity:

a. Prepare the pretreatment solution by adding 50 mL of 2X SSC
wash solution to a Coplin jar and warm to 55 ± 1°C.

b. Add the slides to the prewarmed 2X SSC wash solution for 5 min.
c. Dehydrate the slides for 1 min in each of the cold ethanol (70, 85,

100%) series. Air-dry.
d. Proceed with the hybridization steps.

11. If you are using a programmable heating block then the block should
be programmed to gradually increase (90 s) the temperature to 75°C,

Table 1
Examples of Filters for Common Fluorochromes

Part No. Ex Em

Omega XF05/Chroma 31000 (DAPI filter set) 365 400
Omega XF22/ Chroma 41001 (FITC filter set) 485 530
Omega XF34/ Chroma 41007 (Cy3 filter set) 535 590
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hold the temperature for 90 s at 75°C and then ramp down the tem-
perature to room temperature (90 s). If the heating block is
humidified, the slides may be left on the heating block for the
30-min hybridization step at room temperature before proceeding
with the posthybridization wash steps.
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Detection of Point Mutations Using
PNA-Containing Electrophoresis Matrices

Gabor L. Igloi

1. Introduction

1.1. Background

Conventional nucleic acid/nucleic acid hybridization (1) can be
one of the most sensitive procedures for detecting sequence poly-
morphisms. It forms the basis for many of the diagnostic or screen-
ing methods used at present. However, even the most successful of
chip-based technologies encounter difficulties in distinguishing
between hetero- and homozygous mutational events (2).

Affinity electrophoresis of macromolecules, depending on the
noncovalent interaction of two species, requires the immobilization
of one interacting partner in a matrix (3). The principle of affinity
electrophoresis is analogous to other affinity techniques; a molecule
in the mobile phase interacts specifically during its passage through
the matrix with an immobilized ligand causing a mobility shift
(Fig. 1A). Peptide nucleic acids (PNA) physically mixed with an
electrophoresis medium are effectively immobilized owing to their
minimal electronic charge. Electronic neutrality, together with salt-
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independent base-pair specificity (4), are the properties of PNA that
make them ideal candidates as ligands in an affinity electrophoretic
partnership. The observed interaction is sensitive to parameters
known to affect the stability of base pairs, such as temperature and
concentration, enabling a predictable optimization of signal
resolution and a single base-mismatch discrimination (5). The
matrix selectively retards complementary nucleic acids in a
sequence-specific manner that is highly sensitive to mismatches and
can readily be automated using commercial fluorescence-based
DNA sequencers.

The ability of short PNA oligomers (11-mers) to discriminate
between fully complementary and single-base mismatched DNA
was established in a model system (5) and leads to the application
of this property to the diagnostic screening of point mutations (6,7).
This requires the generation of PCR amplicons harboring the sus-
pected polymorphic site that will be probed  by the entrapped PNA
during size fractionation (Fig. 1B). Here we will consider two alter-
native matrices: polyacrylamide slab gels (6) and fluid capillary
electrophoretic media (7,8); the design of the experimental compo-
nents are identical. The observed effect is governed by conditions
known to influence conventional hybridization. Consequently, base-
pairing during electrophoresis is sensitive to temperature and the
characteristic Tm of a PNA/DNA hybrid is dependent on the con-
centration of the interacting strands. Hence, either by raising the
temperature or by decreasing the concentration of the trapped PNA
one can destabilize the duplex and vica versa.

This concept of hybridization in real time can be applied to clini-
cally relevant hetero- and homozygous mutation detection as exem-
plified here for the hereditary hemochromatosis C282Y mutation.
The polymerase chain reaction (PCR) product from a heterozygous
mutation is thereby resolved into two electrophoretically distinct
species: a retarded fully complementary strand and a nonretarded
mismatched strand (6,7).
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1.2. Design of the Components

1.2.1. PNA

PNAs of 11 residues in length have shown to give adequate speci-
ficity in hybridization. They have been synthesized with one or more
N-terminal linkers ([2-(N-Boc-2-aminoethoxy)ethoxy]acetic acid)
that, according to the manufacturers, prevents rearrangement reac-
tions. The additional terminal NH2 group, with an estimated pKa of
~8.5 may confer a slight overall positive charge to the molecule.

Fig. 1. Principle of affinity electrophoretic mutation detection. (A)
Schematic view of an affinity interaction driven by an electric potential.
The negative ions having an affinity for the immobilized partner are
retarded during their passage through the matrix. The positive counter
ions have been omitted for clarity. (B) Schematic representation of the
behavior of DNA fragments bearing a point mutation in a matrix contain-
ing PNA that is complementary to the wild-type (black) sequence. The
mobility of each species may be referred to an unrelated, noninteracting
molecule (internal standard) (unshaded). Mutant alleles (gray) do not base
pair efficiently with the entrapped PNA and their signals appear at earlier
time points. Note the doublet characteristic for heterozygous loci.
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This has, in practice, no influence on the fractionation because the
migration, if any, of the PNA will be in the opposite direction to
that of the DNA. The PNA may be designed to be complementary
to either strand and to the wild-type or mutant sequence. This fact
permits a certain flexibility in the sequence chosen. The mutation
site is optimally discriminated at internal positions of the PNA;
position 4 from either end may be the best (5), but adequate resolu-
tion is also achieved at other positions. Of greater importance, as far
as the PNA synthesis is concerned, is an avoidance of palindromic
sequences and polyG stretches. Of significance for the hybridiza-
tion, is that G:T mismatches are very stable and therefore, poorly
discriminatory (5). Thus for G→A mutations it would make sense
not to target the PNA to the wild-type G because in the mutant this
could pair with the complementary T. If several PNAs are to be
combined in one system, as in multiplexing (see Subheading 3.4.),
one should aim to maintain similar GC contents to avoid extreme
variations in Tm, although these can be compensated by appropriate
choice of concentrations (see Note 3).

1.2.2. Primer

The general design principles of PCR primers apply. Addition-
ally, and in contrast to conventional hybridization, one should be
aware that affinity electrophoretic interaction has so far only been
observed with amplicons where the PNA binding sequence is close
(<25 bases) to either end (6). Thus, one of the primers should lie
adjacent to (but not overlapping) the PNA binding sequence. If this
appears impracticable, one may tail the primer with a restriction site
such as BsgI (nnnGTGCAG(N16/N14)) (the lower case n denote
bases added to increase the cleavage efficiency of the enzyme) per-
mitting subsequent removal of much of the primer sequence, thereby
bringing the PNA-binding site closer to the amplicon terminus.
Because fluorescent detection is envisaged for all analyses discussed
here, the distal primer, forming the strand complementary to the
PNA probe, must bear a fluorescent label. The optical characteris-
tics of the label are dictated by the detection system. For routine
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multicolor screening, one should consider synthesizing the desired
primer(s) bearing different fluorescent dyes. More economically,
the PCR primer(s) may be 5'-terminally tailed with an unrelated
common sequence (e.g., the universal M13 -20 primer). The pri-
mary unlabeled amplicon obtained with such primer(s) may be
reamplified using variously labeled M13 -20 primers. In the case of
fluorescein, the postsynthetic, enzymatic dye incorporation (9) has
also been applied. PCR products are obtained by standard 3-tem-
perature cycle protocols.

In designing PCR primers, one should bear in mind the length of
the expected amplicon. As far as the mobility shift is concerned,
effects have been observed for products of greater than 400 bp (6).
However, and particularly noticeable in the case of slab gel-based
systems, shorter fragments lead to faster analysis times. Routinely,
amplicons in the region of 100–150 bp have been preferred.

1.2.3. The Matrix

All analyses are carried out under nondenaturing, but non-single-
stranded conformational polymorphism (SSCP), conditions. For
slab gels, 0.5X MDE gel (FMC Bioproducts, Rockland ME) has
been used. One achieves better separation/resolution with this prod-
uct than with polyacrylamide, under the same conditions. In the case
of capillary electrophoresis, 2% native GeneScan polymer (Applied
Biosystems, Foster City) in 1X TBE (see Subheading 3.3.) has been
the medium of choice.

2. Materials

2.1. PCR for Detecting Hereditary
Hemochromatosis C282Y

1. PCR primers: 5’ CCTGGGGAAGAGCAGAGATAT and a fluores-
cein-bearing 5’ Flu-TCAGTCACATACCCCAGATCAC.

2.  PCR reaction mix: 2 µL 10X PCR buffer (Amersham-Pharmacia):
2 µL 2.5 mM dNTP (Amersham-Pharmacia);  10 pmol of each
primer,  approx 250 ng human DNA,  2.5 U Taq DNA polymerase
(Amersham-Pharmacia),  in 20 µL total volume.
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3. Methods

3.1. Sample Preparation for  Slab-Gel Electrophoresis

1. Run the PCR at 94°C for 5 min and then 30 cycles at 94°C, 55°C, and
72°C for 30 s each (Applied Biosystems GeneAmp PCR System
9600).

2. BsgI digestion (where required): 5 µL PCR product, 5 µL 10X Buffer
(New England Biolabs), 5 µL 0.8 mM S-adenosyl methionine (sup-
plied with the enzyme), 1 µL (3U) BsgI (New England Biolabs) in
50 µL total volume; 37°C, 1 h.

3. Dilute the PCR reaction 1:20 with water.
4. Add 3 µL 1% dextran blue in deionized formamide to 3 µL diluted

PCR product (or an appropriate amount directly from the BsgI
digest).

5.  Denature the sample at 95°C for 2 min and chill on ice (see Note 1).
6. Apply 3 µL to gel (see Subheading 3.2.).

3.2. Slab Gel Preparation Exemplified for Use
With the ALF DNA Sequencer

1.  Prepare the gel cassette with 0.35 mm spacers as for sequencing,
i.e., washed, dried, assembled (ALF DNA sequencer (Amersham-
Pharmacia) (see Note 2).

2. Mix the gel components as follows:
a. 9 mL 2X MDE gel solution (FMC Bioproducts, Rockland, ME).
b. 3.6 mL 10X Tris-borate buffer (1.0 M Tris-HCl, 0.83 M boric

acid, 10 mM EDTA).
c. A defined amount of PNA, 1–500 nM (see Note 3).

PNA: (e.g., complementary to the wild-type) N-term O-CGT
GCCAGGTG C-term (see Note 4) in a total of 36 mL.

3. Initiate polymerization by the addition of 130 µL fresh 10% ammo-
nium persulphate and 30 µL TEMED. Pour gel and place sample
slotformer in position.

4. After polymerization (approx 30 min), insert the gel cassette into the
instrument and connect the thermostat plate to an external water bath
(such as MultiTempII, Amersham-Pharmacia) to permit cooling
below ambient temperature, if necessary.

5. Run gel at 34W constant power in 0.8X TBE running buffer.
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3.3. Capillary Electrophoresis Exemplified for Use with
the ABI310 Genetic Analyzer

A higher throughput, greater automation and more economic use
of PNA is achieved using capillary electrophoresis (7):

1. Prepare Amplicons as in Subheading 3.1., or alternatively by a two-
step labeling procedure (see Subheading 3.4.).

2. Prepare the electrophoretic medium as follows:
Stock solution of 2% GeneScan polymer: 1.43 g GeneScan polymer
(Applied Biosystems),  0.5 g 10X TBE,  3.07 g H2O. This solution is
stable for several weeks at 4°C. Running buffer: 1X TBE (89 mM
Tris-HCl, 89 mM boric acid, 2 mM Na2EDTA). The PNA is diluted
directly into the GeneScan polymer to an optimal final concentration
(see text). One mL is usually ample for dozens of runs.

3. Run sample under standard conditions.

3.4. Two-step Fluorescent Labeling for Capillary
Electrophoresis

1. Run first round PCR: Cycling is performed with 5 min at 94°C
followed by 30 cycles of 94°C, 30 s; 62°C, 30 s; 72°C, 30 s
a. PCR reaction mix: 2 µL 10X PCR buffer (Amersham-Pharmacia),

2 µL 2.5 mM dNTP (Amersham-Pharmacia),  20 pmol of each
primer, approx 250 ng human DNA, 2.5 U Taq DNA polymerase
(Amersham-Pharmacia), in 20 µL total volume.

b. Primers: Unlabeled PCR primers:
5' CCTGGGGAAGAGCAGAGATAT
5'gtaaaacgacggccagtgTCAGTCACATACCCCAGATCAC, where
the lowercase letters denote a 5' terminal universal M13–20 sequ-
ence that is used for fluorescent labeling during reamplification.

