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The expression of functional proteins in heterologous hosts is a cornerstone of modern biotechnology.
Unfortunately proteins are often difficult to express outside their original context. They may contain codons that are
rarely used in the desired host, come from organisms that use non-canonical code, or contain expression-limiting
regulatory elements within the coding sequence. Improvements in the speed and cost of gene synthesis facilitate the
complete redesign of entire gene sequences to maximize the likelihood of high protein expression. Redesign
strategies including modification of translation initiation regions, alteration of mRNA structural elements and use of

different codon biases are discussed.

In 1977 when Genentech scientists and their
academic collaborators produced the first human protein
(somatostatin) in a bacterium 't expression of proteins in
heterologous hosts played a critical role in the launch of
the entire biotechnology industry. At the time, only the
amino acid sequence of somatostatin was known, so the
Genentech group synthesized the 14 codon long
somatostatin  gene using oligonuclectides instead of
cloning it from the human genome. Itakura and co-
workers designed these oligonucleotides based on three
criteria. First, codons favored by the phage MS2 were
used preferentially. Not much of the Escherichia coli (E.
col) genome DNA sequence was known at the time, but
the MS2 phage had just been sequenced and was
assumed to provide a good guide to the codons used in
highly expressed E. coli genes. Second, care was taken
to eliminate undesirable inter- and intra-molecular pairing
of the overlapping oligonucleotides as this would
compromise the gene synthesis process. Third,
sequences rich in GC followed by AT rich sequence was
avoided, as it was believed it could terminate
transcription. The result was the first production of a
functional polypeptide from a synthetic gene.

Now a quarter of a century later, most genes are
cloned from cDNA libraries or directly by polymerase
chain reaction (PCR) from the organism of origin. De
novo gene synthesis is largely avoided because of
perceived high costs in time and effort 2 Despite its
prevalence, PCR-based cloning often requires templates
that may not be trivial to access (CDNA templates must
generally be used for organisms with introns), gene-
specific PCR conditions, re-sequencing of PCR product
and site-directed mutagenesis to repair PCR errors. The
real fun, though, begins after the amplified gene is cloned
into an expression vector: often the protein is not
expressed or expressed only at very low levels. Much
work has been done to improve the expression of cloned
genes, including optimization of host growth conditions
and the development of new host strains, organisms and
cell free systems 3 Despite the advances that these
approaches have made, they have skirted a significant
underlying problem: the DNA sequence used to encode a
protein in one organism is often quite different from the
sequence that would be used to encode the same protein
in another organism.

Why do different organisms prefer different codons?

The genetic code uses 61 nucleotide triplets
(codons) to encode 20 amino acids and three to
terminate translation. Each amino acid is therefore

encoded by between one (Met and Trp) and six (Arg, Leu
and Ser) synonymous codons. These codons are “read”
in the ribosome by complementary tRNAs which have
been charged with the appropriate amino acid. The
degeneracy of the genetic code allows many alternative
nucleic acid sequences to encode the same protein. The
frequencies with which different codons are used vary
significantly between different organisms, between
proteins expressed at high or low levels within the same
organism, and sometimes even within the same operon *

There is continuing speculation regarding the
evolutionary forces that have produced these differences
in codon preferences ®. Codon distribution respond to
genome GC content and the changes in codon usage
are at least partly explained by a mutation/selection
equilibrium between the different synonymous codons in
each organism ®. Some researchers have hypothesized
that codon biases that tend to reduce the diversity of
isoacceptor tRNAs reduce the metabolic load and are
therefore beneficial to organisms that spend part of their
lives under rapid growth conditions T

Whatever the reasons for codon bias, it has
become increasingly clear that codon biases can have
profound impacts on the expression of heterologous
proteins ®.

Visualizing codon biases

The correlation that has been observed between
the codon bias of a gene and its expression levels has
been used to define a codon adaptation index ° This
measure of codon usage is derived from a reference set
of highly expressed genes to score the extent to which an
organism prefers specific codons. The index can be used
to predict the expression levels of endogenous genes
from genome sequence data " However because the
index measures only the degree of preference but not the
nature of that preference, it cannot be used to assess the
likely compatibility between a gene and a candidate host.
The gene may have a strong bias resulting in high codon
adaptation indices, but these preferences may be for
quite different codons.

