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Abstract— Recombinant proteins expressed in Escherichia coli are widely used in biochemical research and industrial 
processes. At the same time, achieving higher protein expression levels and correct protein folding still remains the key 
problem, since optimization of nutrient media, growth conditions, and methods for induction of protein synthesis do not 
always lead to the desired result. Often, low protein expression is determined by the sequences of the expressed genes and 
their regulatory regions. The genetic code is degenerated; 18 out of 20 amino acids are encoded by more than one codon. 
Choosing between synonymous codons in the coding sequence can significantly affect the level of protein expression 
and protein folding due to the inf luence of the gene nucleotide composition on the probability of formation of secondary 
mRNA structures that affect the ribosome binding at the translation initiation phase, as well as the ribosome movement 
along the mRNA during elongation, which, in turn, inf luences the mRNA degradation and the folding of the nascent 
protein. The nucleotide composition of the mRNA untranslated regions, in particular the promoter and Shine–Dalgarno 
sequences, also affects the efficiency of mRNA transcription, translation, and degradation. In this review, we describe 
the genetic principles that determine the efficiency of protein production in Escherichia coli. 
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INTRODUCTION

Recombinant proteins are widely used in food, bio-
medical and other fields of biotechnology. Escherichia coli 
remains the most popular organism among a large num-
ber of species used for the expression of non-glycosylated 
recombinant proteins [1, 2]. The advantages of this micro-
organism include a comprehensive understanding of its 
metabolic processes, high growth rate, relatively low price 
and availability of cultivation media, possibility of scal-
ing up, and existence of a large number of E. coli strains, 
expression vectors, and genetic engineering tools [1, 2].

Increasing protein expression is one of the key 
problems in both industrial protein production and labo-

ratory research, and significant efforts are directed to the 
development of methods for its optimization. Various 
approaches, such as selection of the optimal strains, ex-
pression vectors, and expression conditions (nutrition 
media, cultivation methods, protein synthesis induction) 
are already widely used for increasing the level of pro-
tein expression in E.  coli [3]. However, the problem of 
low protein yield is often associated with the non-opti-
mal nucleotide sequences of the expressed genes and 
their regulatory regions.

Both coding and noncoding gene sequences contain 
elements that inf luence protein folding and protein yield 
at all stages of protein production. The effects of many 
factors involved in the control of expression are often 
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interrelated, which hinders our comprehension of their 
action mechanisms individually or in their combination.

Nevertheless, many years of studies have yielded a 
noticeable progress in the understanding of the inf lu-
ence of nucleotide sequences on the protein production. 
In this review, we present the current ideas on the inf lu-
ence of nucleotide composition of genes and their regu-
latory sequences on the protein production at different 
stages of expression in E. coli.

INFLUENCE OF GENE NUCLEOTIDE 
COMPOSITION ON THE PROTEIN 

EXPRESSION EFFICIENCY

Transcription. Promoter and adjacent regions. The first 
step in the protein synthesis is gene transcription by the 
DNA-dependent RNA polymerase (RNAP). The initi-
ation rate and the efficiency of mRNA synthesis are de-
termined by the gene promoter sequence, a region up-
stream of the gene coding sequence (CDS) that provides 
the binding of the corresponding proteins (RNA poly-
merase, transcription factors) for the transcription initia-
tion. There are two main types of promoters used for the 
recombinant protein expression: inducible (regulated pro-
moters activated only in response to a specific stimulus) 
and constitutive promoters (permanently active unreg-
ulated promoters). Most often, the promoter strength is 
evaluated experimentally from the relative level of mRNA 
or reporter protein (most often, green f luorescent protein, 
GFP) produced by expression under control of this pro-
moter [4, 5]. Promoter sequences and their strength (de-
termined experimentally) can be found in the BIOFAB 
(International Open Facility Advancing Biotechnology; 
http://parts.igem.org/Collections/BioFAB), Anderson pro -
moter library (http://parts.igem.org/Promoters/Catalog/
Anderson), and other databases.

The most common approach for developing effi-
cient promoters is creation of libraries with randomized 
promoter sequences followed by the analysis of the re-
porter gene expression under control of these promot-
ers. For example, see the reports on the randomization 
of the –10/–35 sequence of the constitutive Ptrc pro-
moter  [6] or the –17/+3 sequence of the inducible T7 
promoter [7, 8]. Although most of the key principles of 
transcription initiation are known, the models for pro-
moter strength prediction based on its nucleotide se-
quence are still at the stage of development. However, 
it was experimentally demonstrated that using a strong 
promoter almost always results in the reproducible in-
crease in the gene transcription and, consequently, in 
the protein expression [6].