2. Run second round PCR: After completion of the first round PCR
reaction, dilute the solution 1/50 and use 1 µL for reamplification
using the untailed primer above and either FAM-, JOE, or TAMRA-
labeled M13-20 primers under the same conditions as in the first
round of amplification.

3. Prepare samples for electrophoresis (without further purification) by
mixing 1 µL of reamplified solution with 2 µL ROX-labeled size
marker (Promega, Madison) and 15 µL deionized formamide. De-
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naturation at 90°C for 2 min is followed by quenching in ice.
4. Inject samples at 1 kV, 10 s (see Note 7) and perform the run at the

chosen temperature at up to 12 kV(see Note 8).

3.5. Technical Discussion

As in the case of slab gels, preliminary optimization of PNA con-
centration and temperature is essential. However, with capillary
electrophoresis this requirement is considerably less labor-intensive
and much faster. Polymer solutions containing varying amounts of
PNA are prepared and after analyzing the temperature dependence
(see Note 9) at one concentration — a matter of an hour or so (see
Fig. 2) — one changes the polymer for the next concentration and
repeats this process using the same sample (see Note 10). Once
optimal conditions have been determined, these may be retained for
routine analysis with this PNA/DNA combination. It is advisable to
include an internal unrelated marker with each sample, in particular
for the identification of homozygous mutants (see Note 11). Here
one must rely on detecting a signal shift with respect to the wild-
type, in contrast to the resolution of a single peak to a doublet for
the heterozygote. The internal marker may be a size standard, the
labeled complementary strand, or one can relate all migrations to
the signal from the free excess-labeled PCR primer.

3.5.1. Two-Dimensional Multiplex Analysis

A further increase in throughput can be achieved with multicolor
sequencers by making use of the spectral resolution of the available
dyes, for instance with color-coded samples. At present, four colors
are generally available permitting three different samples to be ana-
lyzed simultaneously, if one color is reserved for the internal stan-
dard. Additionally, the concept of two-dimensional multiplex
analysis has been introduced (8). For multiplexing, fluorescent
amplicons corresponding to different mutation sites may be
designed such that their sizes (the first “dimension”), as resolved by
electrophoresis, identify the regions of the target DNA that is to be
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analyzed. In this way, during electrophoresis and in the presence of
a mixture of appropriate PNAs, a virtual or dynamic array of frag-
ments is created each component of which can hybridize specifi-
cally in situ only to its corresponding PNA (the second
“dimension”). Hybridization causes a visible shift in the signal
(compared to an internal size marker) at a sector within the electro-
phoretogram that identifies the locus of the mutation (see Fig. 3).

Fig. 2. Temperature dependence of hybridization. The sample was a PCR
product (103bp) from a heterozygous C2982Y mutant in human HLA-H
DNA. Preinjection electrophoresis was set to 10 s. Electrophoresis was at 6
kV (see Note 8) for 20 min at the given temperatures in the presence of 2
nM PNA. Excess fluorescein labeled primer is marked with O while the
PCR product appears around 4600 data points, at 50°C. At 55°C, the reso-
lution between wild-type (retarded, marked with a vertical line) and mutant
product is about 20 s. At 50°C the single mismatch between PNA and mu-
tant allele is insufficient for discrimination; it also hybridizes efficiently to
the PNA. On increasing the temperature to 55°C, the base pairing of the
mismatched strand is weakened and resolution of the alleles is observed. At
60°C, the fully base-paired wild-type strand begins to dissociate from the
entrapped PNA, resolution is decreased and lost almost entirely at 65°C.
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Fig 3. Two-dimensional multiplex analysis. (A) Schematic representa-
tion of a multiplex PCR giving amplicons of varying, defined, sizes cov-
ering n mutational loci. PNA probes are designed to be fully
complementary to the mutant allele. (B) Schematic view of the electro-
phoretic fractionation of the amplicons from (A) in the absence of
entrapped PNA. (C) Addition to the electrophoretic matrix of a mixture
of PNAs targeted to the mutant allele leads, upon electrophoresis, to a
shift of signals relative to an internal size standard (small unshaded tri-
angles), as shown, if the PCR product hybridizes to the PNA. The position of
the fragment in the electrophoretogram can be correlated to the nature of the
mutation. Use of color-coded amplicons permits an enhanced throughput.
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In this way two unrelated physical properties of the analyte (the
molecular size and the base sequence) are used to identify (rather
than merely detect) several point mutations simultaneously. Fur-
thermore, the multicolor capability of current DNA sequencers per-
mits several (at present up to 3) color-coded samples covering n
polymorphic loci to be run in parallel, giving a 3 × n multiplicity.

The criteria for PNA and primer design outlined earlier are now
somewhat restricted, relying on primer sets that are compatible with
multiplex PCR. The amplicons for each targeted mutation must have
significant size differences (e.g., 20 bp). On the other hand, although
any single analytical run will be performed at a given temperature, the
PNA concentration dependence of the resolution (or Tm) still permits
some choice in PNA design. The application of this approach has been
documented for the simultaneous detection of three common point
mutations in the human hereditary hemochromatosis gene (8).

4. Notes

1. Denaturation is obligatory. Double-stranded DNA does not interact
with PNA under these conditions.

2. One may choose to apply a thin coating of BindSilane (Amersham-
Pharmacia) to the top 1 cm of the inner glass plate, to stabilize the
sample slots.

3. In order to determine the optimal PNA concentration that is to be
used for routine analysis, preliminary runs at various temperatures
and PNA concentrations are required. For PNA 11-mers the concen-
tration range should lie between 1 and 500 nM. Hence, a series of
gels is constructed containing 1, 25, 100, 250, and 500 nM PNA,
for instance, and each gel is run with standard samples (see Note 5)
at 4–5 different temperatures, e.g., 35, 40, 45, 50, and 55°C. (see
Note 6). Each gel may be reused several times (preferably using
fresh sample slots), although physical changes to the gel at high tem-
peratures (>65°C) prevent repeated use at such extremes. (One
should also bear the physical limitations of the thermostatting plate
at high temperatures in mind.) Furthermore, low temperatures
(<25°C) can lead to smearing of the signal. At the optimal PNA con-
centration, one observes a temperature dependent resolution of the
hybridizing species from the noninteracting signal. For routine analy-
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sis, the temperature giving the greatest resolution at the given PNA
concentration is used. Evaluation may be carried out with the Frag-
ment Manager software (Amersham-Pharmacia).

4. O represents a [2-(N-Boc-2-aminoethoxy)ethoxy]acetic acid linker
that is said to stabilize the PNA with respect to rearrangements. PNA
obtained from the manufacturer (Applied Biosystems) in an
unpurified form and is purified by gel filtration over Sephadex NAP5
columns (Amersham-Pharmacia). 0.2 mL fractions are collected and
the UV-absorbing material combined and stored at –20°C. Repeated
freeze-thaw cycles appear not to affect the PNA.

5. Standard samples should comprise amplicons from wild-type and
from genotyped point mutations, preferably heterozygous, as one
then observes a resolution of a single signal to a doublet upon affin-
ity interaction.

6. Note that there may be quite a narrow temperature/concentration
range. If no resolution is observed, a narrower temperature range,
e.g., 2°C steps should be attempted. It is advisable once a tempera-
ture has been located to perform a further analysis in the absence of
PNA to ensure that any effects are not due to SSCP, which would
complicate the interpretation. At temperatures of approx 50°C, this
is unlikely to be the case.

7. The injection parameters should be adjusted according to the signal
strength observed. This depends on the yield of PCR product and, to
a certain extent, on the nature of the fluorescent dye.

8. Signals from 150 bp samples appear within 15 min, at these settings.
The running voltage is a compromise between analysis speed and
visual resolution. At higher voltage, resolution may not be observed
in real-time, although postrun analysis performed with the GeneScan
software (ver. 3.0) (Applied Biosystems) can still distinguish
resolved peaks.

9. Cooling of the ABI310 below ambient temperature is not possible
without structural alterations to the instrument.

10. Samples remain in a denatured form for at least 48 h at room tem-
perature. They may be re-denatured for further application, although
there is some loss of signal intensity.

11. It should be noted that in contrast to gel-based systems where lanes
within one gel are usually directly comparable, it is not advisable,
despite the good reproducibility, to rely on comparisons of fragment
migration between separate capillary-electrophoretic runs.
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Lipid-Mediated Introduction of Peptide
Nucleic Acids Into Cells

Dwaine A. Braasch and David R. Corey

1. Introduction

The development of general chemical approaches for controlling
gene expression would facilitate investigations into the details of
cellular function (1). Antisense oligonucleotides have been widely
used to block the expression of genes or alter splicing (2), but their
use has suffered from questions regarding their potency and speci-
ficity. In addition, successful antisense experiments often require a
large effort to identify oligomers with adequate activity (3). Peptide
nucleic acids (PNAs) bind with exceptionally high affinity to
complementary sequences and possess an uncharged backbone that
is unlikely to prompt interactions with the many cellular proteins
that bind anionic macromolecules (4). It is reasonable to hypoth-
esize, therefore, that PNAs may possess advantages as antisense
agents. In addition, PNAs have an unmatched ability to invade
duplex DNA, suggesting that they may bind to chromosomal tar-
gets and act as antigene agents (4).

Such speculation, however, is meaningless in the absence of effi-
cient methods for delivering PNAs into cells. In this contribution
we describe the delivery of PNAs into cells as PNA-DNA heterodu-
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plexes complexed with cationic lipid (5–7). This method is rapid,
reproducible, and relies on lipid-mediated transfection techniques
that are well-established and familiar to many laboratories. Impor-
tantly, no synthetic modification of the PNA is required.

1.1. Challenges to Intracellular Usage of PNAs

Research to evaluate the effects of PNAs inside cells faces a series
of complex challenges. PNAs do not spontaneously enter cultured
mammalian cells with good efficiency, so the first challenge is their
delivery. We describe one solution to this problem, the use of PNA-
DNA-lipid complexes. Other solutions include electroporation (8),
membrane permeablization with streptolysin O (9), and attachment
of PNAs to peptides that assist membrane translocation (10,11). The
second challenge is that PNAs must be able to locate their target
sequences when introduced at concentrations that are not toxic to
cells. In our experience we have been able to use PNAs to block the
expression of luciferase mRNA and to inhibit human telomerase,
demonstrating that PNAs can effectively recognize their intracellu-
lar targets. The final challenge is that binding of PNAs to nontarget
nucleic acids or proteins, which is likely to be unavoidable, should
be limited and not produce unintended phenotypes that might con-
fuse the interpretation of experiments. Comparison of the effects of
fully complementary and mismatch PNAs is a powerful strategy for
addressing this final challenge.

1.2. DNA-PNA-Lipid Complexes

In designing a method for PNA delivery we sought to develop a
strategy that would be simple and rely on existing technology. We
did not wish to covalently modify the PNA because such modifica-
tions, while straightforward, add a level of complexity that we
would prefer to avoid. We had become familiar with the use of cat-
ionic lipids to deliver 2'-O-methyl RNA oligonucleotides, and found
that this approach was highly efficient. PNAs cannot be delivered
in complex with cationic lipid alone because they lack a negatively
charged backbone, but we reasoned that a PNA annealed to a DNA
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oligomer with a negatively charged backbone could be delivered as
a PNA-DNA-lipid complex.

It was not obvious that this strategy would work, because to suc-
ceed the PNA must bind DNA strongly enough to be transported as
a complex but not so strongly that it cannot be released once inside
the cell (see Notes 1 and 2). The approach taken was to design DNA
oligomers that were fully complementary to the PNA of interest. No
phosphorothioate substitution is needed to stabilize the DNA, as the
efficiency of delivery may be dependent on the degradation of the
delivery DNA upon introduction into cells. It is preferable to test
two or three potential transport DNAs to ensure that one has an
adequate affinity for the PNA and can deliver the PNA into cells
effectively. Typically we design the transport DNA molecules to be
15 nucleotides in length with a 4-base overhang in either direction
relative to the PNA. Melting temperature (Tm) values are then
obtained for the PNA-DNA complexes. PNA-DNA duplexes with
Tm values between 50° and 75°C have permitted delivery of active
PNAs (7). PNA-DNA complexes with promising Tm values are then
complexed with lipid and added to cells.

2. Materials

1.  PNA monomers and synthesis reagents were obtained from Applied
Biosystems (Foster City, CA).

2.  PNAs can be synthesized using either manual or automated proto-
cols. Automated synthesis can be achieved on an Expedite 8909
(Applied Biosystems) using Fmoc PNA monomers (12). Manual syn-
thesis (13,14) can be accomplished using monomers protected by
either tBoc or Fmoc protecting groups. Once a PNA is synthesized,
fluorescent groups, biotin, or other labels can be added to the free
N-terminus prior to deprotection. PNAs are purified and analyzed as
described. A detailed description of our methods for PNA synthesis
and purification can be found at (http://hhmi.swmed.edu/Labs/dc/
DCHome.html).