Principal component analysis can be used to
compress the high dimensional information into a two-
dimensional map. This provides a more convenient way
to visualize differences in codon preferences between
different organisms. Figure 1 shows the average codon
preferences of the genomes from eight commonly
studied organisms represented on such a map. As can
be seen in the figure, Streptomyces coelicolor (S.
coelicolor) has the most extreme codon usage profile. In



this organism almost every “wobble” position (the third
base in each codon, where much of the degeneracy of
the genetic code resides) is a G or C, resulting in S.
coelicolor's high GC content (71%). The figure also
shows that Saccharomyces cerevisiae (S. cerevisiae),
Caenorhabditis elegans (C. elegans) and Arabidopsis
thaliana (A. thaliana) cluster in this map, indicating that
they share similar codon preferences and suggesting that
S. cerevisiae would be a good candidate for expressing
native A. thaliana or C. elegans genes.

Figure 1 also makes immediately obvious the
considerable divergence between E. coli and human
codon preferences. This confirms what many
researchers have learned through extensive
experimentation: E. coli is not the optimal host for
expressing proteins encoded with human codon usage
profile.

The codon distribution in the map helps to visualize
the codons that are used differentially by each of the 8
organisms. For example mammalian genes commonly
use AGG and AGA codons for Arg (each are used for
11.2% of Arg codons in human genes) whereas these
are very rarely used in E. coli (21% and 2.4%
respectively). Thus in Figure 1 AGG and AGA both
contribute to positive deviations in principal component 2
(PC2) as is seen for the overall human codon preference.
In contrast E. coli prefers the CGT Arg codon (used
16.4% of the time, compared with 4.5% usage in human
genes), so CGT contributes to negative deviations in
PC2, as is seen for the overall E. coli codon bias. A map
of ‘codon usage space’ is therefore useful as it quickly
identifies infrequently used codons in genes derived from
each organism that will be potentially problematic when
attempting heterologous expression.

How does codon bias affect protein expression?

Codon usage has been identified as the single
most important factor in prokaryotic gene expression "
The reason for this is almost certainly because preferred
codons correlate with the abundance of cognate tRNAs
available within the cell.  This relationship serves to
optimize the translational system and to balance codon
concentration with isoacceptor tRNA concentration 2 In
E. coli, for example, the tRNA™Y, that reads the
infrequently used AGG and AGA codons for Arg is
present only at very low levels. It is likely that codon
usage and tRNA isoacceptor concentrations have
coevolved, and that the selection pressure for this
coevolution is more pronounced for highly expressed
genes than genes expressed at low levels *°.

The coevolution of isoacceptor tRNAs with codon
frequencies has even led in some cases to departures
from the canonical genetic code ™. While comparative
genomics studies are shedding new light on the ongoing
evolution of the genetic code %, the existence of slightly
different codes in different organisms is a very significant
barrier to heterologous expression. Indeed some
organisms, notably the ciliates that have played an
important role in the elucidation of telomere biology,
possess tRNAs that read the canonical stop codons TAA
and TAG as Glu, making these genes impossible to
express heterologously.

Improving expression by modifying the host

If the negative effect of different codon biases on
heterologous gene expression results from different tRNA

levels, one solution appears to be to expand the host's
intracellular tRNA pool. This can be done by over-
expressing genes encoding the rare tRNAs. For E. colj,
the primary targets to facilitate expression of human
genes are the argu gene encoding the minor tRNA™Y,
that reads AGG and AGA codons, tRNA", that reads
AUA, tRNA"; that reads CUA and CUG, and tRNA™,
that reads CCC and CCU ® E. coli strains over-
expressing these tRNA genes are commercially available
from companies such as Stratagene (Wwww.stratagene.
com) and Novagen (www.emdbiosciences.com/html
INVG/home.html). Several laboratories have shown that
expression Vields of proteins whose genes contain rare
codons can be dramatically improved when the cognate
tRNA is increased within the host ®.

Even though tRNA  over-expression initially
appears as an attractive solution, there are caveats.
Different tRNAs may need to be over-expressed for
genes from different organisms and the strategy is less
appealing for hosts more difficult to manipulate than E
col. There may also be metabolic effects of changing a
cel's tRNA concentrations.  Perhaps most important,
though, is the question of how increasing the tRNA
concentration will affect amino acylation and tRNA
modifications and thus whether the composition of the
over-expressed protein will be consistent.