The rate of RNAP-catalyzed transcription. Another 
factor affecting the rate of transcription is the content 
of hydrogen bonds, or the percent content of GC pairs 
(GC%), in the DNA sequence from the transcription 

initiation region to codon ~15 of the CDS. The GC% 
content affects the energy required for the RNA poly-
merase to melt the DNA duplex and, hence, determines 
the rate of the early transcription stages. It was shown 
that in E.  coli cells (but not in eukaryotes), gene se-
quences with a lower GC% content in the 5′ region are 
translated more efficiently [9].

Stability and toxicity of mRNA. mRNA toxicity. Ex-
pression of heterologous proteins often slows down the 
cell growth, which is usually associated with the toxici-
ty of expressed proteins or high metabolic burden [10]. 
However, it was found that some expressed heterologous 
mRNAs were toxic for E.  coli cells. Thus, transcrip-
tion of some synonymous variants of the GFP gene in 
E.  coli inhibited cell growth independently on the gene 
translation [11]. I was suggested that the mechanism of 
this effect, which is currently actively studied, is associ-
ated with the toxic effect of specific mRNA secondary 
structures.

mRNA degradation. The coupling of transcription 
and translation in bacteria results in mRNA coverage 
by the ribosomes and various protein factors already at 
the stage of mRNA synthesis, which protects mRNA 
against degradation by RNases. A high density of ribo-
somes on the actively translated mRNAs can efficiently 
prevent the action of endoribonucleases [12]. Howev-
er, comparing the stability of bacterial and eukaryotic 
mRNAs reveals that bacterial mRNAs exist for a rela-
tively short time. The half-life of most bacterial mRNAs 
varies from 40 seconds to 60 minutes, whereas eukary-
otic mRNAs can exist for up to several days [13]. This is 
believed to be associated with the absence in prokaryotes 
of specific mechanisms and proteins protecting mRNAs 
against degradation (e.g., those similar to polyA-binding 
protein in eukaryotes) [14]. The 5′- and 3′-untranslat-
ed regions (UTRs) of mRNAs, which lack bound ribo-
somes, are especially sensitive to the endonuclease activ-
ity and determine the stability of mRNAs in E. coli.

Thus, the 5′-UTR of the outer membrane protein 
(OmpA) mRNA forms a secondary structure that en-
sures the stability and increases fourfold the half-life of 
this mRNA [15,  16]. It is believed that the presence of 
highly structured 5′ regions inhibits the binding of en-
doribonucleases (e.g., RNase  E) to the 5′-terminal re-
gions of mRNAs unprotected by proteins [17]. However, 
it is difficult to evaluate the role of the 5′-terminal re-
gion stability in the efficiency of the mRNA expression, 
because the nucleotide composition of this region also 
plays a key role in the extremely important process of 
translation initiation [18-20], for which presence of the 
secondary structures is utterly unfavorable.

Changes in the 3′-UTR can also prolong the half-
life of mRNA and elevate the protein expression level. 
Thus, a replacement and/or shortening of the mRNA 
3′-end enhanced the mRNA stability and increased the 
amount of the produced protein [21]. This effect can 
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be due to: (i) a decrease in the formation on the mRNA 
3′-end of secondary structures susceptible to the ac-
tion of RNases specific toward the double-stranded 
RNA [22]; (ii) disruption of the interaction between the 
3′- and 5′-ends leading to the suppression of the mRNA 
degradation by RNases [23]; (iii) the presence of specif-
ic motifs (AU-rich motifs [24], RNase recognition sites, 
sRNA-binding sites, etc. [22]).

Translation. Translation initiation. Efficiency of ribo-
some binding. In E.  coli, the rate of translation and the 
protein yield are largely determined by the translation 
initiation; therefore, this stage is the most important 
target in the optimization of protein expression [25, 26]. 
The translation initiation rate depends on multiple fac-
tors, one of them being the affinity of the 16S rRNA of 
the 30S ribosomal subunit to the Shine–Dalgarno (SD) 
sequence located in the mRNA translation initiation 
region (TIR). It was shown that the energy of binding 
between the 16S rRNA and SD sequence is in a good 
correlation with the observed levels of protein expres-
sion [6, 27, 28].

Despite this correlation, all attempts to develop uni-
versal SD sequences providing efficient synthesis of any 
CDS have been unsuccessful. A standard SD sequence 
that successfully initiates translation of one sequence, 
might not work with another sequence, thus requiring 
the development of the optimal SD sequence for each 
individual CDS [6, 27, 29]. Most likely, this is due to 
the fact that the nucleotide composition of the SD se-
quence region might affect the formation of the mRNA 
secondary structures in the TIR, which, in their turn, 
determine the protein expression level. The replace-
ment of the SD sequence can lead to the formation on 
the mRNA 5′-end of the secondary structures decreas-
ing the efficiency of translation initiation and protein ex-

pression. For this reason, the SD sequence is typically 
optimized for each gene.