3. Rhodamine-labeled PNAs were synthesized as described (15).
4. PNA storage solution: Milli-Q purified water. If PNAs are purified

using buffers that contain TFA, residual TFA will lead to a pH ~ 5.5
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upon dissolution in water. This low pH is convenient because it
increases PNA solubility.

5. PNA-DNA annealing buffer: 2.5X phosphate buffered saline (PBS)
final concentration from a 10X stock. 10.4 mM KH2PO4, 1551.7 mM
NaCl, 29.6 mM Na2HPO4  without calcium and magnesium, pH 7.4
(Invitrogen, Carlsbad, CA).

6. PNA-DNA melting temperature buffer: 0.1 M Na2HPO4, pH 7.4.
7. DNA oligonucleotides, LipofectAMINE™, and OptiMEM® were

obtained from Invitrogen (see Note 3). Oligonucleotides from other
suppliers are also suitable.

8. DU145 and COS-7 cells were obtained from American Type Cell
Culture (ATCC), Rockville, MD.

9. Tissue culture medium: High glucose DMEM (Mediatech cellgro™,
Fisher Scientific, Norcross, GA) supplemented with 10% fetal
bovine serum (FBS) premium select (Atlanta Biologicals, Norcross,
GA), 20 mM HEPES buffer, pH 7.4, antibiotics (5,000 U/mL Peni-
cillin, 10 mg/mL Streptomycin, Sigma, St. Louis, MO) and 1X anti-
PPLO reagent (Invitrogen). Culture cells at 37°C in a 5% CO2
incubator.

10. Cell culture plates used include 48- and 96-well flat-bottom tissue-
culture treated polystyrene (Costar®‚ Corning Costar, Corning, NY)
and 96-well opaque flat-bottom plates for luminescence assays
(Costar®).

3. Methods

3.1. Solubilization of PNAs

PNAs are readily soluble in aqueous solutions at pH 6.0 or lower,
and somewhat less soluble at higher pH levels. Solubility can be
enhanced by the addition of charged amino acid residues at the ter-
mini of PNAs. After drying, hydrate the pellet with 200 µL of ster-
ile Milli-Q filtered water and allow the tube to sit at room
temperature for 5–10 min undisturbed. Heating solutions contain-
ing PNAs can also enhance solubility. We recommend always heat-
ing PNAs to 55°C immediately prior to use to ensure that
aggregation is minimized. If this is not done, the effective concen-
tration of PNA is likely to be less than that determined when the
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PNA was first dissolved. We have found that this aggregation is one
of the greatest obstacles to successful use of PNAs by new users.

3.2. Annealing of PNAs to DNA Oligonucleotides

PNAs can be delivered into cultured cells by annealing PNAs to
complementary DNA oligonucleotides and then adding cationic
lipid (LipofectAMINE™, Invitrogen) to transport the DNA-PNA
complex. This method is rapid and takes advantage of the existing
expertise and protocols for use of cationic lipid. An important
consideration for use of this method is the amount of overlap
between PNA and DNA. We find that only those complexes with a
Tm between 50°C and 70°C yield effects inside cells (7).

1. Check the concentration of PNA and DNA independently. As noted
earlier, heat the PNA to 55°C prior to quantitation to ensure that it is
fully solubilized.

2. Calculate the volume of PNA and DNA that are required to prepare
50 µL of a 100 µM stock solution of PNA:DNA heteroduplex.

3. In a thin-walled PCR tube, add 12.5 µL of 10X (PBS). This will
result in a 2.5X PBS concentration in the final solution. Buffering is
necessary to neutralize the acidic nature of PNA solutions.

4. Calculate the residual volume available by subtracting the required
volumes of PNA, DNA, and 10X PBS from the 50 µL total volume.
Add that volume of sterile water to the tube containing the PBS.

5. Add the volumes of DNA to the tube and mix gently.
6. Add the volume of PNA to the tube and mix lightly. It is not uncom-

mon for a precipitate to form at this point; it will dissipate during the
annealing process.

7. Place tube(s) in a thermal cycler and anneal according to the
following temperature profile. Reductions in temperatures should
occur in 1 min with hold times indicated. 95°C, 5 min, 85°C, 1 min,
75°C, 1 min, 65°C, 5 min, 55°C, 1 min, 45°C, 1 min, 35°C, 5 min,
25°C, 1 min, 15°C, 1 min; hold at 15°C. After annealing is complete,
the PNA:DNA complexes should be maintained at 4°C until use and
characterized by Tm evaluation. We have found that annealed
samples that have been stored at –20°C or –80°C require reannealing
prior to Tm analysis and/or transfection. Samples stored at 4°C for
over 3 mo have been successfully analyzed without adversely affect-
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ing results. We have never observed a PNA to become unusable after
storage, even those several years old.

8. In addition to using a PNA that is fully complementary to the target
site, always use one or more mismatch-containing PNAs as controls
(see Note 4).

3.3. Determination of Tm

Our method for delivery of PNAs into cells requires that hybrid-
ization be strong enough to allow the PNA to bind to DNA outside
the cell while permitting the DNA to be released inside the cell. To
achieve reliable results, therefore, it is necessary to determine Tm

values for this process. If a Tm is below 55°C or above 75°C it is
unlikely that the PNA will function as desired. It will either not bind
to the DNA strongly enough to be transported, or it will bind too
tightly and will not be released upon entry into the cell.

An essential feature to determining if a Tm is reliable is the fact that
the denaturation and annealing profiles be reversible. We have devel-
oped the following technique for determining accurate Tm values.

1. Using a quartz cuvet (Spectrosil® Far UV Quartz type 26.100 stop-
pered cell (Uvonic Instruments, Plainview, NY) with a 10-mm path
and a 15-mm Z-dimension), add 145 µL of 0.1M Na2HPO4, pH 7.4.

2. Add 5 µL of freshly annealed 100 µM PNA:DNA, mix by pipetting
up and down. (Note: for consistency, it is better to premix the 145 µL
of 0.1 M Na2HPO4 buffer and the 5 µL of freshly annealed 100 µM
PNA:DNA in a 500 µL microcentrifuge tube and then transfer the
mixed solution into the cuvet).

3. Overlay sample with 145 µL of mineral oil and place in temperature-
controlled spectrometer (Hewlett Packard Diode Array Spectrom-
eter with a Peltier temperature regulator and TEMPCO Software,
Hewlett Packard Company, Wilmington, DE).

4. Setup software on spectrophotometer to collect data from 9°C to
96°C and from 96°C to 9°C in 3°C increments with an equilibration
time of 0.1 min at each temperature. To maximize the difference
between annealed and denatured states, the absorbance of the sample
should be collected at 274 nm with a 500 nm reference reading.
(Note: Other temperature ranges or increments may be used; how-
ever, temperature increments between 1°C and 3°C are preferred
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because they produce smoother transitions and more reliable deter-
mination of Tm).

5. After the cuvet chamber or block has reached the starting tempera-
ture, allow sample to equilibrate for 5 min before starting tempera-
ture ramping.

6. Save the data file (*.dta) and import it into a spreadsheet program
(Microsoft Excel) as a comma delimited file.

7. Convert the temperatures in the data file into degrees Kelvin
(required for the nonlinear curve fit analysis to follow).

8. Removal of mineral oil from the cuvet can be difficult, but we have
found that chloroform and ethanol work well in combination with a
Scienceware™ Vacuwash™ cell washer apparatus (Bel-Art Prod-
ucts, Pequannock, NJ).

3.4. Tm Analysis

The transition data collected in Subheading 3.3. was analyzed
by means of a nonlinear curve-fitting technique that employed equa-
tions derived from van’t Hoff thermodynamic parameters of double-
stranded DNA helices (16). Equations were derived such that
independent determination of ∆Hm (transition enthalpy) and the Tm

for both the denaturation and annealing profiles were entered as non-
linear fit procedures into SigmaPlot (SPSS). Likewise, formulae
were entered into SigmaPlot to determine baselines based on the fit
data for the transitions in both directions. Baselines for native and
denatured conditions were plotted for both transitions in conjunc-
tion with the nonlinear fit. Under ideal conditions, the two plots
should overlay one another, as should the baselines, reflecting the
reversibility of denaturation and annealing.

3.5. Transfection of PNA:DNA Complexes
into Anchorage-Dependent Cells

Transfection protocols will need to be optimized for each cell
line. We have found that it is convenient to use fluorophore-labeled
PNAs to established optimal transfection conditions because their
introduction into cells can be readily observed by microscopy or
fluorescence-activated cell sorting (FACS) analyses. Factors that
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should be considered during the optimization process include, cell
line, cell-plating density, lipid type, and lipid to PNA:DNA ratio.
When optimizing the conditions for a given cell line, as little lipid
as possible should be used without compromising transfection effi-
ciency. We recommend that lipid be minimized because it is associ-
ated with cell toxicity and can prevent reattachment of cultured cells.

To determine guidelines for the use of PNAs as antisense agents
we transfect reporter vectors. An example procedure is given below
for transfecting COS-7 cells with PNAs, along with luciferase and
ß-galactosidase reporter systems in a 48-well format.

1. Beginning with a 75-cm2 tissue culture flask of cells grown to
confluence, trypsinize the cells according to standard procedures.
After the cells have been suspended in fresh tissue-culture medium,
draw up the entire volume of cell suspension into a 10 mL pipet.
Dispense back into flask with the tip of the pipet pressed lightly
against the bottom of the flask to disrupt aggregates of cells, yielding
a single-cell suspension that results in counts that are more accurate.

2. Perform a cell count in triplicate using a cell counter (Beckman
Coulter, Fullerton, CA) or by hemacytometer and average the results.

3. From the original trypsinized cell suspension, prepare a suspension
of cells such that 250 µL will contain 11,000–13,000 cells. Plate cells
at 11,000–13,000 cells per well in a 48-well tissue-culture plate (Fal-
con) 4–6 h prior to transfection. For accuracy, dispense 250 µL of
cell suspension into each well using a Repeater™ (Eppendorf™)
pipetter and a 12.5 mL Combitip™. After dispensing cells, replace
cover on plate and disperse cells evenly within the wells by sliding
the plate back and forth gently bumping the plate against the front lip
of the Laminar flow hood work surface.

4. Warm the previously prepared 100 µM PNA:DNA annealed
hybrid stock mixture to room temperature (the stock may have
been stored at 4°C).

5. Determine the specific concentration range of PNA to be tested. Cal-
culate the final volumes required for all inhibitor concentrations
based on the number of experimental wells for each concentration.
Include extra if needed for dilutions in addition to plating volume.
We have found that 5 × 10–8µL of LipofectAMINE™ per nM inhibi-
tor per cell per well serves as a good conversion for a 48-well format
and for scaling to other multi-well formats.
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6. For example, for a 48-well format, if the highest concentration of
inhibitor to be tested is 200 nM, and six wells will receive this con-
centration plus extra volume is required for diluting to 100 nM and
25 nM in a serial manner, then a total of 3.2 mL of 200 nM inhibitor
solution is required (16-well equivalents assuming 200 µL per well).
If we use the conversion factor from step 5, then 5 × 10–8µL of
LipofectAMINE × 200 nM × 12,000 cells/well × 16 wells = 1.9 µL
LipofectAMINE would be required. If 3.2 mL of a 200 nM solution
of inhibitor is required then the calculated amount of the 100 µM-
annealed PNA-DNA heteroduplex needed would be 6.4 µL. The
steps involved in the preparation of PNA:DNA heteroduplexes for
transfection appear in Fig. 1.

7. The next step involves forming a stock concentration of PNA-DNA-
LipofectAMINE complex. This is achieved by diluting the 1.9 µL
LipofectAMINE with 148 µL of OptiMEM® in a 12 × 75 mm tube.
In another tube, dilute the 6.4 µL of 100 µM annealed PNA-DNA
heteroduplex with 144 µL OptiMEM. Allow these two solutions to
equilibrate for 5 min.

8. Combine the two solutions from step 7. Tap tubes gently 15× to dis-
perse contents and form micelles.

9. Incubate for 15 min in the dark at room temperature for PNA-DNA-
LipofectAMINE micelle formation. While waiting, aspirate off the
culture medium and wash cells with 250 µL OptiMEM® per well.
Set up tubes for dilutions by placing OptiMEM diluent in each tube.