Transfer RNA molecules are extensively processed
prior to amino-acylation and participation in the
translational process. More than 30 modified nuclectides
have been found in E. coli tRNAs; some are present at
the same position for all tRNAs, others are found in one
or a few different tRNAs .  Many of the tRNA
modifications scattered throughout the tRNA molecule
and especially those located in the anticodon loop, have
been shown to improve reading frame maintenance
One purpose of these modifications is thought to be to
reduce translational frameshifts: the lack of some tRNA
modifications has been experimentally linked to missense
and nonsense errors during translation Y for example
tRNAs lacking methylation of tRNA at the N-1 position of
guanosine (mlG) at position 37 result in translational
frameshifts *°.

A problem with the tRNA over-expression strategy,
then, is that producing a fully functional tRNA requires
other cellular components that may be in limiting supply
when the tRNA alone is over-produced. When tRNA™";
is over-expressed in E. coli the tRNA is significantly
under-modified in at least two ways: m'G at position 37
and pseudouridine (W) at position 32. Only 40% of the
tRNA", molecules are amino acylated, the strain grows
very slowly and the ribosomal step time is reduced two -
three fold %°. Similarly over-expressed tRNA™ results in a
decrease of the 2-methyithio-N-6-isopentenyl adenosine
(ms%®A) modification at position 37 and a tRNA that is
less efficient in vitro 2. Loss of the ms%°A modification
following tRNA™ over-expression led to decreased
fidelity of translation %.

Translational missense substitution frequencies
can increase with more than an order of magintude as a
function of under-acetylated tRNA. One particular
concern over such loss of fidelity is the possibility that the
resulting heterogeneous mixture of proteins might induce
an immune response if introduced into vertebrates 3

In additon to translational fidelity and host
metabolic load issues, the tRNA over-expression strategy
is not terribly flexible. It is much more difficult to engineer
fungal or mammalian host cells than E coli. In eukaryotic



cells the tRNA expression is driven by copy number, not
promoter strength, further complicating the issue. For
some applications such as the emerging field of DNA
vaccines, host engineering is quite out of the question.
The alternative approach is to modify the gene to be
expressed.

Results from codon optimization

In general, the more codons that a gene contains
that are rarely used in the expression host, the less likely
it is that the heterologous protein will be expressed at
reasonable levels Low expression levels are
exacerbated if the rare codons appear in clusters or in the
N-terminal part of the protein. A common strategy to
improve expression is therefore to alter the rare codons in
the target gene so that they more closely reflect the
codon usage of the host, without modifying the amino
acid sequence of the encoded protein. Techniques for
achieving this range from sequential site-directed
mutagenesis steps ** to resynthesis of the entire gene Z.

In Table 1, we have attempted to identify all
publications where protein expression levels from natural
gene sequences are compared with their codon-
optimized counterparts in identical systems. The
methods for codon optimization differ in each case, but all
have replaced one or more codon that is rarely used in
the host with one that is more frequently used.

Many of the published codon optimization reports
involve expressing mammalian proteins in E. coli. In
several instances, increases in expression levels
achieved are dramatic. Two papers describe proteins
that were effectively undetectable when expressed from
the native genes. After codon-optimization, expression
levels of between 10% and 20% of total E. coli soluble
protein were obtained *%. More typical increases in
expression for codon-optimized mammalian proteins in E.
coli are between five and 15-fold and can frequently yield
as much as 5% of the E coli soluble protein.

Another very successful application of codon
optimization, generally by complete resynthesis of the
gene, is in enhancing the expression of viral genes in
mammalian cell lines. Viruses are a particularly
interesting example because their codons are often
constrained by a completely different pressure: their very
dense information load is frequently accommodated
using overlapping reading frames. Many viral genes also
encode cis-acting negative regulatory sequences within
the coding sequence. When expression of only one
protein is required, the gene can be resynthesized with a
host codon bias that also disrupts the regulatory elements
thereby enhancing protein production % Viral codon
optimization is often performed for DNA vaccine research
to increase the immunogenicity of the target. In many
published studies the immune response to the injected
DNA is measured but not the protein concentration.
Some of these examples have been omitted from Table
1, which only lists publications where the protein
concentration is measured directly.

