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12.1 INTRODUCTION INTO THE FIELD

As per definition, synthetic biology combines science and engineering in order to
build novel biological functions and systems. Genetic engineering paved the way
for the development of this new field of research; for instance, in 1978, when the
Nobel prize in physiology or medicine was awarded to Werner Arber, Daniel
Nathans, and Hamilton O. Smith for the discovery of restriction enzymes and their
application to molecular genetics, one could already read in an editorial comment
in Gene that ‘‘. . .The work on restriction nucleases not only permits us easily to
construct recombinant DNA molecules and to analyze individual genes but also has
led us into the new era of synthetic biology where not only existing genes are
described and analyzed but also new gene arrangements can be constructed and
evaluated’’ [1]. Another cornerstone in genetic engineering and synthetic biology
was developed when Genentech scientists and their academic partners in 1977
generated the first example of recombinant expression of a human protein
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(somatostatin) in Escherichia coli. However, not many scientists are today aware of
the fact that the group of Boyer, Itakura, and colleagues were not only the first to
invent heterologous recombinant expression but they also did so without using a
natural gene. At that time, 9 years before the polymerase chain reaction (PCR) was
introduced into genetic engineering, it was easier rationally to design the 14 amino
acid long somatostatin gene and synthesize it with methods of organic chemistry
than to clone it using the natural template. Since then, only very limited sequence
information on the E. coli genome was available, codons preferentially used by the
MS2 phage were assumed to be beneficial for recombinant gene expression in
E. coli. However, most of the presently used genetically engineered biotherapeutics
are based on natural genes cloned by reverse transcribing message RNAs (mRNAs)
into complementary DNAs (cDNAs) and subsequent cloning using restriction
enzymes and other DNA modifying enzymes. From 1986 on, in particular
PCR-based cloning methods started soon dominating the field either by direct
amplification of genomic information or using cDNA libraries as templates for
amplification and subsequent cloning and recombinant expression.

As more genetic information became available, the clearer it got that the coding
region of a gene comprises more information than just the primary amino acid
sequence. The genetic code provides various codon options for each of the 20 amino
acids that contribute to the primary sequence of a protein except for methionine and
tryptophane, which are encoded by only one codon each. However, the codon
options are used in an unequal frequency in different species showing a clear
tendency for certain codons, which lead to the ‘‘genome hypothesis’’ postulated in
1980 byGrantham et al. [2]. They analyzed 90 genes of 7 different species and found
a nonrandom codon choice pattern, which seemed to be specific for the analyzed
species and therefore established the first codon usage table named ‘‘codon
catalog’’ [2]. Just 1 year later with more genes analyzed the same group correlated
a certain, species-specific subset of codons with mRNA expressivity, that is, the
amount of protein made by a particular messenger transcript [3]. Also Ikemura, who
synthesized the first human gene to be expressed in E. coli found a strong positive
correlation between the transfer RNA (tRNA) abundance and the choice of codons
in all E. coli genes encoding proteins that had been sequenced completely at that
time [4]. The positive correlation of codon usage and the amount of available tRNAs
in a cell was also confirmed in other unicellular (Saccharomyces cerevisiae,
Salmonella typhimurium) and multicellular (human, rat, plant, chicken, fish)
organisms [5] indicating that species-specific codon bias is a general phenomenon
and can be even used to perform phylogenetic analyses (see Fig. 12-1).

After it was generally accepted that species-specific codon bias exists and
influences expression rates, it seemed clear that recombinant gene expression can
be improved by adapting at least the codon choice of the gene of interest to the
preferred codons of the target expression host. In addition to codon choice, various
intragenic cis-acting elements heavily impact expression yields in heterologous and
even autologous cell factories. However, these elements like splice sites, TATA-boxes,
or ribosomal entry sites are highly species-specific and have to be taken into account
when rationally designing genes.
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12.2 RATIONALS OF GENE DESIGN

12.2.1 Codon Usage Adaptation Strategies

The easiest and simplest approach to design an expression host-specific DNA
sequence is to reversely translate (‘‘backtranslate’’) the amino acid sequence into
a DNA sequence using the most frequently used codon. A comparably simple
approach is to mimic the codon usage distribution that can be derived from the host’s
codon usage table. As most codon usage tables are generated on the genome-wide
codon usage distribution, this approach levels out the natural differentiation between
highly and low-expressed genes in terms of their codon usage. Using codon usage
tables based on highly expressed genes bares several other unpredictable uncertain-
ties:Howmanygenes are sufficient for the compilationof the codonusage table? Is the
different promoter strength of the highly expressed genes taken into account?
Especially for multicellular organisms tissue and compartment specificity is often
not addressed by those codon usage tables. The following chapters deal with the
different codon adaptation and gene optimization strategies that should be applied for
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Figure 12-1 Phylogenetic tree based on codon usage. For each species pair the ‘‘codon usage

distance’’ was calculated as follows: First, the difference of the frequency of each codon for each

amino acid was calculated and then the total sum of frequency differences was computed. The

resulting differencematrix was normalized with the highest difference to be set as 1. Phylogenetic

branching of the data was performed using the Fitch–Margoliash least squares algorithm by the

program ‘‘Fitch’’ (Felsenstein, J. 1989. PHYLIP—Phylogeny Inference Package (Version 3.2).

Cladistics 5: 164–166). Codon usage data was obtained from the Kazusa Codon Usage Database

(http://www.kazusa.or.jp/codon/). Kindly provided by M. Liss, GENEART (AG).
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different expression host systems. In order to be able to compare the overall codon
quality of a given gene several measurements and indices were developed. The most
accepted index is the codon adaptation index (CAI) introduced by Sharp and Li in
1987 [6]. TheCAI is ameasurement for the relative adaptiveness of the codon usage of
a gene toward the codon usage of highly expressed genes. The relative adaptiveness of
each codon is the ratioof the usageof each codon to that of themost abundant codon for
the same amino acid. TheCAI index is defined as the geometricmean of these relative
adaptiveness values. Nonsynonymous codons and termination codons (dependent on
genetic code) are excluded. CAI values are always between 0 (where no optimal
codons are used) and 1 (where only optimal codons are used).