10. Dilute concentrated PNA-DNA-LipofectAMINE complexes (see
step 9) by adding 2.9 mL OptiMEM, for a final volume of 3.2 mL
(see step 6).

11. Perform serial dilution of the 200 nM PNA-DNA-LipofectAMINE
mixture by pipetting up and down 4-times prior to transferring to the
next tube.

12. Aspirate off the 250 µL of OptiMEM wash and replace with inhibi-
tor solution. Dispense 200 µL per well working backward through
the dilution scheme for a given PNA:DNA. Extended periods with-
out culture medium or wash solution can dehydrate the cells and del-
eteriously affect assay results.

13. Allow cells to incubate with the inhibitor mixture at 37°C overnight. If
no reporter system transfection is required, then aspirate off the inhibi-
tor transfection mixture and replace with prewarmed complete tissue-
culture medium until the resulting assay is performed (see step 19). If
a reporter system transfection is required see steps 14–19.
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Reporter Vector Transfection

14. The vector solution required is based on 40 µL per well and 48 wells
per plate plus a little extra (i.e., 52 wells). In one tube combine 19.8 µL
OptiMEM/well and 0.2 µL LipofectAMINE. In another tube combine
19.5 µL OptiMEM/well with 0.5 µL of vector mix assuming a total of
100 ng of vector(s)/well. Allow the tubes to equilibrate for 5 min.

Fig. 1. Transfection scheme.
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15. Combine the two solutions from above. Tap tubes gently 15× to dis-
perse contents and form PNA-DNA-lipid complexes.

16. Dilute mixed complex with 10 µL OptiMEM per well and dispense
50 µL per well and transfect for 6 h in a 37°C, 5% CO2 incubator.

17. Aspirate off transfection solution and replace with 250 µL of tissue-
culture medium, or medium containing a specific activator if applicable.

19. Incubate at 37°C for 36–40 h prior to conducting assay(s) for the
effects of the PNA.

4. Notes

1. This protocol for the introduction of PNAs as PNA-DNA-lipid com-
plexes has proven to be reliable. The method worked as planned the
first time it was tested for the delivery of anti-telomerase PNAs.
Since then, it has been equally successful in the hands of several
laboratory coworkers for inhibition of telomerase or antisense inhi-
bition of luciferase expression.

2. This approach has several limitations, however: the first limitation is
that the method requires annealing and then complex formation with
lipid. Relative to approaches that allow PNA to be directly added to
cells, such as use of PNA-peptide conjugates, these steps add com-
plexity and make transfection a relatively labor-intensive process.
This is particularly important if one wishes to do lengthy studies on
the effects of gene inhibition over more than a few days. That said,
we have not found PNA-peptide conjugates to be a particularly
effective strategy for achieving reliable delivery of PNAs, thus com-
plicating the analyses for intracellular effects. This negates the added
convenience of PNA conjugates, at least in our hands.

3. A second limitation is that the lipid is toxic at high concentrations,
reducing the amount of PNA that can be delivered. Toxic effects and
nonsequence-specific gene inhibition begin to appear in COS-7 cells
when more than 500 nM PNA is delivered. This limitation for PNA
concentration is likely to vary from cell line to cell line, and one can
vary the lipid used to achieve better effects. Similarly, some cell lines
will be resistant to transfection with cationic lipid and will not be
amenable to our technique at all. Finally, it is absolutely necessary to
determine the melting temperature of the DNA-PNA hybrid, and this
also adds an additional step.
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4. PNAs bind to complementary sequences with exceptionally high
affinity. Owing to the strong hybridization properties of PNAs, users
of PNAs are often asked whether PNAs will also bind to unintended
targets, preventing their use as specific agents in cells. Having trans-
fected over 25 different PNAs into cells using this method, we have
never observed toxic effects or unexpected cellular phenotypes; nor
have nonsequence-specific effects been observed or deemed to be a
problem. This result is in contrast to our other experiences with
phosphorothioate-substituted oligonucleotides, in which unpredict-
able toxic effects were frequently observed.
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Constructs
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1. Introduction

Small synthetic molecules that can specifically inhibit translation
or transcription hold great promise as potential antisense and
antigene drugs. The polyamide/peptide nucleic acid (PNA) (1),
along with locked (2) and morpholino (3) nucleic acids, is one of
the most promising synthetic DNA mimics for these “antisense
applications.” Extremely high stability in biological fluids (4) as
well as in vivo conditions in general, low toxicity, strong and spe-
cific pairing with complementary single stranded RNA/DNA are
the main advantages of PNA. The heteroduplexes of PNA with RNA
or with DNA have remarkably higher stability as compared to natu-
rally occurring homo- or heteroduplexes of RNA and DNA (5).
High thermal stability of PNA-containing duplexes is mainly based
on the lack of intra-molecular electrostatic repulsion, but also on
hydrophobic interactions and less favorable hydration (6).

The advantages of PNA are also implying some drawbacks in the
case of antisense applications. Peptide nucleic acid oligomers are
very stable in vivo because they are not recognized by nucleases
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and do not interact with many other proteins. As a consequence
PNA can not activate RNase H, a step which is considered to be
important for classical (7) antisense efficacy, because this leads to
degradation of the mRNA in the heteroduplex with antisense
oligonucleotide.

Lower avidity to interact with proteins may lay behind another
main problem of PNA application in vivo, the poor cellular uptake.
“Naked” PNA is less efficient ly taken up by cells in culture, as
compared to DNA oligomers and most of the DNA-mimics with
charged backbone (8). Supplementing of cell-culture medium by
moderate or small amounts of PNA (concentration in range 0.1–
5 µM) results in uptake of tiny amounts of unmodified PNA with
negligible effects, while microinjection of respective PNA has
yielded profound antisense/antigene effects (9). Unfortunately,
owing to the lack of charge on PNA backbone, PNA oligomers can-
not be included into liposomes of cationic lipids that are routinely
used to facilitate the uptake of DNA oligomers and its analogs (10).

Somewhat surprisingly, it was discovered that PNA oligomers
are more easily taken up by different types of cells in culture at high
concentration (above 20 µM) (11,12). As observed earlier, the
internalized PNA is initially localized in the cell interior in granular
(vesicular) structures, probably in endosomes. Later, about 6–8 h
after the PNA was added to the extracellular medium, and espe-
cially after 24 h, PNA is distributed diffusely all over the cytosol
and has also reached the nuclei (11). Unmodified PNA, especially
when present in high concentration (10 µM and higher) is excep-
tionally well taken up by the neuronal cells both in cell culture and
in vivo conditions as compared to other cell types (13).

Improved cellular uptake of PNA by many cell types has been
achieved by covalent coupling it to a DNA oligomer (14) and inter-
nalization of these chimeras can be even increased by preparing
liposomes (15) of cationic lipids and PNA-DNA. The receptor
mediated endocytosis can be exploited to deliver PNA oligomers
into the cell interior, e.g., D-analog of insulin-like growth factor (IGF)
enabled transport of 12-mer PNA into mouse 3T3 cells that express
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IGF receptor (16). However, most efficient uptake of PNA is achieved
by taking advantage of Cell-Penetrating Peptides (CPP) (17).

A relatively new strategy for cellular delivery of hydrophilic
macromolecules is based on the ability of CPPs to translocate from
the medium surrounding the cells into the cell interior without
receptor-mediated endocytosis in a non ATP energy dependent man-
ner (18). Molecules, which are either coupled to CPP by a covalent
bond or form a strong complex with CPP, are carried into the cells
by these peptides. Most often used CPPs are penetratin (19), Tat
derived peptide (20), membrane-targeting sequence (MTS) (21) and
transportan (22), as well as their numerous analogs.

PNA is purely synthetic linear oligomeric molecule and can be
assembled on the resin for solid-phase peptide synthesis as one con-
tinuous chain with CPP. This approach has given relatively low syn-
thesis yields in our hands and we do not routinely use it to prepare
PNA-CPP constructs of long PNA chain. Moreover, in the case of
strong covalent coupling the intracellular localization of delivered
PNA is predetermined by the preferential whereabouts of the trans-
porter peptide, which in turn can decrease the efficacy of PNA to
find and interact with its target on mRNA or gene. Instead, we have
synthesized separately the PNA oligomer and a transporter peptide
and connected these preferentially by a disulfide bond (23). Disul-
fide bond is stable in the tissue-culture medium, but after internal-
ization, it is rapidly cleaved in the strongly reducing cellular
environment enabling specific and differential intracellular target-
ing of both, PNA and transport peptide, respectively.

2. Materials

2.1. Solid-Phase Synthesis of Peptide and PNA

2.1.1. Reagents

1. t-butyloxycarbonyl (t-Boc) protected amino acids (24), t-butyloxy-
carbonyl (t-Boc) protected PNA monomers, stored at –20°C.

2. p-methylbenzylhydrylamine (MBHA) resins.
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a. for peptide synthesis substitution, 1.02 mmol/g.
b. for PNA synthesis, resin was downloaded to 0.16 mmol/g (see

Note 1).

3. Hydroxybenzotriazole (HOBt).
4. 2-(1H-benzotriazole-1-yl)-1,1,3,3-tetramethyluronium tetrafluoro-

borate (TBTU).
5. Kaiser Test reagents:

Solution A: mix solutions a and b.

a. 200 mM KCN in pyridine: dilute 2 mL of KCN solution (65 mg
in 100 mL of water) in 100 mL of pyridine. KCN is highly toxic,
unused aqueous KCN solution should be stored at 4°C in the dark;

b. Dissolve 40 g of phenol in 10 mL of absolute ethanol. Phenol can
cause severe burns. Phenol should be kept in the dark.

Solution B: Ninhydrin solution: Prepare 5% (w/v) ninhydrin solu-
tion in ethanol (500 mg of ninhydrin in 10 ml of ethanol).

6. Solvents and scavengers: methylene chloride (DCM), trifluoroacetic
acid (TFA), N,N-diisopropylethylamine (DIEA), 100% ethanol,
N,N-dimethylformamide (DMF), dimethylsulphoxide (DMSO),
acetonitrile, trifluoromethanesulfonic acid (TFMSA), dimethylsul-
fide (DMS), p-cresol, dimercaptoethane.

2.1.2. Equipment

1. Applied Biosystem peptide synthesizer, model 431A.
2. Applied Biosystem peptide/PNA synthesiser, model 433A.
3. High-performance liquid chromatography (HPLC) system.
4. C18 preparative HPLC column, C18 semipreparative HPLC column.
5. Lyophilizer.

2.2. Treatment of Cells with CPP-PNA Conjugates
and Detection of Biotinyl-PNA

Solutions:

1. 10X PBS, pH 7.2: 0.2 M potassium phosphate, 1.5 M NaCl.
2. Fixative: 4% (w/v) paraformaldehyde, 0.2% (v/v) glutaric dialdehyde

in phosphate-buffered saline (PBS).
3. Blocking solution:  5% (w/v) fat-free milk powder in PBS.
4. Bis-Benzimide solution: 1 mg/mL in water (see Note 2).
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3. Methods

3.1. Synthesis of Cell Penetrating Peptide-PNA
Constructs

Transport peptides were synthesized in a stepwise manner on
solid support on an Applied Biosystem Model 431A peptide
synthesizer. tert-Butyloxycarbonyl amino acids were coupled as
1-hydroxybenzotriazole (HOBt) esters to a p methylbenzylhydryl-
amine, MBHA, resin to obtain C-terminally amidated peptides (24).
PNA oligomers with a general sequence biotin-Cys-PNA were
synthesiszed on downloaded MBHA resin mainly manually.

It was assumed that free N-terminal α-amino group could be nec-
essary for transportan internalisation, therefore PNA oligomer was
coupled to ε-amino group of Lys14 residue in the middle of
transportan. First, Fmoc-protected Lys was introduced into the
transportan sequence and 3-nitro-2-pyridinesulphenyl (Npys)
derivative of cysteine was coupled manually to ε-amino group of
this Lys residue. Sequence of penetratin was modified by adding an
extra Npys-cysteine at N-terminus. The unsymmetrical disulfides
were obtained by reacting an extra Cys containing PNA oligomer
with (Npys)-Cys-CPP (Fig. 1). The peptides with S-Npys pro-
tected Cys have been shown to react rapidly with thiols to form
disulphides at high yields (25).