Bicistronic design (BCD) is an example of the SD 
sequence optimization without disturbance of the sec-
ondary structure of the mRNA 5′-end [6]. This method 
is based on translational coupling of two fused sequenc-
es, wherein the translation of the downstream CDS de-
pends on the translation of the upstream cistron and 
supposedly results from the reinitiation of translation by 
the same ribosomes[30, 31]. The optimal structure of the 
TIR is provided by the SD sequence and the short CDS 
of the first cistron, which prevents the inf luence of the 
mRNA secondary structures on the downstream CDS, 
thus allowing selection of optimal SD variant. In theory, 
such separation of the second CDS should simplify the 
development of standardized SD sequences for the effi-
cient translation initiation of any CDS [6, 27, 29].

TIR secondary structure. Numerous studies have 
shown that the level of protein expression in E.  coli is 
most strongly affected by the formation of stable sec-
ondary structures in the mRNA 5′-terminal region (TIR 
in the 5′-UTR and 5′-terminal fragments of the CDS) 
[18-20, 32-34]. This inf luence is often explained by the 
effect of the mRNA secondary structure on the efficien-
cy of ribosome binding and translation initiation (Fig. 1) 
[19], which is believed to determine the overall protein 
synthesis rate [35]. It was shown that formation of stable 
hairpins in the mRNA 5′-terminal region decreases the 
efficiency of mRNA translation hundred times [36].

This hypothesis was confirmed by the discovery of 
mRNA secondary structures in vivo using the molecules 
selectively reacting with unpaired RNA bases, such as 
SHAPE [37] and DMS [38] probes. After the cells were 
treated with these compounds, their mRNA was se-
quenced in order to map modifications and to identify 

Fig. 1. The inf luence of the TIR secondary structure on the translation initiation efficiency. The ribosome easily binds to the SD sequence of 
mRNA lacking the secondary structure in the 5′-terminal region (top); the presence of the secondary structures in the region including the SD 
sequence hinders the binding of ribosomes (bottom).



INFLUENCE OF GENE NUCLEOTIDE COMPOSITION S179

BIOCHEMISTRY (Moscow) Vol. 88 Suppl. 1 2023

unstructured and structured regions in the mRNA. 
One of the studies has shown that the efficiency of gene 
translation in E.  coli cells was strongly determined by 
the absence in the TIR of the mRNA secondary struc-
tures that limited the availability of the SD sequence for 
the ribosomes [39, 40].

Translation elongation. Fast and slow codons. So far, 
no organisms with a full set of tRNAs with anticodons 
complementary to each of the 61 coding triplets have 
been found (e.g., E.  coli has 39 tRNAs, Fig.  2) [41]. 
Translation of synonymous codons by the same tRNA 
occurs through the codon–anticodon interactions in 
which the first two bases of the codon form canoni-
cal Watson–Crick pairs (A/U, G/C) with the antico-
don, whereas the third position allows the noncanon-
ical pairing (G/U, A/I) due to wobbling. However, the 
affinity of the interaction between synonymous codons 
and the same tRNA is different. For instance, tRNAs 
of the 5′-GNN-3′ type have a higher affinity toward the 
5′-NNC-3′ codons than toward the 5′-NNU-3′ codons 
[42, 43]. Another important factor in the recognition of 
synonymous codons in the wobble hypothesis is modi-
fication of tRNAs. E. coli has very few codons that can 
be recognized by unmodified tRNAs [44]. Thus, the 
cmo5U modification of the wobbling U base was detect-
ed in the tRNAs of the Ala, Leu, Pro, Ser, Thr, and Val 
codon families [45]. This modification allows the corre-
sponding tRNA to recognize the codons with U, A, G, 
and C as the third base. Initially, it was believed that this 
modified base has an equal affinity toward any paired 
base; however, later studies have shown that its affini-
ty to the codons ending with A or U is higher than for 
the codons ending with G or C [46], which affects the 
codon decoding rate.

Therefore, the kinetics of synonymous codon trans-
lation depends on numerous factors, such as: (i)  the 
availability of the corresponding aminoacyl-tRNA, 
which depends on the gene copy number for this tRNA 
and the level of its expression [47, 48], (ii) the presence 
and the extent of tRNA modification [44,  49], (iii)  the 
competition between different tRNAs for the codon 
ref lecting their affinity and binding strength [50].