Gene resynthesis is also essential for heterologous
expression of genes from organisms that use non-
canonical codes. These include pathogens such as
Candida albicans % and ciliate model organisms such as
Tetrahymena *. Elimination of codons that would be
read as termination signals or different amino acids is
essential not just to improve expression levels, but to
achieve any expression at all of the encoded protein.

Beyond codon bias

Although the codon bias in a gene plays a large role
in its expression, it would be misleading to suggest that
this is the only factor involved. The choice of expression
vectors and transcriptional promoters are also important
%, The nucleotide sequences surrounding the N-terminal
region of the protein appear particularly sensitive, both to
the presence of rare codons *** and to the identities of
the codons immediately adjacent to the initiation AUG
%3 There is also some interplay between translation
and mRNA stability which has not been completely
deconvoluted 2, although reduced translational efficiency
may be accompanied by a lower mRNA level because
decreased ribosomal protection of the mMRNA will
increase its exposure to endo-RNAses. The structure of
the 5 end of the mRNA also has a significant effect =,
and strategies using short upstream open reading frames
for translational coupling of target genes have proved
successful in improving the efficiency of expression of
some problem genes *°.

It should also be noted that efficient translation is
necessary but not sufficient to produce a functional
protein. The polypeptide chain must fold correctly, in
some cases form appropriate disulphide bonds and even
undergo  post-translational  modifications such as
glycosylation. For these processes the absence of the
correct redox environment, chaperonins, normal
association partners or modifying enzymes will provide
additional challenges. These issues are beyond the
scope of this article: we will content ourselves for the time
being with efficiently producing the polypeptide.

Gene design considerations

Designing a gene de novo can be both liberating
and daunting. At the least constrained end of the choice
spectrum there are an enormous number of DNA
sequences that can encode a single amino acid
sequence. Each amino acid can be encoded by an
average of 3 different codons, so there are around 3'®
(~5 x 10" nucleotide sequences that would all produce
the same 100 amino acid protein. How many of these
possible sequences will result in high levels of
heterologous protein expression? At the other end of this
spectrum only a single nucleotide sequence is possible.
Here only one codon — the one used most frequently by
the host - is used for each amino acid.

The ‘One amino acid — one codon’ approach has
several drawbacks. First, a strongly transcribed mRNA
from such a gene wil generate high codon
concentrations for a subset of the tRNA, resulting in
imbalanced tRNA pool, skewed codon usage pattern and
the potential for translational error =, heterologously
expressed proteins may be produced at levels as high as
60% of total cell mass, making the use of a single tRNA
pool a significant problem. Introducing silent mutations in
a ‘One amino acid — one codon’ ogptimized gene can
increase protein expression four-fold ’. Second, with no
flexibility in codon selection, it is impossible to avoid
repetitive elements and secondary structures in the gene
and mRNA which may inhibit ribosome processivity
through mRNA stem-loops *.  Repetitive elements may
also affect the ease of gene synthesis, making it more
troublesome if performed in-house or more expensive
and time-consuming if outsourced. Severe repetitive
elements may also affect the stability of a gene in its host.
Third, it is often desirable to incorporate or exclude
sequence elements such as restriction sites from the



sequence to facilitate subsequent manipulations. These
are impossible to accommodate if the codon usage is
rigidly fixed.

Conclusions

The genetic information encoded in an open
reading frame goes far beyond simply stating the order of
the amino acids in the protein. It is now estimated that
alternative splicing comprises 40-60% of al human
multiexon genes, antisense transcription occurs in 10-
20% of all genes, mRNA editing is common (at least in
neural cells), regulatory elements abundant and mRNA
degradation signals through RNAi and otherwise are
identified throughout the human genome. As we start to
peel through the different layers of complex and
integrated information present in the coding regions of
DNA, we can start making more informed decisions on
how to design genes and genetic networks.