Fig. 1. Synthesis of cell penetrating PNA constructs by application of
Cys(Npys).
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3.1.1. Synthesis of Cys(Npys) Derivatives
of Transport  Peptides

1. Add DCM to 1 eq of unprotected peptide-resin, mix for 5 min, and
drain.

2. Add 20% (v/v) piperidine/DMF to peptide-resin, mix for 1 min, and
drain.

3. Repeat step 2, mix for 10 min, and drain.
4. Wash 5 times with DMF and twice with DCM.
5. Perform Kaiser test.
6. Dissolve 3 eq of Boc-Cys(Npys) in DCM, add 3 eq of HOBt, and 3 eq

of TBTU.
7. Add this solution to peptide resin, add 6 eq DIEA. The optimal

volume of solution is approx 20 mL per gram resin. Add DMF, if
necessary.

8. Mix for 20 min.
9. Wash with DCM, ethanol, DMF, base (5% DIEA in DCM), DMF,

3× with DCM. The optimal volume of each washing is about 20 mL
per gram of resin and all washes are carried out for 1 min.

10. Perform Kaiser test.
11. After coupling the peptide-resin can be stored at 4°C. If the first cou-

pling is not complete (blue color in Kaiser test), then re-coupling is
recommended (perform steps 6–11).

3.1.2. Cleavage of Peptides from Resin and Purification

1. Final deprotection of the peptide resin to remove t-Boc groups. Add
approx 20 mL of 50% (v/v) TFA/DCM solution per gram of resin,
mix for 1 min, drain.

2. Repeat step 1, but mix for 20 min, drain.
3. Wash with DCM, ethanol, DMF, base, DMF, base, DMF, 3×

with DCM.
4. Perform Kaiser test.
5. Remove the formyl and benzyl type protective groups from peptide

side chains by using the low TFMSA method. Treat the resin with the
of TFMSA/TFA/p-cresol/DMS/dimercaptoethane (10/50/30/8/2 v/v).
Mix all the components on ice and lastly add carefully TMFSA. Take
1 mL of mixture per 50 mg of peptide-resin and mix on ice for 2 h.

6. Wash the deprotected resin with DCM, ethanol, DMF, base, DMF,
base, and three times with DCM.
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7. Cleave the peptides from the MBHA resin using hydrogen fluoride
according to the manufacturer’s specifications (see Note 3).

8. After cleavage, dissolve crude peptide in aqueous solution of 10%
acetic acid and freeze-dry.

9. Purify crude peptide by reverse phase HPLC technique (C18 pre-
parative HPLC column).

10. Freeze-dry the fractions.
11. Find the product of correct molecular mass by mass spectrometry.
12. Store freeze-dried peptides in the dark at 4°C (see Note 4).

3.1.3. Synthesis and Purification of Cell-Penetrating
Peptide-PNA Constructs

1. Dissolve for conjugation 1 eq of peptide and 1.5 eq of Cys-PNA in
deoxygenized mixture of dimethyl sulfoxide (DMSO)/DMF/0.1 mM
KH2PO4, pH 4.45 (v/v; 3/1/1) (see Note 5).

2. Stir solution overnight in the dark in the nitrogen atmosphere (see
Note 4).

3. Purify the crude CPP-PNA construct by reversed phase HPLC (C18
semi-preparative HPLC column). Elute constructs using a 50 min
gradient (solvent A:  0.1% TFA in water; solvent B: 0.1% TFA in
acetonitrile) of 20% to 100% solvent B. Record the absorbance at
both 260 and 220 nm (see Note 6).

4. Freeze-dry the construct.
5. Verify the product by matrix-assisted laser desorption/ionization–

time-of-flight (MALDI-TOF) mass spectrometry.
6. Store the construct at –20°C.

3.2. Treatment of Cells with CPP-PNA Conjugates

We cultivate human Bowes melanoma cells for our antisense
experiment in 2 mL of MEM medium on Petri dishes, 35 mm diam-
eter. All values suggested in the protocol are optimal for these dishes
and volumes. Scale the amounts up or down depending on the dishes
or wells that you are using.

1. Seed the cells 12–24 h before the treatment with CPP-PNA conju-
gates to have a 40–50% of the confluence at the start of experiment.
Use standard techniques and cultivate the cells in medium that is
recommended for respective cell-lines.
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Prepare:
a. As minimum two dishes (wells)/compound/concentration.
b. Two negative controls: medium only and medium + PBS.
c. PNA only (at maximal concentration of used construct).
d. CPP only (at maximal concentration of used construct).

2. Dissolve the CPP-PNA in Milli Q quality water at 0.1 or 0.2 mM
concentration and determine the actual concentration:
a. Add the calculated amount of water to the lyophilized construct,

vortex and let dissolve for 5 min.
b. Make a 1:50 dilution of the stock solution for determination of

the actual concentration.
c. Incubate the diluted solution 10 min at 75°C to melt the putative

PNA duplexes and measure its optical density (OD) at 260 nm,
preferably at 75°C (or 60°C).

d. Calculate the concentration of CPP-PNA stock, using the
respective extinction coefficients (e260): A = 13.7 mL/mmol·cm;
C = 16.6 mL/mmol·cm; G = 11.7 mL/mmol·cm; T = 8.6 mL/
mmol·cm.

3. Prepare 10X solutions of the CPP-PNA construct for applying.
a. Make 180 mL of water solution to contain the calculated amount

of CPP-PNA construct for 2 mL of medium.
b. Incubate the solution for 10 min at 75°C and transfer onto ice.

4. Prepare the cells for treatment.
a. Aspirate the medium.
b. Apply 1 mL of serum-free medium.

5. Apply constructs.
a. Add to each 10X CPP-PNA stock solution 20 mL 10X PBS and

800 mL of prewarmed serum-free medium.
b. Vortex the mixture and apply drop-wise to cells all over the dish.
c. Incubate the cells with constructs in CO2 incubator for 4 h or

overnight (recommended).
d. Aspirate the serum-free medium, add 2 mL of serum containing

medium and grow them for 24–48 h.
6. Assay for the effects.

3.3. Detection/Visualization of PNA Oligomers and CPPs
in the Cells

The intracellular localization of delivered PNA oligomers is usu-
ally determined either by indirect immunofluorescence using PNA
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modified with biotin or applying to cells PNA directly labeled with
fluorochrome.

The cells for experiment (e.g., Bowes, COS, RINm5F, HeLa) are
cultivated on sterile round glass coverslips either separately in the wells
of the 24-well plate or directly in Petri dishes used for bioassays.

1. Seed the cells on sterile round glass coverslips (No.1, d 12 mm)
placed in the 24-well plate. Let the cells to attach to glass surface at
least for 12–24 h and use for internalization assay the cells of about
40–60% confluence.

2. Aspirate the medium and add 2–5 µM solution of biotin-PNA-CPP
or biotin-CPP in serum-free culture medium (recommended) or in
serum-containing medium (see Note 7)

3. Transfer the cells to CO2 thermostat at 37°C and incubate from 15 min
to 4 h. (see Note 8).

4. Wash the coverslips gently with PBS (two times 2 min).
5. Fix the cells for 30 min with the mixture of 4% paraformaldehyde

and 0.2% glutaric dialdehyde in PBS.
6. Wash the coverslips briefly with PBS (two times 1 min).
7. Permeabilize the cells with cold methanol at –20°C for 10 min.
8. Wash the cells briefly with PBS (two times 1 min).
9. Block the sites for nonspecific binding with 5% (w/v) fat-free milk

powder in PBS for 20 min.
10. Rinse the cells with PBS.
11. Visualize the localization of biotinyl-PNA by staining with avidin-

TRITC (Sigma; diluted 1:200 in 2% fat-free milk in PBS) for 30 min
(see Note 9).

12. Counter-stain the nuclei for 5 min with 0.3 µg/mL bis-benzimidine
in PBS.

13. Wash the preparate with PBS (three times 3 min).
14. Mount the coverslips (e.g., with Slow Fade, “Molecular Probes” or

similar) on object glass and seal the edges with transparent nail pol-
ish. (see Note 10).

15. Observe the samples using fluorescence microscope.

4. Notes

1. High loading of resin in PNA synthesis causes aggregation of grow-
ing oligomers.
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2. Store bis-benzimidine solution at –20°C, fixative and the blocking
solution at +4°C, for prolonged storage supplement blocking solu-
tion with 0.01% NaN3.

3. As scavenger use only p-cresol. Cys(Npys) residue is sensitive to
p-thiocresol.

4. Npys-group is light sensitive and therefore stirring is carried through
in the dark.

5. Organic solvents such as DMSO are used to increase solubility of PNA.
6. The final yield of the construct was 35–65%. Yield depends on the

length and sequence of PNA.
7. The optimal concentration of biotinylated compound is in range

2–5 µM, although we have used successfully 1–10 µM concentrations.
8. Optimal staining intensities are usually achieved by using incuba-

tion times of 30 min for biotin-CPP and 1–2 h for biotin-PNA-CPP.
9. We prefer conjugates of avidin with TRITC or FITC for detection of

biotinylated peptides or PNA in cells, because these had yield in our
hands higher intensity of fluorescence signal as compared to respec-
tive conjugates of streptavidin.

10. All the washings and stainings are performed at room temperature, if
not stated otherwise.
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Antisense Inhibition of Bacterial Gene
Expression and Cell Growth

Liam Good

1. Introduction

Antisense agents are very attractive for research and therapeutics
development because they offer possibilities to inhibit any gene
using simple design rules. In practice, however, antisense design is
very difficult and clinical progress has been only sporadic. Fortu-
nately, new nucleic acid analogs and mimics such as peptide nucleic
acid (PNA) have been developed and these greatly improve the pros-
pects for therapeutic development (1). In this chapter we describe
antisense PNAs that inhibit bacterial genes. This area of antisense
technology attracts relatively little attention (2–6), however, bacte-
ria are accessible to antisense inhibition and PNA chemistry in par-
ticular gives some important advantages (7). There are strong
motivations to pursue this work, including the need for new types of
antimicrobials for medicine and also research needs for flexible tools
for genetic analyses of diverse bacteria. So far, our attempts to develop
antisense PNAs for bacteria have been very encouraging (2–4).

Although bacterial applications for antisense technology attracts
less attention than eukaryotic applications, bacteria may be particu-
larly amenable to antisense control. Bacterial genomes are much
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smaller than those of higher eukaryotes and this naturally improves
the prospects for target binding and gene-specific effects. Further-
more, bacterial genes are structurally less complex and we under-
stand more about their gene regulation. Finally, bacteria do not
possess internal organelles that limit cellular distribution or target
access. Therefore, bacteria are attractive systems for antisense
development, in terms of  both feasibility and potential applications.

There is a major challenge, however, when considering antisense
agents for bacteria. Most microbes possess stringent cell barriers to
protect themselves from harmful molecules in their environment (8).
Antisense agents large enough for genome-wide sequence selectiv-
ity are inherently larger than most drugs and too large for efficient
diffusion into microbes. Our first efforts using 15-mer standard
antisense PNAs showed only poor potency in wild-type Escheri-
chia coli (2,3). However, antisense PNAs function very well in cell
lysates. Also, certain permeable mutant strains with a defective
lipopolysaccharide (LPS) layer are more susceptible to PNA and
the cell barrier of wild-type bacteria can be chemically
permeabilized to increase susceptibility to PNA (9). Therefore,
antisense PNA effects in E. coli appear to be significantly limited
by poor passage across the outer membrane.

Although standard PNAs show poor cell uptake, they show prom-
ising sequence specificity and a true antisense mechanism of action.
Therefore, PNAs that can gain cell entry are likely to provide potent
antisense agents. Fortunately, there are many possibilities to modify
PNA to overcome cell barriers (10). To improve potency, we first
reasoned that shorter PNAs should be able to pass the outer barrier
more efficiently. Comparison of different sized PNAs showed that
shorter PNAs are indeed more potent, presumably because of
improved uptake (4). To further improve uptake we searched for a
cell-permeabilizing agent that could be directly attached to PNA. A
recent literature report described a simple version of such a peptide
(KFFKFFKFFK), and when attached to PNA the resulting peptide-
PNA conjugate is much more potent than the standard version (4).

As an example of the improved potency provided by the modi-
fied PNAs, a short peptide-PNA targeted to the essential fatty acid
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biosynthesis acpP gene can prevent growth in a gene-specific man-
ner and is bactericidal within a few hours of treatment at (8 µg/mL)
(4). Furthermore, the anti-acpP effect can be used to clear a bacte-
rial infection of cultured human cells without apparent toxicity to
the human cells. Therefore, antisense PNAs show desirable proper-
ties for antimicrobial development, and the gene specific effects
provide new tools for gene-function studies.

This chapter describes relatively simple guidelines for designing
antisense PNAs and peptide-PNAs. Although uncertainties remain
regarding optimum design strategies and there are many more
options to explore with modified versions of PNA, the molecules
described here display robust antisense effects. Also included here
is a description of straightforward and inexpensive assays to assess
antisense effects on reporter and essential genes. Finally, the Notes
Subheading offers additional hints and a description of controls that
can help ensure true antisense effects.