12.2.2 Designing Genes for Prokaryotic Expression In Vivo

The adverse effect of rare codons in recombinant expression in E. coli is known for
manyyears. Itwas shown for instance that theproductionofb-galactosidasedecreased
when rare AGG codons were inserted near the translational initiation site [7]. Rare
codons for arginine seem to be the most difficult to express, but other codons such as
proline, glycine, or leucine are also problematic. Already very early studies revealed a
strong bias in synonymous codon usage for genes encoding abundant proteins such as
ribosomal proteins and elongation factors, RNA polymerase subunits, and glycolytic
enzymes [3,8,9]. A strong correlation was found between copy numbers of protein
and the frequency of codons whose cognate tRNAs were most abundant. Ikemura
first discovered that this correlation was strongest in the most highly expressed genes
which almost exclusively use optimal, that is, most frequently used codons [4,5,10]
and he suggested that this bias in codon usagemight both regulate gene expression and
should act as an optimal strategy for recombinant gene expression. Although most
frequently used codons correspond with the most abundant tRNAs, one has to keep in
mind that the total tRNA composition of E. coli increases by 50 percent as growth
rate increases tomaximum[11].However, the relativebut not the absolute tRNAlevels
stay the same, thus the most frequently used codons still provide the largest tRNA
pools feeding the translational machinery.

Therefore, it is now a widely accepted strategy for recombinant gene expression
in E. coli to change the codons of the gene of interest or alternatively to coexpress
certain tRNA-encoding genes in order to supplement tRNApools with lowabundance
inE. coli. There are threeE. coli strains commercially available (Novagen, Stratagene)
coexpressing arginine encoding tRNA-genes specific for the nonfrequently used
codons AGG, AGA, AUA, CUA, CCC, and GGA codons. Although coexpression
of selected tRNAs can overcome certain expression problems due to the presence of
extreme rare arginine, proline, or glycin codons, best and consistent results will be
achieved only by adapting consequently the entire gene to most frequently used
E. coli codons [12]. For instance, the sequence of themature human IL-18 gene shows
37 rare E. coli codons (fraction<0.1) among 157 amino acids with an overall CAI of
0.58. Expression of nonoptimized IL-18 versus codon-optimized IL-18 was recently
analyzed in depth. Although supplementation with rare tRNA genes did increase
expression, Li et al. [13] found that a codon-optimized gene with a CAI of 0.84 was
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more beneficial and increased expression yields by a factor of five (see Fig. 12-2).
Although the optimized gene shows elevated GC levels compared to the wild-type
gene, which was increased from 35 percent up to 45 percent in average, the authors
neither discuss nor find any correlation between elevated expression levels and GC
content that could be thus solely coincidental. Interestingly, the authors also showed
that the biochemical properties and protein activity of the proteins produced using
wild-type gene expression and optimized gene expression were exactly the same.

In addition to codonchoice, there also seems tobean influenceofmRNAsecondary
structure on translation efficiency. Nomura et al., for instance, showed that the
presence of an 8 bp stem-loop structure preceding the Shine Dalgarno ribosomal
entry site may hamper expression and that destabilization of such an element could
increase expression dramatically [14]. Moreover, the presence of intragenic E. coli
ribosomal entry sites, as found in many mammalian genes, may lead to truncated
products during heterologous expression and should therefore be avoided throughout
the gene [15]. Hatfield et al. found by statistical analysis that certain codon pairs are
seemingly overrepresentedwithin theE. coli genome and reported a negative effect of
such codon pairs on translational efficiency because of a translational pausing
effect [16]. However, the negative activity of codon pairs could not be reproduced
by another group utilizing the T7 promoter for transcription control [17].

Finally, termination efficiencies vary significantly depending on both the stop
codon used and the nucleotide immediately following the stop codon. Efficiencies are
ranging from 80 (TAAT) to 7 percent (TGAC) indicating that TAAT is the most
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Figure12-2 Codon,GCcontent, andexpression analysis of human IL-18expression inE. coli. (a)

Theplot shows thequality of theusedcodonat the indicated codonposition.Thequality valueof the

most frequently used codon was set to 100, the remaining synonymous codons were scaled

accordingly (relative adaptiveness, see also Ref. [6]). Dotted line: wild-type gene; bold black line:

optimized gene. (b) The plot shows the GC content in a 40bp window centered at the indicated

nucleotide position. Thin line: wild-type gene; bold black line: optimized gene. (c) Expression of

wild-type and codon optimized human IL-18 in E. coli using BL-21 (DE3) strain 5 hours after

induction. Modified from Ref. [6].
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efficient translational termination sequence in E. coli and should be chosen to avoid
undesired read through products [18].

12.2.3 Designing Genes for Prokaryotic Expression In Vitro

Despite coexpression of rare tRNA in vitro a more and more popular strategy to
avoid expression problems in vivo is to choose in vitro transcription/translation
systems. In vitro expression allows upscaling for production, which is, however, still
comparably costly and more important, highly parallel screening of different protein
variants for functional analysis.