In general, a codon may be called slow if it slows 
down the process of elongation when decoded by the 
ribosome, independently of the mechanism of this phe-
nomenon. Multiple attempts have been made to quan-
titatively assess the contribution of different codons to 
the rate and level of protein expression. The codon ad-
aptation index (CAI) is the simplest parameter used to 
evaluate the representation of different codons in a gene 
of interest relatively to the codon composition of a set 
of standard genes with high expression levels [51]. This 
index is frequently used in the algorithms employed for 
the codon optimization for heterologous protein expres-
sion in E.  coli [52]. However, it is far from perfect be-
cause of the following: (i)  some mRNA regions display 

specific patterns of codon preference, often unrelated to 
the codon preference in the entire organism. Thus, the 
5′-ends of CDSs of prokaryotic genes contain a region 
of ~15 codons that are often slow, which is important 
for proper initiation of elongation; (ii)  the criteria for 
choosing the reference highly expressed genes are lack-
ing as they depend on a large number of factors; (iii) in 
the case of heterologous expression, the expression ma-
chinery and specific features of codon preference can 
differ in the gene donor and host organisms.

To assess more accurately the rate of codon de-
coding, it was proposed to use the tRNA adaptation 
index  (tAI) [53] that takes in account the number of 
gene copies for a tRNA specific for a given codon in 
the host cell (which is assumed to correlate with the 
tRNA content in the cell) and the efficiency of the co-
don binding with the anticodon according to the prin-
ciples of Crick’s wobbling. Although this index is more 
accurate, it does not take into account changes in the 
concentration of tRNAs (including aminoacyl-tRNAs 
and modified tRNAs) under different conditions. For 
instance, it was found that in bacteria, the extent of ami-
noacylation and modification of tRNAs recognizing 
synonymous codons can strongly f luctuate in response 
to amino acid starvation and depends on the cell division 
stage [54, 55]. The most recent and informative parame-
ter that accounts not only for the total amount of tRNA, 
but also for the competition between the ribosomes for 
the tRNAs interacting with the same codon group, is 
the normalized translational efficiency (nTE) [56]. For a 
particular codon, nTE is the ratio of tAI to the transla-
tion frequency of this codon in an organism.

Although the elongation rate calculated based on 
tAI and nTE correlates well with the experimental data, 
further development of methods for the codon compo-
sition analysis should provide even more accurate pre-
dictions. The most important parameter for calculating 
the codon decoding rate is the concentration of mature 
tRNAs (aminoacyl-tRNAs and modified tRNAs) ready 
for the delivery of amino acids to the translation site. 
However, if the level of aminoacylation can be theoret-
ically assessed from the gene copy number for a specif-
ic tRNA (as it is done for nTE and tAI), the extent of 
tRNA modification is difficult to evaluate. The mecha-
nisms responsible for the tRNA modification in E.  coli 
are poorly studied, but their importance in the regula-
tion of mRNA translation is commonly recognized [49].

Translational ramp. Another specific feature of 
translation in E. coli cells is the preference for slow co-
dons in the 5′-terminal region of the CDS termed the 
translational ramp [56, 57]. Analysis of the distribution 
of slow codons in E.  coli genes revealed that the high-
ly expressed genes contain ~10-15 relatively rare/slowly 
translated codons downstream of the start codon [56]. 
This finding has been confirmed in the experiments on 
ribosome profiling [32, 57, 58]. This approach is based 
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Fig. 2. Codon frequency (%) in all CDSs and the number of tRNA gene copies (#) in E. coli K12 (Eco, blue) and Homo sapiens (Hsa, red) (from 
http://gtrnadb.ucsc.edu). * Suppressor tRNAs for the stop codons. ** tRNA for selenocysteine and suppressor tRNAs for the TGA stop codon.

on the observation that the translating ribosome pro-
tects the mRNA region to which it is bound against the 
degradation by nucleases [12]. After suppressing trans-
lation with the translation elongation inhibitors, mRNA 
is treated with RNases, followed by sequencing of the 
mRNA fragments protected by the ribosomes. This al-
lows to identify the position of the ribosome at the mo-
ment of translational arrest. These experiments showed 
an accumulation of ribosomes on the 5′-terminal region 
of the CDS, indicating a relatively low rate of translation 
in this region [32, 57, 58].

It is assumed that the slower ribosomal elongation 
speed leads to the uniform distribution of the ribosomes, 

which reduces ribosomal collisions and jamming during 
for the highly expressed genes with a relatively high ri-
bosomal density (Fig. 3) [57, 58]. However, this finding 
can be explained otherwise: the evolutionary selection 
against the secondary structures at the mRNA 5′-end 
to facilitate translation initiation of the highly expressed 
genes was more important than the selection pressure 
toward the fast-translated codons [19]. In this case, the 
speed of ribosome movement after the translation initi-
ation has to be balanced with the necessity for the ab-
sence of secondary structures at the mRNA 5′-end.