2. Materials

2.1. PNAs and Peptide-PNAs

Synthesis of standard modified peptide.PNAs is described in
Chapters 2, 3, and 4.

2.2. E. coli Culture and PNA Teatment

1. E. coli K12 from the Coli Genetic Stock Center (Yale University).
2. Mueller Hinton broth (MHB) (e.g., Sigma M-9677).
3. 96-well microtiter plates (e.g., Costar 7424).
4. Spectrophotomer with temperature control and shaking capacity

(e.g., Molecular Dynamics Spectromax).

2.3. Reporter Gene Expression and Measurements

1. IPTG stock:  100 mM isopropyl β-D-thiogalactopyranoside.
2. Cell-permeabilization buffer (2X): 50 mM Tris-PO4, 4 mM

dithiothreitol (DTT), 4 mM trans-1,2-diaminocyclohexane-N;N;
N';N'-tetraacetic acid, 20% glycerol, 2% Triton X-100, 100 µg/mL
polymyxin B sulfate.



240 Good

3. Z buffer: 0.06 M Na2HPO4, 0.04 M NaH2PO4, 0.01 M KCl, 0.001 M
MgSO4, 0.05 M 2-mercaptoethanol, pH 7.0.

4. Stop solution: 0.5 M sodium carbamate.

2.4. Effects on Bacterial Cell Viability

1. Luria Bertani plates: 1.5% agar, 0.5% yeast extract, 1% tryptone,
0.5% NaCl (w/v).

2. Glass beads (2 mm diameter).

3. Methods

3.1. Target-Site Selection and PNA Sequence Design

Empirical screening remains the most important method to iden-
tify susceptible mRNA target sites and active antisense agents.
Uncertainty about mRNA higher-order structure and antisense-
agent binding properties prevents a fully rational approach. How-
ever, some sensible guidelines have emerged that can increase the
success rate when designing antisense agents for eukaryotic appli-
cations (11). For bacterial applications, there is less experience to
draw from, however, in some respects the situation is eased by our
better understanding of prokaryotic translation control and the lower
cell  complexity in bacterial. Overall, the difficult question of tar-
get-site selection and antisense sequence design appears to be easier
for bacteria than for eukaryotes.

In bacterial systems, there is strong evidence that the mRNA start
codon region is susceptible to antisense inhibition. First, bases
within this region are recognized by ribosomal components during
recruitment and assembly of an active translation apparatus (12,13).
Second, in the natural examples of antisense inhibition in bacteria,
the start codon region is the usual target (14). Third, there are sev-
eral examples of attenuated mRNAs where the start codon region is
sequestered within a double-stranded region (15). Finally, we have
experienced consistent success when designing antisense PNAs that
target the start codon region. Therefore, the start codon region in
most bacterial mRNAs is likely to be susceptible to antisense inhi-
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bition. At this time, the size of the susceptibility window is uncer-
tain, so we suggest mRNA target sites within the start codon and
Shine-Dalgarno sequences.

For bacterial applications antisense PNAs from 9–12-mer in
length are recommended. This length range is short relative to our
first design efforts and much shorter that those typically used by
antisense researchers. However, one must consider that most PNA
sequences display high affinity binding properties and bacterial
genomes are relatively small. Indeed, a 12-mer target sequence can
be unique within the transcription products of the E. coli genome.
Also, shorter PNAs are more likely to efficiently enter cells. Most
importantly, “side-by-side” comparisons have shown that this range
improves antisense potencies over longer versions and we have suc-
cessfully designed many short PNAs (4).

While considering the mRNA target site, one also must consider
sequence composition. There are several potential pitfalls to avoid.
First, it seems best to avoid self-complementarity. Second, a low
GC content could result in a low binding affinity, particularly with
short PNAs (16). Third, a high G content can be problematic for
synthesis and solubility. Finally, the target site should be examined
for uniqueness within the bacterial genome. This can be carried out
using the Blast algorithm (17) (http://www.ncbi.nlm.nih.gov/
BLAST/: with word size set to 10 and the –e value set to 10,000), or
by visiting http://genolist.pasteur.Fr. Note that target sites spanning
the AUG start codon or containing a consensus Shine-Dalgarno
sequence are less likely to be unique and should be carefully checked.

Standard 9–12-mer antisense PNAs can provide reasonable
antisense effects against E. coli. In addition, further improvements
are possible by attaching PNA to cell-permeabilizing peptides (4).
The synthesis of such peptide-PNAs is described in Chapter 4. Typi-
cally, the short, cell-permeabilizing peptide KFFKFFKFFK is con-
jugated directly to PNA oligomers as illustrated in Fig. 1. Although
there are many alternative peptides, this sequence has proven reli-
able both for synthesis and antisense efficacy. Indeed, antisense
assays using KFFKFFKFFK-PNA conjugates show that the
attached peptide can improve potency up to two orders of magni-
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tude. Antisense PNA design for bacterial applications can proceed
in four steps, as follows:

1. Target-site selection within the start codon region.
2. Select antisense PNA length (10–12-mer) and composition.
3. Ensure target-site uniqueness.
4. Optional attachment of a cell-permeabilizing peptide.

3.2. E. coli Cell Culture and PNA Susceptibility
Testing in Liquid Culture

E. coli cells are cultured and treated with PNA inhibitors in
accordance with standarized methods for antimicrobial testing (18)
(see Note 1). This can be conveniently carried-out using 100 µL
cultures in a 96-well plate, with growth monitored during incuba-
tion by recording culture turbidity at regular time intervals. The
compiled data provide a growth curve for up to 96 cultures, as shown
in Fig. 2. The results from all wells can be plotted to visualize the
effect of inhibitors on cell growth (see Fig. 2).

1. Prepare a fresh overnight culture of E. coli, when grown in MHB at
37°C the cell density will be approx 109colony-forming units (cfu)
mL (see Note 2).

2. Dilute cells 1:10000 into experimental 100 µL MHB cultures within
microtiter plates wells to provide an inoculum of 105 cfu/mL. Add

Fig. 1. Structure of antisense PNAs and peptide-PNAs. Wild- type
chromosomal E. coli β-galactosidase (lacZ) and acpP mRNA start codon
target sequences and examples of antisense PNAs and peptide-PNA con-
jugates. The lacZ gene is targeted as a reporter gene and acpP is an essen-
tial gene central to fatty acid biosynthesis. N indicates the PNA amino
terminus, corresponding to the 5' end of a conventional oligonucleotide.
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PNA, which is handled according to directions given in Note 3.
3. Incubate cultures overnight at 37°C for 18 h in an automated

spectrophotomer where the plates are shaken for 5 s each 5 min and
this is followed by an absorbance (A) reading at 550 nm.

3.3. Reporter Gene Expression and Measurements

There are a variety of reporter gene systems that can be efficiently
used in bacteria. To test PNA antisense effects we have used
β-galactosidase gene (lacZ), β-lactamase, luciferase, and the green
fluorescence protein (GFP). The lacZ reporter system is advanta-

Fig. 2. E. coli culture conditions, PNA treatment and growth monitor-
ing. (A) Pre-grown E. coli K12 are used to inoculate 100 mL of MHB at
105 cfu/ml in the wells of a 96-well microtiter plate. PNA is added in the
nanomolar or low micromolar range. Plates are incubated at 37°C with
shaking for 5 s each 5 min, followed by a turbidity measurement at
550 nm. (B) Cell growth is indicated as increased turbidity using OD550
measurements, and the turbidity measurements are indicated in the graph,
adjusted to a 1 cm path length.
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geous because it is chromosomally encoded in most strains, induc-
ible, and expression can be accurately and inexpensively quantified
(19). For antisense inhibition, the lacZ gene in E. coli is induced
with 50 µM isopropyl β-D-thiogalactopyranoside (IPTG) and
assayed with the substrate o-nitrophenyl-β-galactoside (ONPG) and
A420 measurements, as follows:

1. Aliquot samples 10 µL of the final E. coli culture into microtiter
plate wells. To create a standard curve, place dilutions containing
blank and 1–10 µL aliquotes of a control culture into parallel wells.

2. Add 50 µL of Cell-Permeabilization Buffer, incubate 30 min at room
temperature.

3. Add 100 µL Z buffer containing ONPG.
4. Incubate until a pale yellow color appears, add 50 mL Stop Solution,

record A420, and calculate relative lacZ expression by comparison to
values obtained for the standard curve.

An example of antisense inhibition of lacZ is shown in Fig. 3.
The figure includes results for a standard antisense PNA, a control

Fig. 3. lacZ inhibition with peptide-PNAs in E. coli. The values repre-
sent relative enzyme activities in E. coli K12 cultures grown in MHB.
Antisense effects with 12 mer PNA 1834 (open circles) and the peptide-
PNA conjugate 1900 (closed circles). Note the dose response and
improved potency provided by the peptide.
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mismatched PNA, and a more active peptide-PNA. Note that a dose
response is observed and the IC50 is in the mid-nanomolar range for
the peptide-PNA.

3.4. Antisense PNA Effects on Cell Viability

The antisense PNAs described in this chapter are very promising
compounds for antimicrobial development in at least two ways.
Antisense PNAs targeted against essential genes are potential new an-
timicrobials and they also can indicate which genes in a pathogen are
susceptible targets for more conventional antimicrobial development.
Furthermore, the bacteriostatic vs bactericidal effects of gene inhibi-
tion can be studied by determining the number of cfu in cultures treated
with PNA (18). To do this, small samples can be taken at multiple
time points during PNA treatment, and the number of viable cells in
the sample is indicated by determining the number of cfu, as follows:

1. From experimental cultures prepared as described in Subheading
3.2., collect 5 µL of the bacterial culture and dilute over 4 orders of
magnitude in MHB.

2. Spread onto prewarmed LB plates using glass beads or a glass
hockey stick.

3. Incubate overnight at 37°C and calculate the number of cfu in the
liquid culture.

As an example, Fig. 4 illustrates the bactericidal effects of a pep-
tide-PNA targeted to the essential acpP gene. Note that complete
killing was observed within a few hours of incubation. Finally, Note
4 describes some important controls that can be included in
antisense experiments.

4. Notes

1. Bacterial species. We are most familiar with antisense PNAs directed
against E. coli K12 and the permeable mutant AS19, which is more
sensitive to PNAs. Experiments in progress indicate that antisense
PNAs can be applied to a variety of bacterial species, however, it is
too early to predict the phylogenetic range of susceptible species.
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2. Growth media. For most applications, MHB is recommended for cell
growth and PNA treatment. Previously, when using standard
antisense PNAs, it was necessary to use dilute media to obtain robust
antisense effects. The modified peptide-PNAs described here are
effective in MHB, which is standard for antimicrobial susceptibility
testing.

3. Storage and handling of antisense peptide-PNAs. PNAs should be
stored in water at –70°C in small aliquots to minimize freeze-thaw
damage, and special care should be taken with peptide-PNAs,
because the peptide component can be susceptible to protease degra-
dation. Siliconized or similarly coated tubes and microtiter plates are
recommended to reduce problems with PNA adherence.

4. Controls for antisense specificity. Antisense agents potentially can
effect cells in a variety of ways and also bind to more than just the
intended RNA. For many antisense applications this is an important
concern, and controls are needed to evaluate specificity. In addition
to measuring expression of the targeted gene, the usual control is to
include within the experiment antisense agents that are not fully

Fig. 4. Bactericidal antisense effects of an anti-acpP peptide PNA.
Cultures of E. coli K12 (open circles) and K12/acpP-1 (closed circles)
were established in MHB at 105 cfu/mL and treated with PNA at 2 µM.
The number of cfu was determined by plating.
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complementary to the target site. These can be constructs with mis-
matched or scrambled sequences where the overall base composi-
tion remains the same. Also, when possible, binding site-altered
versions of the targeted gene can be included to ensure specificity.
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In Vitro Transcription from Peptide Nucleic
Acid/DNA Strand Displacement Loops

Niels Erik Møllegaard and Peter E. Nielsen

1. Introduction

Escherichia coli RNA polymerase holoenzyme consists of a core
enzyme with subunit composition, ββ’α2, capable of elongation of
transcription and an additional subunit, sigma (σ) that binds to the
core enzyme and allows specific promoter recognition and transcrip-
tion initiation. Primarily two DNA consensus sequences centered
around –10 and –35 are included in the process of promoter recog-
nition and opening. The open complex includes a region where base
pairing is disrupted over a region of ~12 bp. When the open com-
plex is formed, the sigma subunit is released and a processive elon-
gation complex is formed (1–3).