To test whether gene optimization can increase protein yields of in vitro expression
systems, differently optimized HIV-1 p24-encoding genes and wild-type p24 were
translated in vitro under the transcriptional control of T7 in a Roche RTS 100 system
using E. coli lysats (Table 12-1). Expression of different p24-encoding genes
correlated nicely with the CAI of the respective genes. Lowest expression yields
(770–831mg/mL) were obtained using the wild-type p24 gene showing a CAIE. coli of
0.54. The mammalian-optimized gene with a CAIE. coli of 0,68 (CAIH. sapiens¼ 0.98)
showed a slight increase by 35–50 percent (1061–1170mg/mL), but only the E. coli-
optimized gene with a CAIE. coli of 0.98 raised protein yields by 3–3.5-fold
(2565–2648mg/mL) (Fig. 12-3). Gene optimization with a particular emphasis on
codon choice improvement that results in high CAIE. coli values seems therefore
beneficial to increase the yields when using in vitro expression systems.

Today, several companies offer cell-free expression systems that include
chaperons and other proteins positively influencing correct folding of the translated
protein. Alternatively, in vitro expression can be also performed in cells of higher
eukaryotes such as rabbit reticulocytes or wheat germ lysats (Roche, Novartis, etc.).

12.2.4 Designing Genes for Yeast Expression

A very early study revealed in 1982 that an extreme codon bias is seen for the
highly expressed S. cerevisiae genes alcohol dehydrogenase isozyme I (ADH-I) and
glyceraldehyde-3-phosphate dehydrogenase. A proportion ofmore than 96 percent of

Table 12-1 Selected publications where synthetic genes were successfully used to

express proteins in E. coli (modified from Ref. [69])

Gene Origin Protein Name Improvement Reference

H. sapiens IL2 16-fold [19]
H. sapiens TnT 10–40-fold [20]
C. tetani Fragment C Fourfold [21]
S. oleracea Plastocyanin 1.2-fold [22]
H. sapiens Neurofibromin Threefold [23]
H. sapiens M2-2 140-fold [24]
H. sapiens IL-6 Threefold [25]
Pyrococcus abyssi Phosphopantetheine

adenylyltransferase
Below Detection
to 15–20mg/L

[26]
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the 1004 amino acid residues are encoded by only 25 of the 61 possible coding
triplets [27]. Only a few years later, Sharp et al. were able to show in a compiled
analysis on 110 S. cerevisiae genes that there are two groups of genes. One group
matched to highly expressed genes with a strong codon bias, which was speculated to
match abundant tRNAs [28], whereas the other group corresponded to nonhighly
expressedgenes.More than10years later, Percudani et al. [29]were analyzing thenow
fully sequenced S. cerevisiae genome and were able to identify all tRNA-encoding
genes. The respective 274 tRNA genes were assigned to 42 classes of distinct codon
specificity.Thegene copynumber for individual tRNAspecies,which ranges from1 to
16, correlated well with most frequently used S. cerevisiae codons. Moreover, they
were able to show that tRNA gene copy numbers as well as codon frequencies nicely
correlate with tRNA abundancy of the respective codon, thereby, confirming the
previous assumptions of Sharp et al.

Otheryeasts likePichiapastorisorSchizosaccharomycespombealsoshowsahighly
biased, and species-specific codon choice (see Fig. 12-1) indicating that codon choice
adaptation should also be beneficial for recombinant expression in these different
yeasts. However, codon optimization procedures dedicated to obtain very high CAI
values (>0.95)will usually result in a significantdecrease in theoverallGCcontentdue

Figure 12-3 In vitro expression of differently optimized and wild-type HIV-1 p24 in E. coli lysats:

(a, b) Theplot shows thequality of the usedcodonat the indicated codonposition. Thequality value

of the most frequently used codon was set to 100, the remaining synonymous codonswere scaled

accordingly (relative adaptiveness, see also Ref. [6]) gray line: wild-type gene or mammalian

optimized in (a) and (b), respectively; bold black line: E. coli-optimized gene. (c) Expression of

wild-type (WT),mammalian optimized (mammal), andE. coli optimized (E. coli) HIV-1 p24 inE. coli

lysats under the transcriptional control of T7 using theRocheRTS system. Cell lysats (50mL) were
harvested at the indicated time points and p24 expression measured by commercial ELISA.
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to the relative low-GCbiasofP.pastorispreferredcodons. Itwasshownfor instance that
expression of P. pastoris codon-optimized human glucocerebroside fragments can be
increased up to 10-fold abovewild-type levels, hence almost the same levels (7.5-fold)
can be achieved with a gene fragment in which rare codons were not removed, but the
overall GC content was increased [30]. Consequently, it was shown by others that it is
indeed beneficial not only to adapt codon choice but also to increase the GC content of
the encoding gene for optimal expression inP. pastoris [31–33]. Therefore, an optimal
balance has to be found between optimal codon choice andCAI values on the one hand
and overall GC content on the other hand. To test whether this might be also true for S.
cerevisiae, we tested expression of human MIP-1a-encoding genes with an optimal
codon choice (CAI¼ 1.0), but low overall GC content (36 percent) and a gene with
elevatedGCcontent (47 percent), wherewe had to introduce several nonfrequentlyGC
biased codons resulting in slightly lower CAI value (0.83). Protein yields were
compared with gene expression resulting from nonaltered wild-type gene showing a
GC content of 58 percent and a CAI of 0.56. As depicted in Figure 12-4 there seems to
be no correlation between expression yields and elevated GC content in S. cerevisiae
sincehighest expressionwasachievedwith the fullycodon-optimizedgene showing the
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Figure 12-4 Expression of differently optimized and wild-type human MIP-1a in S. cerevisiae.

(a) Theplot shows the quality of the usedcodonat the indicated codonposition. Thequality valueof

the most frequently used codon was set to 100, the remaining synonymous codons were scaled

accordingly (relative adaptiveness, see also Ref. [6]). Dotted line: wild-type gene; bold black line:

codon-optimized gene; gray line:GC content-optimized gene. (b) The plot shows theGCcontent in

a40bpwindowcenteredat the indicatednucleotideposition.Dotted line:wild-typegene; bold black

line: codon-optimized gene; gray line: GC content-optimized gene. (c) Transient expression of wild

type (WT),GC content-optimized (GC), and codon-optimized (CAI) humanMIP-1a inS. cerevisiae

from lysed cell pellets using commercial ELISA formats.
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lowest overall GC content. Expression yields exceeded GC-rich gene expression by a
factor of 4.5 andbya factor ofmore than 35compared towild-typegene expression.We
thereforeconclude that forbest expression results inS.cerevisiaecodonchoice seems to
be a more dominant factor than GC content.