Synonymous codon ordering. The distribution of syn-
onymous codons in the open reading frame is not random 
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Fig. 3. Proposed effect of the translational ramp on translation; green,  clusters of frequent codons in mRNA; red,  clusters of rare codons. 
The proper distribution of rare codons in the region downstream of the start codon promotes a uniform distribution of ribosomes along the mRNA 
(top). When codon and/or host replacement affects the rate of the ribosome movement at the mRNA 5′-end, uneven distribution of the ribosomes 
might lead to the collision, jamming and premature termination of translation (below).

and follows a particular pattern [59]. It was shown that 
the arrangement of identical and some isoacceptor (rec-
ognized by the same tRNA) codons in the immediate 
proximity to each other usually favors translation.

This effect is believed to be associated with the fact 
that modification of the wobbling tRNA base affects not 
only the specificity, but also the affinity/efficiency of the 
tRNA molecule in the recognition of various codons. 
In theory, this can contribute to the development of the 
distribution patterns of synonymous codons (codon or-
dering) in bacteria under the pressure of evolutionary 
selection. Only identical pairs of codons and non-iden-
tical pairs in which the two codons are recognized with 
an equal (or close) high affinity by the same modified 
tRNA will favor translation and will be accumulated in 
bacterial genomes [59].

SD-like sequences are elements complementary or 
partially complementary to the anti-SD sequence of 
the 16S rRNA. It has been shown that the presence of 
SD-like sequences in bacterial CDSs can slow down the 
translation elongation and lead to a significant decrease 
in the protein production [60]. In most prokaryotes, in-
cluding E. coli, the SD-like motifs are subjects of nega-
tive selection during the evolution [61, 62].

The AGG-AGG (Arg-Arg) pair is one of the most 
slowly translated codon pairs in vivo, presumably because 
of its significant affinity for the 16S rRNA fragment 
complementary to the SD sequence. This assumption has 
been confirmed by the finding that even an increase in 
the pool of the corresponding tRNAARG

AGG due to the in-
troduction of a multicopy plasmid containing gene (argU) 
for this tRNA failed to accelerate the translation of this 

pair [63, 64]. The placement of the AGG-AGG sequence 
into the 5′-terminal region of the CDS essentially de-
creased the protein expression level. The closer the intro-
duced sequence was to the start codon, the stronger was 
its negative effect on protein expression [65].

Beside decreasing the protein expression level, a 
similar tandem of the codons (AGG-AGA) not only 
slowed down the translation, but also caused the pre-
mature termination with the production of a truncated 
protein [64]. Hence, these sequences should be avoided 
in the recombinant expression of genes in E. coli.

Ribosome collisions and jamming. In E. coli cells, the 
same mRNA molecule is simultaneously translated by 
several ribosomes with the formation of so-called poly-
some (Fig.  4). Polysomes can increase the translation 
efficiency by protecting the mRNA against degradation 
and increasing the time of its existence as a translation 
template [12]. Moreover, due to their helicase activi-
ty [66], ribosomes can destabilize the mRNA second-
ary structure, thus affecting the availability of the ribo-
some-binding site for the translation initiation [67, 68].

However, a high density of ribosomes on the 
mRNA in combination with the existence of rapidly 
translated regions and/or regions where translation is 
slowed down on the slow codons can lead to the ribo-
somal collision and jamming, which ultimately reduc-
es the translation efficiency because of the translation 
slowing or even complete termination [69]. In particular, 
ribosomal collisions promote spontaneous dissociation 
of the jammed ribosomes or trigger the pathways lead-
ing to the dissociation of jammed ribosomes and mRNA 
degradation [70, 71].
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Fig. 4. Synchronous transcription/translation and formation of polysomes in bacteria.

Moreover, E. coli cells have a mechanism for releas-
ing the jammed ribosomes that involves recognition of 
the stalled 50S subunits and proteolytic degradation of a 
partially formed polypeptide chain [72]. Therefore, bac-
teria possess the mechanisms for cotranslational degra-
dation of mRNA and growing polypeptide that can also 
affect the translation efficiency.

The optimal distribution of ribosomes on the mRNA 
can be affected not only by the overall codon compo-
sition, but also by the translational ramp. Slow elonga-
tion at the early stages of translation can inf luence fur-
ther uniform distribution of ribosomes along the entire 
mRNA molecule and thus prevent ribosomal collision 
and jamming [57].

Cotranslational folding of proteins. Slowing down 
elongation at certain translational stages can be critical for 
the proper folding of the growing polypeptide chain [73].

Protein folding in vivo starts during translation, when 
the leading peptide is released from the ribosomal tunnel. 
Variations in the local translation rate can promote local 
protein folding, allowing sequential structuring of do-
mains of polypeptide chains emerging from the ribosome 
[74, 75]. A decrease in the translation rate increases the 
time required for the nascent polypeptide to fold correct-
ly and to form the structural domains before the release 
of amino acid residues belonging to the other domains 
(Fig. 5). Alternatively, the acceleration of translation al-
lows an entire domain to appear in a consistent manner, 
without formation of defective structures [76, 77].