However, transcription initiation can take place from single
stranded mismatch bubbles of approx 12 bp in length with no simi-
larity to the two consensus sequences in DNA. It has been shown
that E. coli RNA polymerase can utilize synthetic RNA/DNA
bubble complexes containing an RNA/DNA duplex and a single-
stranded DNA loop for transcription elongation (4). Furthermore, it
has even been shown that E. coli RNA polymerase can initiate tran-
scription from synthetic bubbles even in the absence of an RNA
primer (5). These results show that RNA polymerase has strong
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affinity for single stranded regions, which is sufficient to direct tran-
scription in the 5' to 3' direction.

An exclusive way of introducing single-stranded templates for
RNA polymerase in naturally occurring DNA sequences is by the
employment of peptide nucleic acids (PNA). Homopyrimidine
PNAs are able to bind to complementary double-stranded DNA by
triplex invasion, where the PNA forms a (PNA)2/DNA triplex with
one strand while the other strand is displaced, forming a single-
stranded loop (6–9).

It has been shown that transcription can be directed in the 5' to 3'
direction from single-stranded loops formed by PNA strand dis-
placement, which allows a unique construction of DNA targets for
RNA polymerase. Transcription from such “PNA promoters” is
dependent on the length of the single-stranded region, and can be
designed to be just as efficient as E. coli promoters (10). PNA-
induced transcription suggests some exciting uses of PNA as gen-
eral sequence-specific gene activators, which may have implications
in genetic therapy.

In this chapter the E. coli RNA polymerase is used to demon-
strate transcription from PNA promoters. However, PNA-induced
transcription initiation can also be performed by using phage poly-
merases and Hela cell extract. Furthermore transcription initiation
by PNA has been demonstrated in human cell lines (11).

2. Materials

1. Plasmid and DNA fragment with a target for PNA (see Note 1).
2. PNA incubation buffer: The PNA-DNA complex is assembled in a

low salt buffer, as for instance in 10 mM Tris-HCl, pH 8.0.
3. PNA specific for DNA target in the template (see Note 2).
4. E. coli RNA polymerase transcription buffer: 40 mM Tris-HCl,

pH 7.9–8.0, 120 mM KCl, 5 mM MgCl2, 0.1 mM dithiothreitol
(DTT), 1 mM (each) ATP, CTP, and GTP, and 0.1 mM UTP and
5 µCi 32P UTP.

5. Transcription buffer used in reverse transcriptase primer extension
is the same as in step 4. except that no 32P UTP is used and 1 mM
UTP is added instead of 0.1 mM.
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6. E. coli RNA polymerase.
7. AMV reverse transcriptase.
8. 5X AMV reverse transcriptase buffer: 250 mM Tris-HCl, pH 8.3,

250 mM KCl, 50 mM MgCL2, 2.5 mM spermidine, and 50 mM DTT.
9. DeoxyNTP mix: 1 mM dATP, dGTP, dTTP, and dCTP.

10. Primer for primer extension.
11. Ethanol 96%.
12. Ethanol 70%.
13. 1X TBE: 90 mM Tris-borate, 1 mM EDTA, pH 8.3.
14. Polyacrylamide gel: 8–10%, 0.3% bis-acrylamide, 7 M urea, 1X TBE

buffer.
15. Gel-loading buffer: 80% formamide in 1X TBE buffer, 0.05% bro-

mophenol blue, and 0.05% xylene cyanole.

3. Methods

3.1. “Run-Off” Transcription

1. DNA restriction fragments containing PNA targets is isolated by
standard techniques (see Note 3).

2. PNA-DNA complexes are formed by incubating PNA with DNA
fragments in 10 mM Tris-HCl, pH 8.0, in a total volume of 25 µL for
1 h at 37°C. (See Note 4).

3. The reaction mixture is adjusted in a total volume of 50 µL to con-
tain the concentration of the transcription buffer with 5 µCi 32P UTP.

4. 100 nM RNA polymerase is added and incubation is performed at
37°C for 10–30 min (see Note 5).

5. The RNA is recovered by precipitation with 100 µL ethanol.
6. RNA is dissolved in 10 µL gel loading buffer.
7. A sample of the RNA is run on 8–10% denaturing polyacryla-

mide gels.
8. Visualize radioactive bands by phosphoimager or autoradiography.

3.2. Reverse Transcriptase Primer Extension

1. PNA-DNA complexes are formed by incubating the PNA with the
supercoiled circular closed DNA vector in 10 mM Tris-HCl, pH 8.0,
in a total volume of 25 µL for 1 h at 37°C.
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2. The reaction mixture is adjusted to contain the concentration of the
transcription buffer with 1 mM of all four nucleotides.

3. 100 nM RNA polymerase is added and incubation is continued at
37°C for 10–30 min.

4. The RNA is recovered by precipitation with 100 µL ethanol.
5. The samples are dissolved in 200 µL H2O and extracted with 200 µL

phenol. The phenol is removed and extraction with 200 µL chloro-
form is performed.

6. The samples are precipitated with 400 µL ethanol.
7. The RNA pellet is dissolved in 30 µL H2O.
8. A 32p-labeled primer (labeled by standard techniques) is added. Primer-

template hybridization is done by slow cooling from 90°C to 45°C.
9. Reverse transcriptase buffer is added together with a final concen-

tration of 100 mM dATP, dGTP, dTTP, and dCTP.
10. 20 units AMV reverse transcriptase is added and incubation is done

at 37°C for 1 hr in a total volume of 50 µL (see Note 6).
11. The DNA is recovered by 100 µL ethanol.
12. The DNA is dissolved in 10 µL gel loading buffer.
13. A sample of the DNA is run on 8–10% denaturing polyacrylamide

gels together with sequence reactions (see Note 7).
14. Visualize radioactive bands by phosphoimager or autoradiography.

3.3. Example

A construct (pA9GT9CKS) where a double PNA target (two tar-
gets on opposite strands) is cloned into the Sal I site of plasmid
bluescriptKS+ was used in the example shown here. The target for
PNA is a homopurine/homopyrimidine target with the sequence
TTTTCTTTTT/AAAAGAAAAA and the PNA used is a bis PNA,
H-(lys)3-TTJTTJTTTT(eg1)3TTTTCTTCTT-lys-NH2, where J and
eg1 designate the synthetic nucleobase pseudoisocytosine and an
ethylene glycol type linker, respectively (12). Binding of PNA
results in a complex with two single-stranded regions separated by
six bp, which are single-stranded at the condition used for transcrip-
tion (see Fig. 1).

The 477 bp PvuII fragment from pA9GT9CKS is purified and
used for the in vitro transcription assay. No active E coli promoters
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at in vitro conditions are present within the fragment. The product
appearing when the reaction is performed in the absence of PNA
has been ascribed to RNA polymerase binding and initiation from
the ends of the fragment (lane 1 in Fig. 1). PNA induced transcrip-
tion gives rise to two transcription products of 200 and 245 bases
corresponding to initiation at both single-stranded regions and going
in opposite direction towards the ends of the fragment. This is shown
for two concentrations of RNA polymerase in lane 2 and 3 of Fig. 1.

Fig. 1. In vitro transcription initiation from PNA/DNA strand displacement
loops. A double PNA target is used, where PNA binds to opposite strands,
which allows transcription in two directions. (A) Transcription in the
absence of PNA is shown in lane 1. Lane 2 and 3 contains samples from
transcription in the presence of 100 nM PNA and 10 and 100 nM RNA
polymerase, respectively. Transcription in the presence of 100 nM PNA
and 20 nM core RNA polymerase is shown in lane 4. Arrows indicate the
two RNA products. (B) The model shows the two single-stranded regions
and the two RNA products appearing from transcription in the 5' to 3'
direction. The PNA forming the two triple helixes is shown in bold letters.



254 Møllegaard and Nielsen

In addition it is shown that transcription from the displacement loop
can proceed in the absence of the sigma factor (lane 4), which indi-
cates that the RNA polymerase-DNA complex in the PNA promoter
resemble more an elongation complex than an initiation complex.
Subsequently this suggests that the role of E. coli promoters is to
provide a platform for RNA polymerase binding and the creation of
a transcription loop.

To determine the initiation site of transcription induced by PNA
a reverse transcriptase primer extension experiment is performed
(see Fig. 2). Transcription is conducted on a supercoiled template
including a PNA target of the same sequence as in the DNA frag-
ment used in the transcription assay of Fig. 1. Primer extension in
only one direction is shown using a labeled primer that binds to the
5' region of the RNA product of 200 bp. In addition a sequence
ladder using the same primer is run along side the primer extension

Fig. 2. Reverse primer extension in the presence of 100 nM PNA and
100 nM RNA polymerase. The sequence of the displaced region is dis-
played.
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sample. The result shows that initiation of transcription is taking place
at the single-stranded region within the sequence TTTTCTTTTT. It
is noted that transcription is initiated from several positions within
the loop.

4. Notes

1. The length of the single stranded region may have effect on the
efficiency of transcription. It has been shown that two PNA tar-
gets positioned in cis (~26 bases are single-stranded) exhibit a
stronger transcription than a single PNA target (~10 bases are
single-stranded) (10).

2. PNA binding is most efficient when bis-PNA with J bases
(pseudoisocytosine) are used. Bis PNAs form triple-stranded com-
plexes of higher thermal stability than monomeric PNA. The J base
placed in the strand parallel to the DNA complement (Hoogsteen
strand) allows a pH-independent DNA binding.

3. RNA polymerases have affinity for DNA ends and especially when
the ends in a DNA fragment are protruding. It is therefore recom-
mended to use blunt-ended templates.

4. To obtain full PNA-DNA complex formation, we recommend per-
forming a PNA titration to find the optimal concentration of PNA.

5. A RNA polymerase titration is recommended.
6. Other reverse transcriptase than AMV can be used.
7. Sequence reactions are performed with the primer used for primer

extension.
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In Vitro and In Vivo Studies
on the Pharmacokinetics and Metabolism
of PNA Constructs in Rodents

Edward Kristensen

1. Introduction

This chapter describes fast and simple methods for early evalua-
tion of the pharmacokinetic parameters of peptide nucleic acid
(PNA) oligomers in vitro and in vivo. The in vitro methods are based
on incubation of the PNAs with plasma and selected tissue
homogenates from rodents. These high-throughput screening assays
provide valuable information on biological stability and metabolic
pathways in the early structure optimization and lead candidate
selection processes. Further, a method is presented for extraction
and analysis of PNA oligomers from biological samples (plasma/
serum, bile, urine, and tissue) obtained from animal studies. Design
of a pilot pharmacokinetic study in rodents is described for prelimi-
nary evaluation of key pharmacokinetic parameters such as systemic
clearance, volume of distribution, and elimination half-life. Appli-
cation of both in vitro and in vivo methodologies are demonstrated
using a 12-mer PNA.
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2. Materials

1. The high-performance liquid chromatography (HPLC) system
(Waters) consisted of an Alliance 2690 (pump, autosampler, and
degasser), a PDA UV absorbance detector Model 996 (195 – 600 nm),
and Millennium32 Chromatography software version 3.2. HPLC
separation was performed on a Waters Symmetry 300TM C18,
2.1 × 150 mm (3.5 µm particles with 300 Å pore size) analytical col-
umn (Waters) equipped with a Zorbax Eclipse XDB-C18 (5 µm par-
ticles with 80 Å pore size) guard column (Agilent) (see Note 1), using
linear gradient elution of solvent A (0.1% TFA in water) and solvent
B (0.1% TFA in acetonitrile) from 2% to 75% solvent B over 8 min.
The column was operated at 50°C. Samples were kept in the
autosampler at 5°C. Solvent flow was 0.4 mL/min. Polypropylene
(PP) test tubes and containers (Sarsted) were generally used for all
solutions containing the test PNA (see Note 2). Samples were centri-
fuged in a Hettich Rotina 46R centrifuge and evaporated to dryness
in a SpeedVac AES 2010 from Savant.

2. NMRI mice (female, 25 g body weight) were obtained from M&B
(Denmark) for in vivo studies. Plasma and tissue from sacrificed ani-
mals were used for in vitro stability/metabolism studies.

3. The mixed purine-pyrimidine sequence, standard PNA (H-TTCAAA
CATAGT-LysNH2) was synthesized and purified as TFA salt using
tBoc chemistry (see Chapter 2). The compound was used both as test
and reference compound. Other chemicals were purchased from Fluka,
Sigma, Merck, or ICN Biochemicals and used as received.