However, mRNA nucleotide composition itself has implications on the relative
efficiency of protein expression through effects on secondary structures and stability
irrespective of codon choice [34,35]. For instance, it seems advantageous to eliminate
or avoid putative polyadenylation sites located in AT-rich DNA [36,37] in order to
avoid premature polyadenylation.

12.2.5 Designing Genes for Plant Expression

Themostprominent exampleandprobablyalso the first example toexpressa rationally
designed gene in higher plants is the insecticidal cry gene of Bacillus thuringiensis.
Transgenic plants expressing active protein usingwild-type cry genes failed to protect
from insects due to poor expression. The use of different promoters, fusion proteins
and leader sequences could not significantly increase protein expression either and
failed to protect transgenic plants from insects [38,39]. Therefore, it was speculated
that codon choice and the presence of sequence motifs not common in plants might
hamper transgenic expression rates (see also Fig. 12-5). Table 12-2 indicates the
differences in human, B. thuringiensis, rice (Oryza sativa), and Arabidopsis thaliana
codon preference. Not only prokaryotic andmammalian codon choices differ greatly,
but also the ones of monocots (rice) and dicots (A. thaliana), indicating that a general
codon usage adaptation to plant genes will not reflect their phylogenetic diversity and
consequentlywill not improve individual gene expression in the respective plant host.

Due to the preference for A or T in the third nucleotide position of preferred dicot
codons (see Table 12-2), a simple reverse translation of the amino acid sequence into
the respective encoding DNA sequence using the condon most frequently used by
dicots will lead to a nonfavorable extremely AT-rich gene. Therefore, gene design for
expression enhancement in dicots has to be carefully balanced between improving
codon usage on the one hand and increasing GC content on the other hand.

Consequently, Perlak et al. tested differently modified cry-encoding genes for
expression in tobacco and tomato plants. Among the plants transformed with the
partially modified cry gene they identified a 10-fold higher and among plants
transformed with the fully modified gene they identified 100-fold higher level of
insect-control protein compared with plants expressing the wild-type gene ([40], see
Table 12-3). Besides codon choice, they increased GC content, removed potential
polyadenylation signals, and removed putative RNA instability elements, which have
been shown previously to destabilize mRNA in other systems [41].

The very same gene design strategies were applied by others [42] to increase cryIC
expression in dicots with similar positive results. Another important factor to keep in
mind when designing genes for expression in plants is removal or avoidance of
putative active splice motifs within the coding region. Rouwendal et al. for instance
identified an 84 bp long cryptic intron within the coding region of thewild-type green
fluorescent protein (GFP) encoding gene of the jellyfish Aequorea victoria after
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transgenic expression in tobacco. Therefore, Rouwendal et al. adapted the codon
usage ofGFP for expression in tobacco.After codon adaptationwhere 42percent of all
codons were altered, the overall GC content was improved from 32 to 47 percent and
the intragenic cryptic splice sites were altered to be nonfunctional. As expected,
several transgenic tobacco lines containing the wild-type GFP gene contained a
smaller nonfunctional protein cross-reacting with GFP antiserum, whereas only one
protein of the predicted size was found in transgenics expressing the optimized GFP
gene. Thus, the authors concluded that the smaller protein was probably encoded by a
truncatedGFPmRNAcreated by splicing of an 84 bp cryptic intron present only in the
natural GFP-encoding gene [43].

In contrast to dicots, codon adaptation to monocots elevates the GC content
automatically due to the preference for G or C in the third nucleotide position of
frequently used monocot codons. Gene optimization can therefore be focused on
removal of rare codons and other negatively cis-acting motifs as discussed above.
Jensen et al., for instance, successfully expresseda synthetically engineered (1.3–1.4)-
b-glucanase in barley (Hordeum vulgare) andwere able to elevate expression levels to
107-fold compared to the wild-type gene ([44], see Fig. 12-5).
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Figure 12-5 Codon, GC content, and expression analysis of (1.3–1.4)-b-glucanase tested for

expression in barley. (a) The plot shows the quality of the used codon at the indicated codon

position. The quality value of the most frequently used codon was set to 100, the remaining

synonymous codonswere scaledaccordingly (relative adaptiveness, seealsoRef. [6]). Dotted line:

wild-type gene; bold black line: optimized gene. (b) The plot shows the GC content in a 40bp

window centered at the indicated nucleotide position. Thin line: wild-type gene; bold black line:

optimized gene. (c) Expression of recombinant heat-stable (1.3–1.4)-b-glucanase under the

control of the D-hordein gene (Hor3) promoter in T1 grains. For the codon-optimized gene, two

individual grains were analyzed, and values are given. Modified from Refs [44,45].
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Taken together, there is great potential in increasing recombinant expression in
transgenic plants using rationally designed genes. Codon choice, RNA instability
motifs, andGCcontent seem to be important factors that have to be taken into account.

12.2.6 Codon Adaptation for Mammalian Expression

Synonymous codon choice also affects gene expression in mammals. In particular
when nonmammalian genes are to be expressed in mammalian cells, the substitution
of nonfrequently used codons with more common synonyms can significantly

Table 12-3 Optimization strategy for increased cry expression in tobacco and tomato

Wild Type Partially Modified Fully Modified

Adapted codons — 10% 60%
GC content 37% 41% 49%
Polyadenylation sites 18 7 1
RNA instability element 13 7 0

Modified from Ref. [40].