Moreover, rare codons important for the protein 
folding were found not only in the unstructured interdo-
main regions, but also in the structured domains. There-
fore, slowing down translation can be important for the 
folding of smaller structural subelements [78].

It has been shown experimentally that the replace-
ment of rare codons by synonymous fast codons can 
lead to incorrect folding resulting in the protein aggre-
gation (formation of inclusion bodies), degradation 
[79,  80], or emergence of proteins with altered func-
tional properties. Thus, synonymous mutations can 
affect even the substrate specificity of enzymes [81], 
as well the phosphorylation profiles and activity 
of proteins [82].

It should be noted also that some structurally and/
or functionally important protein fragments (e.g., en-
zyme active sites) can be encoded by frequent codons 
not because of the folding kinetics, but due to a more 
accurate translation of frequent codons that reduces the 
probability of error emergence in this fragment [83].

Termination of translation. Secondary structure of the 
mRNA 3′-end. It was found that the 3′-terminal regions 
of E.  coli mRNAs have a decreased GC% content 
[33,  84], presumably due to the evolutionary selection 
against strong secondary structures that can affect nor-
mal termination of translation [33, 84-86]. This is evi-
denced by the correlation (although a poor one) between 
the reduced GC% content in the 3′-end of mRNA and 
increased protein expression in E.  coli [33].There are 
also the differences in the codon usage preference in 
eukaryotes and prokaryotes: at the 3′-end of the gene 
CDSs preference for A/T-ending codons is more pro-
nounced in bacteria than in eukaryotes [87].

Selection of stop codon. E. coli cells lack tRNAs ca-
pable of decoding the UAA, UAG, and UGA stop co-
dons. Instead, UAG is decoded by the release factor  1 
(RF1), UGA is decoded by RF2, and UAA is recognized 
by both RF1 and RF2. RF3 stimulates the termination 
of translation on all three stop codons [88, 89].
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Fig. 5. Effect of changes in the translation rate of mRNA encoding an unstructured interdomain region on the folding of the entire protein mol-
ecule. When passing through the mRNA fragment encoding an unstructured interdomain region, the ribosomes can be slowed down to give time 
for the nascent polypeptide to fold properly (top); in the case of heterologous expression (host organism with different tRNA pool) or incorrect co-
don replacement in mRNA optimization, the ribosomes can pass this region faster, leading to the incorrect folding of the protein molecule (bottom).

The most frequently used stop codon in E.  coli is 
UAA, whereas UAG is used least frequently [84,  90]. 
The base following the stop codon can be an important 
element of the translation termination signal. The  ter-
mination efficiency markedly depends on the com-
bination of the stop codon and the following fourth 
base: from 80% for UAAU, which is present along with 
UAAG in the majority of highly expressed genes, to 7% 
for the least efficient UGAC [91]. These data are typi-
cally explained by the contribution of the fourth base 
to the RF3 binding efficiency. Some research results 
also suggest that bases downstream of the stop codon 
(+4-+10) can also contribute to the termination ef-
ficiency by interacting with RF3 [92,  93], although no 
unambiguous evidence has been obtained yet to confirm 
this hypothesis.

It was suggested that the difference in the termi-
nation efficiency of different stop signals can be related 
to the rate and efficiency of the termination signal de-
coding [94], which, in turn, depends on the RF concen-
tration for each stop codon, their binding affinity, and 
recycling rates [90]. Because the UAA codon is recog-
nized by both RFs, the effect of the above parameters 
on the decoding efficiency for this codon is less pro-
nounced. This is confirmed by the data that the efficien-
cy of decoding strong stop signals UAAU and UAAG 
was significantly improved by the increase in the RF3 
expression, while the efficiency of decoding weak signals 
was only modestly affected [95]. In the RF3-deficient 
cells, UAA demonstrated the highest efficiency and ac-
curacy in comparison with UGA. The use of the UGA 
codon in these cells led to the increase in the number 
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of recoding events and ribosome accumulation near the 
stop codon [96].

Inefficient translation termination can induce ri-
bosomal jamming, which might have a negative effect 
on the translation elongation, e.g., when several ribo-
somes accumulate on the translated mRNA before the 
stop codon [97]. Ribosomal jamming plays an espe-
cially noticeable role in the translation of short genes. 
Because of this, the most frequent stop codon in short, 
highly expressed genes in E. coli is UAA, instead of less 
efficient UGA [98]. Moreover, the dissociation of termi-
nation factors is important for the renovation of free ri-
bosomal pool, which is essential for fast translation and 
promotion of protein expression [97].