4. Trifluoroacetic acid (TFA).
5. Acetonitrile (ACN).
6. Tris(hydroxymethyl)aminomethane (Tris).
7. Sucrose.

3. Methods

3.1. In Vitro Metabolism in Plasma
and Tissue Homogenates

3.1.1. HPLC Test Solution (see Fig. 1)

1. Prepare a stock solution of PNA (1 mg/mL) in water. The stock solu-
tion is stable for at least 3 mo after preparation when stored at 4°C in
the dark.
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2. Dilute 0.025 mL of the stock solution (1 mg/mL) with 0.1% TFA in
water ad 0.250 mL. Dilutions are only used on the day of preparation.

3. Inject 0.01 mL (~1000 ng) of the diluted solution on the HPLC for
test of column, gradient and the HPLC-system.

3.1.2. Preparation of Tissue Homogenates
for In Vitro Studies

1. Sacrifice the animal and rapidly excise relevant tissues (liver, kid-
neys, lungs). Immediately place the tissue in 0.25 M sucrose at 0°C
for rapid cooling and removal of external blood.

2. After cooling (3–5 min), dry the tissue by blotting with paper. Weigh
and transfer each tissue to clean PP test tubes.

3. To each tissue add 0.25 M sucrose in water to a final concentration
of 150 mg tissue/mL, using a density of 1 mg/mL for the tissue.

4. Cut the tissue into pieces and homogenize it for 1–5 min (depending
on tissue) in, e.g., Ultra-Turrax™ T25 homogenizer (IKA).

5. Centrifuge the homogenate in a refrigerated centrifuge (4°C) for
30 min at 3000 rpm (corresponding to approx 1000g) to isolate
subcellular fractions.

Fig. 1. HPLC chromatogram (UV detection, 260 nm) of PNA-1.
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6. Carefully decant the supernatant (~ the post mitochondrial superna-
tant) and transfer it to polypropylene containers. Store the superna-
tant at –80°C pending use (see Note 3).

3.1.3. In Vitro Metabolism Studies

1. Mix 0.025 mL 0.1 M Tris-HCl buffer, pH 7.4, 0.135 mL of water and
0.025 mL of the tissue homogenate (or plasma).

2. Pre-incubate the mixture at 37°C for 2 min, then add 0.015 mL of the
PNA stock solution (1 mg/mL).

3. After incubation for (e.g.) 15 min stop the enzymatic reactions by
adding 0.300 mL of 16.6% ACN in 0.1% TFA in water. Immediately
transfer the mixture to an ice-water bath (0°C).

4. Freeze the mixture at –18°C for 30 min; subsequently thaw the mixture
at 4°C and centrifuge it at 3000 rpm for 10 min (approx 1000g) at 4°C.

5. Transfer 0.200 mL of the supernatant directly to HPLC autosampler
vials. Inject 0.010 mL aliquots into the HPLC system.

6. Prepare additional blind samples where the PNA test compound is
replaced with water. The blind samples are incubated and analyzed
as described for the test samples.

7. Prepare and analyze a reference solution by mixing 0.015 mL of the
PNA test compound with 0.025 mL 0.1 M Tris-HCl buffer, pH 7.4,
0.160 mL water, and 0.300 mL 16.6% ACN in 0.1% TFA in water.

4. Collect a urine sample in a polypropylene tube by applying a slight
pressure on the bladder of the anaesthetized animal. Store urine
samples at –18°C pending analysis.

5. Decapitate the anaesthetised animal and collect the blood in 2 mL
EDTA-treated glass tubes. Place and keep the tube in an ice-bath
until centrifugation. Separate plasma by centrifugation at 3000 rpm
(approx 1500g) at 4°C for 10 min and transfer the plasma to polypro-
pylene test tubes. Store the samples at –18°C pending analysis.

6. Prepare additional blind samples where the PNA test compund is
replaced with water. The blind samples are incubated and analyzed
as described for the test samples.

7. Prepare and analyze a reference solution by mixing 0.015 mL of he
PNA test compund with 0.025 mL 0.1 M Tris-HCl buffer, pH 7.4,
0.160 mL water, and 0.300 mL 16.6% ACN in 0.1% TFA in water.

8. Recovery in the incubated samples is calculated from the HPLC areas
using the reference solution prepared in step 7 as standard, corre-
sponding to 100% recovery (no metabolism).
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9. Metabolites are identified in the HPLC chromatograms based on
comparisons of test samples and blind samples.

3.2. In Vivo Pharmacokinetics in Rodents

The pharmacokinetic profile of PNA-1 was investigated in a pilot
study with i.v. administration to NMRI mice. NMRI mice were dosed
intravenously with the PNA and single animals were sampled (plasma
and urine) at fixed time points until 6 h after dosing. Plasma and urine
concentrations of PNA-1 were determined using a preliminary ana-
lytical method based on solid-phase extraction and reversed phase
(RP)-HPLC analysis. Quantification was based on electronically inte-
grated peak areas using a series of spiked plasma (urine) samples (cali-
brators) covering the expected concentration range in the samples.
Based on peak areas, the recovery of PNA-1 was estimated to be
>95%. The limit of quantification (LOQ) was approx 100 ng/mL when
assaying aliquots of 0.20 mL plasma. Concentration data were ana-
lyzed by noncompartmental methods using the Pharsight software
WinNonlin version 3.0. Key parameters were calculated as follows:
Clearance (CL) as the i.v. dose divided by area under the plasma con-
centration curve (AUC); volume of distribution (V) as CL divided by
the elimination rate constant (k), and the elimination half-life (t_) as
log2 divided by k. Further information on calculation and interpreta-
tion of the various pharmacokinetic parameters can be found in text
books on pharmacokinetics (e.g., ref. 1).

3.2.1. In Vivo Study

1. Prepare the dose formulation (2.50 mg/mL) by dissolving 5 mg PNA
in 2 mL of 5% glucose in water.

2. Dose each of eight female NMRI mice (25 g body weight) with 0.10 mL
of the dose formulation by slow injection (10–15 s) into a tail vein.

3. Anaesthetize (CO2) one animal at each the following times after dos-
ing: 2, 5, 15, 30, 60, 120, 240, and 360 min.

4. Collect a urine sample in a polypropylene tube by applying a slight
pressure on the bladder of the anaesthetized animal. Store urine
samples at 18°C pending analysis.

5. Decapitate the anaesthetized animal and collect blood in 2 mL
EDTA-treated glass tubes. Place and keep the tune in an ice-bath
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until centrifugation. Separate plasma by centrifugation at 3000 rpm
(approx 1500g) at 4°C for 10 min and transfer the plasma to polypro-
pylene test tubes. Store the samples at –18°C pending analysis.

3.2.2. Extraction and Analysis of Plasma and Urine Samples

1. Add 0.8 mL 0.1% TFA to aliquots of 0.2 mL plasma.
2. Activate the Oasis™ SPE columns with 0.25 mL of 0.1% TFA in

ACN followed by 0.25 mL of 0.1% TFA in water.
3. Apply each sample to a conditioned SPE extraction column.
4. Wash the SPE column twice with 0.25 mL of 0.1% TFA in water. At

each step pass the solution through the column by centrifugation at
3000 rpm (approx 1500g) for 5 min.

5. Elute PA251 from the column into clean PP tubes by application of
2 × 0.5 mL of 0.1 %TFA/40% ACN in water. Centrifuge as described
for the washing steps.

6. Evaporate the two compiled eluates to dryness in a SpedVac centri-
fuge (see Note 4) without heating (approx duration: 1–2 h).

7. Re-dissolve the sample in 0.1 mL of 0.1% TFA in water. Centrifuge
(3000 rpm, 5 min) and transfer the supernatant to autosampler vials.
Inject 0.080 mL into the HPLC column.

8. Prepare a series of spiked plasma and urine blind samples (calibra-
tors) covering the expected concentration range in the samples
(0.1–100 µg/mL). Extract and analyze the calibrators as described in
steps 1–8 for the samples.

9. Calculate concentration in the study samples from a calibrator-based
standard curve using peak areas as the response factor.

10. Analyze concentration data by noncompartmental methods and esti-
mate pharmacokinetic parameters (e.g., AUC, t1/2, CL; Vz).

3.3. Results and Discussion

3.3.1. In Vitro Studies

Representative HPLC chromatograms are shown in Fig. 2.
Recovery of PNA-1 after in vitro incubations with plasma and tis-
sue homogenates is listed in Table 1. PNA-1 was very stable in all
matrices tested. No peaks originating from metabolites were
detected in any of the HPLC chromatgrams of the incubated
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Fig. 2. HPLC chromatograms of samples from in vitro incubation of
PNA-1 with liver homogenate: (A) liver blank; (B) reference sample,
liver blank spiked with 0.015 mg PNA-1; and (C) test sample incubated
for 15 min.
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samples. These findings are consistent with previous reports on the
biological stability of PNA oligomers (2).

Using the BSA Protein Assay (see Note 3) the following protein
concentrations were measured in tissue homogenates and plasma:
liver: 20 mg/mL; kidney: 11 mg/mL; lung: 13 mg/mL, and plasma:
58 mg/mL. However, because the in vitro stability of PNA-1 was
very high with recoveries >98%, it was not possible to calculate
reliable turnover rates.

3.3.2. In Vivo Studies

PNA-1 was measurable in all plasma samples taken after admin-
istration to the mice (see Fig. 3). Representative chromatograms are
shown in Fig. 4. AUC was calculated to be 28.7 h × µg/mL. The
elimination half-life (t1/2) was approx 0.9 h. Clearance (CL) was
estimated to be 6 mL/min/kg and the volume of distribution (Vz) to
be 0.5 L/kg. Highest urine concentration was measured in the
sample taken 0.5 h after dosing. Metabolites of PNA-1 were not
detected in any of the plasma and urine samples, concordant with an
excellent biological stability of the PNA oligomer.

Because only one animal was sampled at each time point, very
crude estimates of the key pharmacokinetic parameters were
obtained. For more accurate parameter estimates, additional studies
should be performed using more animals per time point in a sam-
pling scheme optimized based on the outcome of the pilot study.

Table 1
Recovery and Turnover
of PA251 After Incubation
for 15 min with Tissue
Homogenates and Plasma

Tissue Recovery (%)

Liver 98
Kidney 99
Lung 100
Plasma 99
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Fig. 3. Plasma concentration of PNA-1 following single i.v. adminis-
tration of 10 mg/kg to female NMRI mice.

4. Notes

1. The advantages of small-bore chromatography (1–2 mm ID) are
ascribed to the increased mass sensitivity achieved. Mass sensitivity
and concentration sensitivity are the two ways of deeming the detec-
tion limits of a chromatographic system. The smaller the column ID,
the smaller the mass that can be detected. Good column alternatives
are: 1) Protein C4 (214TP5115), 2.1 × 150 mm (5 µm particles with
300 Å pore size) from Vydac; 2) Protein/peptid C18 (218TP5215),
2.1 × 150 mm (5 µm particles with 300 Å pore size) from Vydac; 3)
Symmetry300TM C4, 2.1 × 100 mm (3.5 µm with 300 Å pore size)
from Waters; and 4) Symmetry300TM C18, 2.1 × 100 mm (3.5 m
particles with 300 Å pore size) from Waters.

2. PNAs tend to bind strongly to glass and some types of plastic (e.g.,
polystyrene). It is recommended to test the degree of binding to the
test tubes prior to use. We have good experience with polypropylene
tubes where the binding is <0.1%.

3. When comparing tissue fractions for their ability to catalyze drug
biotransformation, a measure of the tissue protein is required. Pro-
tein is readily determined by, e.g., the colorimetric method of BCA
Protein Assay reagent. Rate of metabolism can be calculated in mg
PNA/min/mg protein from the formula:



268 Kristensen

Fig. 4. HPLC chromatograms of plasma from in vivo studies on PNA-1 in
mice: (A) plasma blank; (B) reference sample, plasma spiked with 0.15 mg
PNA-1; and (C) test sample obtained 15 min after drug administration
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[Arearef – Areaspl] × C / Arearef × T × (P/0.025)

where:
Arearef is HPLC area of the PNA peak in the reference solution,
Areaspl is HPLC area of the PNA in the test solution,
C is initial concentration in the test solution (mg/mL),
T is incubation time (15 min),
P is protein concentration in the homogenate (mg/mL).

4. SpeedVac evaporation generally works well for biological samples.
However, for some nonbiological samples strong binding to the test
tubes (i.e., low recovery) has been observed following SpeedVac
evaporation. For such samples, higher recoveries are achieved if
evaporation is done by freeze-drying or by N2-streaming at room
temperature.
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