Table 12-2 Comparison of codon choice of selected amino acids for mammals,

prokaryotes, and plants

Amino Acid Codon B. thuringiensis H. sapiens O. sativa A. thaliana

GCA 100 58 55 61
Ala GCC 24 100 100 36

GCG 41 28 88 32
GCT 80 65 61 100

AGA 100 100 61 100
AGG 24 95 91 57

Arg CGA 39 52 43 34
CGC 17 90 100 20
CGG 10 100 87 26
CGT 56 38 48 49

CTA 29 18 32 42
CTC 8 50 100 65

Leu CTG 10 100 82 42
CTT 38 33 57 100
TTA 100 18 25 54
TTG 23 33 57 85

% GC Total 37% 53% 56% 45%
% GC Third 25% 59% 62% 42%

Themost frequently used codon of each amino acidwas set to 100 and the remaining scaled accordingly [6].
Black bold: most frequently used codon; gray bold: rare codon. GC total, overall GC content within all
coding regions; GC third, GC content of the third nucleotide position of all codons.
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increase expression [46–50]. A very prominent example is the widely used jellyfish
Aequorea victoria green fluorescent protein. An analysis of the GFP encoding
sequence showed that the codon usage frequencies of this jellyfish gene are quite
different from those prevalent in the human genome [47]. Consequently, after having
removed rare codons the synthetic humanized GFP allowed 5–10-fold higher
expression rates compared to the wild-type cDNA in transfected mammalian cells.
In another example, inhibition of expression of viral genes in mammalian cells could
only be overcome by modification of the codon composition or by provision of
excess tRNA [49]. A dramatic increase of 10–100-fold in gene expression was
achieved when human herpesvirus (HHV) type 6- and HHV type 7-encoding genes
were optimized for mammalian expression by adapting codon choice and elevating
the overall GC content (see also Fig. 12-6).

More recently, Plotkin et al. [51] discovered systematic differences in synonymous
codon usage between genes expressed in different human tissues. They were able to
demonstrate that liver-specific genes differ in their codon choice from brain-specific
genes, uterus differ from testis genes, etc. Since differences in relative tRNA
abundancies in tissues of the same organisms were not reported so far, the authors
suggested that codon mediated translational control might be the reason for the
observed tissue-specific codon choice. Therefore, even codon choice optimization of
mammalian genes (in particular nonhousekeepinggenes) for autologous expression in
mammalian cells can have a significant impact on the expression rates. For instance,
we were able to show that expression of the human granulocyte macrophage colony
stimulating factor (GM-CSF) could be increased by a factor of 2.1 by gene optimiza-
tion and simultaneous removal of rare human codons and negative cis-acting RNA
instability elements (see Fig. 12-7). In each codon position within the optimized
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Figure 12-6 Surface and total cellular expression of HHV7 U51 in transiently transfected 293A

cells was analyzed by flow cytometry. (a) The plot shows the quality of the used codon at the

indicated codon position. The quality value of the most frequently used codon was set to 100, the

remaining synonymous codonswere scaled accordingly (relative adaptiveness, see also Ref. [6]).
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gene. (b) Flowcytometryexpressionanalysis ofwild typeand codon-optimized (OPT)HHV7U51 in

transiently transfected 293A using 2mg plasmid DNA. Modified from Ref. [50].
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coding regionofGM-CSFwhere not themost frequent human codonwas used, certain
RNA instability elements have been avoided.

12.2.7 RNA Optimization for Mammalian Expression

Humancodonusagebias seemsnotonly to be correlatingwith available tRNAsbut also
synonymouscodonsareplacedalongcodingregions inawaytominimize thenumberof
TAandCGdinucleotidesinmammaliangenomes[52].TherarityofCGdinucleotidesin
mammalian genes is usually ascribed to the tendency of CG to mutate to TG [53],
whereas the rarity of TA in coding regions is considered adaptive because UA
dinucleotides are preferably cleaved by endonucleases. Moreover, coding regions of
mammalian housekeeping genes seem to have an increased GC content compared to
low-expressing genes [54]. A correlation of mRNA expression levels with the third
nucleotide position GC in codons of mice and rat genes was found by Konu et al., sug-
gesting thathigherGClevelsmayprovide the rodentgeneswithaselectiveadvantagefor
translationalefficiency[55].Consequently,wewereabletoshowthatmRNAstabilityof
AT-richHIVgenescanbe increasedbyordersofmagnitudebyelevating theGCcontent
of the encoding mRNA from 44.1 to 62.7 percent in average thereby also reducing UA
numbers from96to11 (seeFig.12-8).The increasedamountsofavailablemessage lead
to 100-fold higher expression of the HIV Pr55gag polyprotein compared to the
nonoptimized cDNA-based gene expression [56]. This dramatic increase in expression
cannot solely be explained by solely improved translational rates, rather then by the
increased amounts of available optimized mRNA for cytoplasmatic expression. The
optimized andwild-type RNA differ in their biochemical and physiological properties
to suchagreat extent that theyevenusedifferent nucleocytoplasmaticexport pathways.
Whereas expressionof thewild-typeHIV-1gaggeneswasblockedusing leptomycinB,
an antibiotic known to directly interfere with exportin1-mediated nuclear export of
mRNAs, the expression of the optimized RNAwas not blocked [56].
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Figure 12-7 (a) The plot shows the quality of the used codon at the indicated codon position. The

quality value of themost frequently used codonwas set to 100, the remaining synonymous codons

were scaled accordingly (relative adaptiveness, see also Ref. [6]). Gray line: wild-type gene; bold

black line: optimized gene. (b) Transient transfection of humanH1299 cells usingwild-type (wt) and

optimized (opt) human GM-CSF-encoding genes. Cytokine concentration in the supernatant was

measured by commercial ELISA. At least five independent transfection experiments were per-

formed and cytokine concentration measured. CAI, codon adaptation index.
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Genes of other non-HIV related pathogens such as malaria or human papilloma
virus, or certain proto-oncogenes show similar sequence properties indicating a
general mode of action of these cis-acting RNA elements and the positive effects
of RNA optimization.