THE USE OF CODON PREFERENCE

Improvement of expressing strain. As mentioned 
above, the rates of the codon decoding and, therefore, 
translation are often associated with the amount of tRNA 
decoding this codon. Several attempts have been made 
to increase the level of heterologous protein expression 
by introduction into the expressing strain of additional 
copies of the tRNA genes corresponding to the rare co-
dons slowly translated in E. coli. Thus, E. coli Rosetta™ 
2(DE3)pLysS strains contain the pRARE plasmid cod-
ing for tRNAs recognizing the AGG, AGA, AUA, CUA, 
CCC, and GGA codons. E. coli BL21-CodonPlus strain 
contains the pRIL plasmid coding for tRNAs specific 
for four codons rare in E.  coli [99]. However, this ap-
proach solves only the problem associated with the slow 
ribosome movement and does not take into consider-
ation the codon usage bias in different parts of the ex-
pressed gene.

Codon optimization. The codon preference for par-
ticular gene regions (codon usage bias) has formed in 
the course of evolution, and our major task now is to 
understand the principles for the efficient expression 
of  proteins in heterologous systems. While achieving 
more comprehensive understanding of these principles 
and discovering the new ones, the scientists have grad-
ually abandoned the concept that in order to achieve the 
high levels of protein expression, synthetic genes should 
contain as many frequent/rapidly translated codons 
as possible.

Standard constructs for increasing expression. The eas-
iest approach to the expression optimization is the use of 
standard regulatory elements (promoters, SD sequences, 
TIRs, etc.) that could be reliably and reproducibly used 
in combination with the target genes to increase the ex-
pression levels of the recombinant proteins [6]. Howev-
er, because of the lack of full understanding of all fac-
tors determining the efficiency of protein expression, the 
development and application of such constructs are only 
at the initial stage. Even in the well-known organisms, 

such as E.  coli, apparently simple genetic constructs 
behave differently in different expression systems (i.e., 
using different expression constructs, strains, media, 
and cultivation conditions) [100].

Multiple experimental data have indicated that the 
efficiency of protein translation in E. coli is strongly de-
termined by the mRNA 5′-UTR. As mentioned above, 
formation of secondary structures in this region is gen-
erally believed to be the main factor suppressing protein 
translation. These secondary structures can be formed 
not only by the mRNA 5′-UTR, but also with the in-
volvement of 10-15 downstream codons in the CDS 
[6, 19, 20]. This noticeably hinders the development 
of standard constructs, because the SD sequences that 
work efficiently in the translation initiation for some 
CDSs sequences can be inactive with other CDSs [27]. 
Nevertheless, the attempts have been made to create 
the standard constructs by separating the two regions. 
To achieve stable gene expression, the authors of [101] 
used standardized modules, such as mRNA 5′-UTR 
and sequences coding for the N-terminal protein frag-
ments that were cleaved off later to obtain the target 
protein  [101]. In another study, the biscistronic mod-
ules have been successfully used for the separation of 
sequences responsible for the efficient translation initia-
tion from the SD sequence and CDS [6, 18].

The creation of standard promoters is not an ex-
tremely challenging task, since it has been shown that 
the promoter strength does not vary strongly with differ-
ent genes and remains at a predictable level [18].

Computer-assisted genes optimization. The most fre-
quently used method of computer-assisted gene opti-
mization is the adaptation of gene codon composition 
in accordance with the indices of codon usage in a se-
lected expressing host [52]. For example, CAI is the 
most widespread method for analyzing codon usage that 
measures the deviation of a given CDS with respect to a 
set of highly expressed host reference genes (algorithms 
CAI calculator, CAIcal, CodonO, and CodonW).

Some laboratory-developed and commercial al-
gorithms also take into consideration a number of ad-
ditional parameters, such as the GC% content and the 
absence of specific motifs, such as the SD sequences, 
RNase  E sites, or repeats with strong secondary struc-
ture within the CDS. Only several algorithms are direct-
ed to the minimization of secondary structures in the 
mRNA 5′-region, although this parameter is one of the 
key factors determining the efficiency of translation ini-
tiation and protein expression level [102].

Codon harmonization is another method of gene 
optimization. In this method, the codons in the ex-
pressed gene are replaced with the codons that have a 
similar translation rate in the heterologous expressing 
host [103], i.e., have a similar usage frequency [73, 82, 
104]. This approach is frequently used for the optimiza-
tion of protein folding in E. coli [105, 106].
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Despite all the progress in this field, we still lack 
a  comprehensive understanding of the codon composi-
tion inf luence on the expression and folding of heterolo-
gous proteins, which makes computer-assisted gene op-
timization very challenging. Many developed algorithms 
that account for multiple parameters (e.g., Eugene, 
DNA-Tailor) leave it for the user to establish the pref-
erences for optimization, which is difficult because of 
the existing uncertainty about the importance of each 
parameter. This problem can be partly solved by using 
machine learning technologies which have been proven 
as good tools for the processing of large sets of related 
data. Various types of machine learning can be used for 
creating reliable algorithms to improve synthetic gene 
sequences. Thus, deep learning was used to create a 
novel codon optimization method in [107]. In this work, 
the training data including 4906 genes were selected 
from the DNA sequences of E.  coli available from the 
NCBI database. Experimental verification has shown 
that this method was sufficiently efficient for increas-
ing protein expression and commercially competitive. 
At present, machine learning methods are used mainly 
for the analysis of codon preferences in eukaryotes, e.g., 
Saccharomyces cerevisiae [108-110].