The design and use of synthetic genes offers a
mechanism by which researchers can assume much

greater control of heterologous protein expression.  As
well as manipulating codon biases, peptide tags can be
added, splice sites removed and restriction sites placed
as desired. The cost and fidelty of gene synthesis
appears to be following a trajectory similar to that seen for
synthetic oligonucleotides over the past two decades,
making their use increasingly cost-effective. This trend
will allow scientists to focus more on science rather than
on obtaining the tools with which to work. The
biotechnology industry is thus en-route to closing the
circle to its distant past; the genetic engineering tools
pioneered by the Genentech group and their academic
collaborators in long-ago 1977 will once again become
state-of-the-art.

Acknowledgements

We would like to thank Drs. Jon Ness, Tony Cox,
Ramasubbu Venkatesh and Tom Vigdal, all from DNA
2.0 Inc., for discussions on codon optimization and
helpful comments on the manuscript.



Gene Origin Protein Name Host Improvement Ref
H. sapiens L2 E. coli 16 fold *
C. tetani Fragment C E. coli Four fold =
B. thuringiensis CrylA(b), CrylA(c) L. esculentum 100 fold i
Nicotiana Below detection vs. >0.1% of
B. thuringiensis CrylA(b), CrylA(c) tabacum tot. protein “©
M. musculus IG kappa chain S. cerevisiae > 50 fold i
Below detection vs. 40ng per
Bacillus hybrid (1,3-1,4)-B-glucanase H. vulgare 2x10° protoplasts ©
10 and 40 fold (two different
H. sapiens nT E. coli constructs) s
HIV Gp120 H. sapiens >40 fold “
Below detection vs.
A. victoria GFP H. sapiens substantial signal “
A. victoria GFP H. sapiens 22 fold ®
Below detection vs. strong
A. victoria Mutated GFP C. albicans band in western »
Below detection vs. 20% of
M. musculus c-Fos E. coli soluble protein z
S. oleracea plastocyanin E. coli 1.2 fold i
H. sapiens neurofibromin E. coli three fold il
L. monocytogenes LLO M. musculus 100 fold ®
H. sapiens M2-2 E. coli 140 fold i
R. prowazekii Tlc E. coli No effect >
BPV1 Lland L2 mammalian >1x10° fold °
Trace levels vs. 10% of
H. sapiens PC-TP E. coli cytosolic protein *
H. sapiens hCG-B Dictyostelium Four-five fold °
Four, seven and 13 fold (three
T. aestivum CYP73A17 S. cerevisiae different constructs) %
T. aestivum CYP73A17 N. tabacum Five fold >
HIV gag H. sapiens > 322 fold >
Dermatophagoides ProDer pl P. troglodytes Five-10 fold =
HIV gag H. sapiens 1.5-two fold %
Plasmodium EBA-175 region Il and MSP-1 M. musculus Four fold *
Tn10/Herpes simplex
virus itTA M. musculus > 20 fold >
HPV L1 H. sapiens 1x10°—1x10° fold =
C. diphtheriae —
mammal hybrid DT P. pastoris Ovs 10mgL* %
P1 phage Cre Mammalian 1.6 fold &0
A. equina Equistatin P. pastoris Two fold o
H. sapiens IL-6 E. coli Three fold %
Eight and 10 fold (two
H. sapiens Glucocerebrosidase Pichia pastoris different constructs) ®
Barely detectable vs. strong
Schistosoma mansoni SMGPCR H. sapiens band in western o
C. elegans GluCla1, GIuCIB R. norvegicus Six-nine fold &
Herpesvirus U51 Mammalian 10-100 fold &
>250x, >250x, >45x, >20x
HIV gag , pol, env, nef H. sapiens respectively &
H. sapiens IL-18 E. coli Five fold &
HPV E5 Mammalian Six-nine fold &
HPV E7 Mammalian 20-100 fold ”
E. coli, Pichia
Plasmodium F2 domain of EBA175 pastoris Four fold and nine fold "