When designing genes for optimal expression in mammalian cells, one therefore
has to take several parameters into account. Codon choice is one parameter to
influence the translation efficiency but, more importantly, the available mRNA levels
necessary for translation have a much larger impact on expression yields. RNA
optimization, likemodification ofGCcontent, avoidance or preferable introduction of
UA/CG dinucleotides, removal of cis-acting RNA elements negatively influencing
expression is the key for stable and high level expression in mammalian cells.
Examples for these cis-actingRNAelements are adenine-rich elements (ARE), which
are found within many cytokines, nuclear transcription factors or proto-oncogenes or
within their flanking untranslated regions and are thought to be the most common
determinant of RNA instability in mammalian cells [58,59]. Other, probably closely
related, cis-acting elements are known to destabilize or retain mRNAs and should be
avoided [60–63]. Despite these elements and ARE-directed mRNA degradation it is
known that isolated cryptic splice sites may retain mRNA within the splicing
machinery or lead to truncated transcripts [64].

12.2.8 Other Important Designing Rules for Mammalian Expression

In addition to optimizing the coding region for improved expression yields in
mammalian cells, there are other sequence elements known to be beneficial for
efficient and stable expression. InmammalianmRNAs, initiation sites usually align to
all or part of the sequence GCCRCCAUGG referred to as the Kozak sequence [65]. A
strong contribution of G directly downstream of the starting ATG was confirmed in a
study that directlymonitored the initiation step [66], thus negating the concern that this

Figure 12-8 (a) The plot shows the GC content in a 40bp window centered at the indicated

nucleotide position. Thin line: wild-type gene; bold black line: optimized gene. (b) Transient

transfection of human H1299 cells using wild-type (wtgag) and optimized (syngag) HIV-1 Pr55-

encoding genes. Cells were lysed and total RNA was isolated and subjected to Northern Blot

analysis. Pr55gagencoding transcriptswere detectedbya radiolabeled probeand standardized by

the amount of detected b-actin RNA (lower panel). The Northern Blot analysis was repeated

several times yielding comparable results. Modified from Refs [56,57].

424 RATIONALES OF GENE DESIGN AND DE NOVO GENE CONSTRUCTION



conservation might simply reflect a preference for certain amino acids in the second
position of eukaryotic proteins. Not only the efficiency of the translational initiation
is context dependent but also the efficiency of translational termination. In order to
avoid undesired read through by-products in mammalian expression, two stop codons
are usually recommended to ensure efficient termination. Finally, natural mammalian
transcripts always comprise and intron/exon structure and undergo complex splicing
and editing before leaving the nucleus for cytoplasmatic translation. Therefore,
expression of intronless cDNAs or artificial genes can be improved by adding an
efficiently spliced intron 50 of the coding region [67]. Finally, there is a recent report
that by removal/avoidance of certain codon pairs gene expression can be significantly
increased [68].

Taken together, gene design for mammalian expression is a sophisticated task
since many different parameters have to be optimized in parallel for optimal results.
Table 12-3 shows selected examples from literature where gene optimizations led to
increased expression results compared to wild-type expression.

12.2.9 Methods of Analyzing Genes

Most standard software offers the possibility to analyze genes, for example, con-
cerning their codon usage or GC content. Tables 12-4 and 12-5 list easy to handle
Internet-based software for the analysis of genes with respect to codon usage,
prediction of repetitive elements, and splice sites.

Further link compilations can be found on http://bioweb2.pasteur.fr/ and http://
www.expasy.org/tools/. Nevertheless all those software tools just concentrate on the
evaluation of one single parameter. As shown above, especiallywhen it comes to gene
optimization, several parameters have to be considered important. This complicates
gene optimization as it becomes a multiparameter and multitask problem:
Multiparameter as several constraints like codon choice or GC content have to be
accounted for,multitask as several jobs like local andglobal sequence alignments have
to be performed. This can only be achieved by a multiparameter process that
simultaneously takes into account all constraints. State-of-the-art multiparameter
optimization software (GeneOptimizer�,GeneartAG,Regensburg,Germany)allows
for different weighting of the constraints and evaluates the quality of codon combina-
tions concurrently. Approaches that are based on a successive modulation of para-
meters most likely spoil findings of previous optimization runs in subsequent runs (e.
g., first optimization focusing on codon choice, second on GC content).

12.3 DE NOVO GENE CONSTRUCTION

12.3.1 Oligonucleotide Synthesis—Creating Your Template

Since rationally designed DNA comprising genes, operons, or even genomes only
exist in silico, nature cannot provide a natural template for PCR-based amplification.
Therefore, the only possibleway to get access to such a rationally designedDNA is by
de novo gene synthesis. Virtually, all gene synthesis methods are based on oligonu-
cleotide synthesis causing many technical as well as cost implications.
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The chemical synthesis of short single strandDNAdates back to 1955 and provided
the directed chemical synthesis of a dithymidinyl nucleotide [85]. Over the decades
oligonucleotide chemistry was improved, but it took until the beginning of the 1980s
when the phosphoramidite approach and solid phase synthesis allowed the develop-
ment of routine oligonucleotide synthesis, as we know it today. The oligonucleotide
synthesis starts on a solid phase (controlled pore glass CPG) in 30 to 50 direction. The
first 30 nucleotide is already immobilized on theCPG solid phase and a synthesis cycle
comprising four steps builds up the desired oligonucleotide. Briefly, the first step is
deblockingwhich removes a protectivegroup of the 50-end thereby exposing a reactive
hydroxyl group at which the next nucleotide (phosphoramidite) is added (coupling
step) after activation. An overview of the cycle is depicted in Fig. 12-9.

The capping step prevents all oligonucleotides that were not elongated in the
previous coupling step from subsequent coupling steps. Finally, oxidation step
stabilizes the phosphate bond of the newly added amidite and the cycle may
commence from the beginning until the full-length oligonucleotide is synthesized.
During synthesis, there are several steps of this cycle that can lead either to deletions or
nucleotide substitutions within the desired oligonucleotide for instance due to
inefficient capping, deblocking, or removal of purines in an acidic solution. No
matter what gene synthesis method is used to build up long DNA fragments, the
sequence identity and the respective error frequency of the used oligonucleotides has a
major impact on costs, efforts, and duration of subsequent de novo gene production.

12.3.2 De Novo Gene Synthesis Methods

The field of gene synthesis was pioneered by Khorana et al. with the groundbreaking
work to synthesize a full-length tRNA encoding sequence, which took them several
years [86]. Koester et al. synthesized the first protein-encoding gene (angiotensin II)

Table 12-5 Selected web-based software tools for gene analysis

Codon usage distribution and codon usage table compilation

http://www.kazusa.or.jp/codon/countcodon.html
http://www.bioinformatics.org/sms2/codon_usage.html
http://gcua.schoedl.de/
http://www.bioinformatics.org/sms2/codon_plot.html

Repetitive or secondary structure elements

http://www.genebee.msu.su/services/rna2_reduced.html
http://bioweb.pasteur.fr/seqanal/interfaces/dottup.html

Splice site prediction

http://www.cbs.dtu.dk/biolinks/pserve2.php
http://genes.mit.edu/GENSCAN.html
http://www.fruitfly.org/seq_tools/splice.html

Reverse translation

http://www.bioinformatics.org/sms2/rev_trans.html
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just 5 years later and Itakura et al. revolutionized the field in 1977with the synthesis of
a human gene in just 6 months [87,88]. Although Itakura et al.’s work gave birth to the
field of genetic engineering and recombinant DNA technology, gene synthesis was
restricted these days by the limited availability of synthetic oligonucleotides.
DNA synthesis methods and molecular biology methods needed to coevolve to
allow high-throughput gene synthesis, as we know it today from specialized gene
synthesis laboratories, someofwhichare capable toproduce several hundredsofgenes
per month.

In principle, all gene synthesis methods used so far rely on the elongation of
hybridized oligonucleotides with long overlaps or the ligation of the phosphorylated
oligonucleotides. The latter technique was used already by Koester et al. who
phosphorylated oligonucleotides by T4 polynucleotide kinase and joined them using
T4 ligasegiving rise to adouble-strandedDNAconsistingof 33 bp.A similar approach
was used by Edge et al. to synthesize longDNA fragments, whichwere assembled and
ligated to a 514 bp long human leukocyte interferon encoding synthetic gene in
1981 [89]. After Francis Barany introduced the ligase chain reaction (LCR) using a
heat stable ligase [90], it was possible to anneal oligonucleotides for de novo gene
synthesis at high temperatures making ligation of phosphorylated oligonucleotides
a very robust, but yet labor-intensive, time consuming, and expensive gene synthesis
strategy [91].
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In 1982, 3 years before the PCR was invented by Kary B. Mullis, the gene
synthesis pioneer Itakura introduced a primer extension method enabling him to
build up short genetic sequences de novo. A subsequently filed patent application
was granted many years later in 1997 and is thus still active within the United
States for many years to come. After the introduction of PCR into genetic
engineering in 1985, several PCR-based oligonucleotide assembly methods
emerged but all of these are based on one or more primer extension steps with
subsequent amplification. This has to be kept in mind when using PCR-based
assembly methods and resulting genes for commercial purposes or for clinical
testing. By applying PCR-/primer-extension-based methods soon the 1000 bp size
barrier was broken in 1990 by the synthesis of a 2.1 kb long fully synthetic
plasmid [92]. Stemmer et al. used 132 oligonucleotides in a single primer extension
reaction of overlapping complementary oligonucleotides with subsequent PCR
amplification to assemble a 2.7 kb sized plasmid [93]. Similar approaches were
used by Withers-Martinez et al. in 1999, who assembled an apparently difficult to
construct AT-rich malaria gene [94]. In Figure 12-10 a schematic drawing shows
the principles of ligase-based and PCR-/primer-extension-based gene synthesis
methods.

Surely, onemajor cost factor in gene synthesis is still the bulk of oligonucleotides
needed for de novo gene construction. To reduce oligonucleotide costs,
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Figure 12-10 Assembly of complementary overlapping oligonucleotides. (a) The inner oligonu-

cleotides need to be phosphorylated (P) and no gaps should separate the oligonucleotides.

To allow subsequent cloning, 50 overhangs should be added to the flanking oligonucleotides

thereby creating sticky ends which are compatible with the cohesive ends created after restriction

digestion of a suitable cloning vector. After annealing the oligonucleotides can be ligated, the

ligation product can be purified and cloned in a suitable cloning vector. (b) PCR cycling allows the

annealing of overlapping oligonucleotides and their elongation. The assembled sequence may be

subsequently amplified using flanking PCR primer oligonucleotides and cloned into a suitable

cloning vector.
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George Church et al. recently combined photo-programmable microfluids chips
with classic PCR-based gene synthesis techniques. Although use of chemicals can
be dramatically reduced, the oligonucleotides are present after release into solution
only in femtomolar concentrations per sequences that are insufficient to allow
bimolecular priming necessary for de novo gene construction. Therefore, the
oligonucleotides released from the chip need to be reamplified by PCR using
universal primers, endonuclease treatment to remove the universal priming region,
and final purification. These extensive post synthesis treatments in addition to the
setup costs of the oligonucleotide chip add up to the overall costs of this new and
visionary gene synthesis method [95].