Table 1. Compilation of publications where gene expression of codon optimized and wildtype sequences have been compared

head-to-head and the produced protein yield has been measured.
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Figure 1. Graphical representation of “codon usage space”. Principal component analysis (PCA) involves a mathematical
procedure that transforms a number of correlated variables (here codon frequencies) into a smaller number of uncorrelated
variables called principal components. The first principal component accounts for as much of the variability in the data as possible,
and each succeeding component accounts for as much of the remaining variability as possible. The frequencies with which each
codon is used in all proteins of eight commonly studied organisms (www.kazusa.or.jp/codon/) were tabulated in a 8
rows/organisms x 62 columns/codons and subjected to principal component analysis to produce a map of “codon usage space’.
The two codons ATG and TGG that uniquely encode Met and Trp respectively have been omitted. Two dimensions were identified
that accounted for 70% (PC1) and 12% (PC2) of the total codon variability information respectively. The black diamonds represent
the loads, i.e. the contribution of each codon to the two principal component dimensions (for example codons GAT and CAG
contribute nothing to PC2 but have approximately equal negative and positive contributions to PC1). The values of the codon
loads have been normalized to that of the organism distribution. The red squares show the preferences of each organism plotted
within this space. The plot was made using MatLab from Mathworks (wwww.mathworks.com)
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The gene design process

The procedure developed at DNA 2.0 Inc.
(www.dnatwopointo.com) for designing a gene seguence to
encode a specific protein is shown in figure. The process
involves using an initial codon usage table to propose
candidates, then a successive set of filters to eliminate
those sequences that do not also comply with additional
design constraints.

1. Constructing and using a codon usage table. The large
amount of genomic sequence now available has made it
possible to derive the codon usage for any organism. An
excellent compilation can be found at
www.kazusa.or.jp/codon/.  For expression in E. coli, for
example, codon usage from highly expressed (type II)
genes are available
www.faculty.ucr.edu/~mmaduro/codonusage/codontable.ht
m " These tables can be adapted for gene design in two
steps. First, a threshold level is set. That is, all frequencies
below a certain value (typically between 5% and 10%) are
set to zero, so that rare codons are completely eliminated.
Second, the remaining frequencies are normalized so that
the summed frequencies for codons for each amino acid
equal 100%.

Hybrid codon usage tables can be constructed for a

protein that is to be expressed in more than one host.
Codons that are below the threshold in either host are
eliminated. The frequencies for the remaining codons can
be calculated by simply using the frequencies for the most
restrictive organism, or by calculating a mean value for
each codon in all of the desired hosts.
Once the codon usage table has been constructed,
candidate sequences are enumerated in silico by selecting
codons at random with probabilities obtained from the
codon usage table. Each designed sequence is then
passed through subsequent filters to ensure a match with
additional design criteria.

2. _Eliminating unfavorable codon pairs and extreme GC
content. The GC content of genes and the frequency with
which adjacent codons occur (codon pair frequency) are
both factors that are correlated to codon usage frequency.
The codon pair frequency can deviate significantly from
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what would be expected from just the statistical distribution
of each single codon. Codon pairs that are avoided in highly
expressed E. coli genes can be found on the web
(www.bio21.bas.bg/codonpairs)  and is used as a criterion
to reject candidate designs.

3. Eliminating repetitive sequences. Direct repeats can be
detected by standard methods such as a BLAST
comparison "* of the sequence against itself. Candidate
designs that contain significant lengths of direct repeats are
eliminated.

4. Avoiding unfavorable mRNA secondary structures.
Stable mRNA structures, particularly at the 5 end of the
transcript, have been implicated in reduced gene
expression 2%, The potential of a transcribed mRNA to
adopt such a structure can be identified using free energies
calculations. Software for performing such anal%ses can
be found at www.bioinfo.rpi.edu/applications/mfold .

5. Awvoiding and including restriction sites. The presence or
absence of selected restriction sites is often important to
facilitate subsequent gene manipulations such as swapping
between vectors, exchanging protein domains and adding
or removing peptide tags or fusion partners. Candidate
sequences can be tested to ensure the correct placement
or elimination of restriction sites.

6. Other constraints. Additional constraints that can be
used to sift the gene design solutions through includes
avoiding cryptic splice sites and regulatory elements,
immun(}stimulalogy or immuno-suppressive elements (for
DNA vaccines) ® RNA methylation signals, selenocystein
incorporation signals and many more depending on the
biological system used and specific concerns. Gene
designs can also be used to maximize genetic distances
from endogenous gene homologs (to minimize risk of in
vivo recombination) or patented sequences (to avoid patent
infringement).

As shown in Figure, each of these filters reduce the
number of possible sequences, but many possible
sequences generally remain even with five or six
constraints in addition to the codon bias.
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