All gene synthesis methods so far have in common that they totally rely on quality
and sequence identity of the oligonucleotides used in the assembly process. Due to the
nature of the chemical synthesis of oligonucleotides there will be a certain fraction
of oligonucleotides present showing deviations (like deletions, duplications, sub-
stitutions) from the desired end product. To test the quality and sequence correctness
of oligonucleotides, we analyzed different batches and differently long oligonucleo-
tides from a commercial source for gene synthesis. Oligonucleotides of 24mer, 44mer,
and 64mer were used to assemble a 513 bp long fully artificial gene encoding all
epitopes of the HIV-1 tat gene. A ligase-based gene assembly technique was used to
avoid introduction of PCR-based mutations. After gene assembly, cloning and
transformation 161 different clones were established, sequenced, and analyzed
(see Fig. 12-11a). Apparently, there are huge deviations in oligonucleotide quality
that differ from batch to batch even when the same oligonucleotide sequence is
ordered. There seems to be a clear tendency that the longer the oligonucleotides are
the higher the likelihood ofmutations will bewithin the final clones (see Fig. 12-11b).
This is most probably due to the fact that an increasing number of chemical reactions

0

10

20

30

40

50

60

70

80

90

501451401351301251201151101511

Nucleotide position

F
re

q
u

en
cy

 o
f 

d
ev

ia
ti

o
n

ba
tch

 1

ba
tch

 2

ba
tch

 3

ba
tch

 4

ba
tch

 5

ba
tch

 1

ba
tch

 2

ba
tch

 3

ba
tch

 4

ba
tch

 5

ba
tch

 1

ba
tch

 2

ba
tch

 3

ba
tch

 4

ba
tch

 5
0

2

4

6

8

10

12

F
re

q
u

en
cy

 o
f 

d
ev

ia
ti

o
n

64mer44mer24mer

(a) (b)

Figure 12-11 (a) Sequence analysis of a 513 bp long synthetic gene. The gene was assembled

using 24 different overlapping, phosphorylated oligonucleotides using a ligase-based approach.

The synthetic genes were cloned and 161 colonies sequenced. Frequency of deviations was

plotted along the sequence. (b) Within the 513 long synthetic gene distinct oligonucleotides were
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take place during synthesis leading to an increase of undesired side products.
As deduced from this example it is most likely to get a statistical clustering of
mutations within a synthetic gene. In our case, almost 90 percent of all clones showed
mutations in one specific oligonucleotide, resulting in a deletion frequency
of approximately 55 percent at position 97 and 98, respectively. Consequently,
only 2 of 161 sequenced clones showed no deviation from the desired sequence
design. Obviously, it would have been cheaper and easier to replace the low-quality
oligonucleotide batch with new one resulting in amuch higher likelihood to identify a
100 percent correct clone. In addition, gene length has clearly also influence on the
chance to identify 100 percent correct clones by sequencing screening. When 50mer
oligonucleotides with a given deviation frequency of approximately 10 percent would
be used to build up a 500 bp long synthetic gene the probability of identifying a correct
clone will be 12 percent (0.9020, 20 oligonucleotides used in assembly). One would
therefore need to screen at least 12–24 colonies to identify a 100 percent correct clone.
However, to assemble a 1000 bp gene one would need at least 40 oligonucleotides to
build up a synthetic gene. Subsequently, only 1.5 percent (0.9040) of all screened
cloneswould be correct. By doubling the gene length the screening effort increased by
a factor of 10!

Consequently, one should thereforeuseonlyoligonucleotideswithhighest possible
sequence identy, which are unfortunately not easy to access from commercial
oligonucleotide suppliers. Alternative strategies were published by several groups
trying to eliminate the fraction of mutated genes from the initial oligonucleotide
assembly product in order to reduce the sequencing screening workload in gene
synthesis. By denaturation and annealing of the crude oligo assembly product,
heteroduplexes are most probably formed by DNA products showing mutations
and homoduplexes are formed with the highest probability only from such DNA
sequences showing no mutations. In a subsequent step, the heteroduplex fraction is
removed by either enzymatic treatment, for example, T4 endonuclease VII cleav-
age [91,96] or by addition of proteins binding specifically to heteroduplex DNA and
subsequent homoduplex enrichment [97].

More recently, Cello et al. reported the synthesis of a 7.5 kb cDNA poliovirus by a
combination of PCR-based oligonucleotide assembly/PCA (polymerase cycling
assembly) and ligation methods [98]. Being one of the first genomes to be fully
created synthetically, the generation of an infectious and pathogenic virus based
entirely on a de novo constructed genome will surely be considered as a hallmark in
synthetic biology and even raised further ethical questions regarding biosafety of such
synthetic genomes. Using similar approaches, only 2 years later, Kodumal et al. of
Kosan Biosciences reported the synthesis of a contiguous 32 kb polyketide synthase
gene cluster being the longest synthetic DNA assembled from synthetic oligonucleo-
tides so far [99]. The functionality of the gene cluster was demonstrated by success-
fully expressing the polyketide synthase and producing its polyketide product in E.
coli, being the first report of a functionally operon synthesized and assembled de novo.
Just 2 years later, the same laboratory reported the synthesis of a redesigned polyketide
synthase gene cluster expressing significantly more protein that the wild-type cluster
did [100]. The last remarkable cornerstonewas set here byCraigVenterwhomanaged
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to synthesise and artificially construct the first bacterial genome of more than
500.000 bp in size [101].

Today, it is therefore not unrealistic to predict that in the years to come more
and more synthetic operons, artificial chromosomes, and synthetic genomes will be
synthesizedbeing themajor enabling technology for thenewfieldof syntheticbiology.
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