Such approaches are promising for improving pre-
diction of protein expression level and folding. Howev-
er, creation of machine learning algorithms requires the 
use of large datasets that have to be homogenous in or-
der to avoid incorrect ratios between the parameters in 
the neuronal network. Another serious problem is that 
application of machine learning does not necessarily 
lead to a deeper understanding of biological processes. 
It is only a successful attempt to increase a given param-
eter, while deep neural network is a “black box” [107].

Therefore, enhancement of heterologous protein 
production using computer algorithms for codon op-
timization remains a method of trials and errors. Test-
ing several variants increases the probability of success, 
but also increases the labor costs.

Library-based optimization methods. An alternative 
approach to the computer-assisted gene optimization 
and use of standard constructs is creation of librar-
ies of synthetic plasmids with the randomized gene re-
gions in need of optimization and the following screen-
ing of the resulting sequences for the expression levels. 
Synthetic libraries are widely used for the optimization 
of promoters [5,  6], SD sequences, TIRs [6,  18], and 
5′-UTRs  +  CDSs [111,  112]. Along with the machine 
learning methods, randomized plasmid libraries are 
less dependent on our understanding of the mecha-
nisms and specific features of codon preference because 
they allow to synchronously analyze multiple sequence 
variants. The creation of synthetic libraries and anal-
ysis of data obtained in such experiments also promote 
the development of new computer algorithms for gene 
optimization.

The main approach in the screening of libraries is 
the fusion of the CDS with the reporter protein. In this 
case, the level of protein expression and other parame-
ters are evaluated based on the changes in the reporter 
signal intensity. Commonly used reporters are f luores-
cent proteins, such as mCherry, GFP, or superfolder 
GFP, which is a special form of GFP developed for ex-
pression of fusion proteins in E.  coli [113]. Clones with 
the highest expression level of target protein are selected 
after plating on Petri dishes [114] or by cell sorting [19] 
based on the f luorescence signal intensity. Another type 
of reporter proteins are factors of antibiotic resistance. 
In this case, expressing cells are selected by screening the 
colonies grown on Petri dishes with a medium contain-
ing gradually increasing antibiotic concentrations. The 
clones with a higher level of the fused protein expression 
will demonstrate a high survival rate [111].

Some researchers believe that the presence of the 
reporter can distort the properties of the target protein, 
e.g., its solubility and expression level, which can lead to 
the false-positive or false-negative results. For this rea-
son, recently developed TARSyn (tunable antibiotic re-
sistance devices enabling bacterial synthetic evolution) 
system uses translational coupling devices sandwiched 
between the CDS and antibiotic selection marker using 
the BCD approach. This system has been demonstrated 
to ensure a highly productive selection of constructs with 
the optimized mRNA 5′-end for the expression of anti-
bodies in E. coli [111].

However, the number of sequences that can be an-
alyzed without highly efficient screening procedures 
is limited. On average, the complete degeneracy of 15 
codons with no changes in the amino acid composi-
tion creates a library with ~2×107 variants that cannot 
be analyzed even by the most modern high-throughput 
methods. Therefore, the majority of studies using the 
library optimization methods (i)  limit themselves to a 
lesser number of degenerated nucleotides or (ii) use the 
screening approaches that reduce the number of variants 
(for instance, TARSyn) [111]. Therefore, despite its ob-
vious advantages, this approach seems to be most pro-
ductive for the optimization of short gene regions, such 
as the SD sequences, promoters, TIRs, 5′-UTRs, etc., 
due to the used of limited-throughput assays insufficient 
for the analysis of large libraries and the absence of sim-
ple gene engineering methods for the randomization of 
long gene regions.

CONCLUSION

Development of gene optimization algorithms re-
mains a challenging task that often limits the use of syn-
thetic genes in biotechnology due to the problems of 
low protein yield or incorrect folding. Most gene opti-
mization methods use obsolete parameters, such as CAI 
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or decrease in the number rare codon, without taking 
into account the results obtained in this field during 
the last years.

It has become obvious that using a single parameter 
for the optimization of an entire gene, without consid-
ering the codon preference bias, does not produce the 
desired result. The 5′- and 3′-ends of UTRs and CDS, 
domain boundaries, and other gene regions have differ-
ent nucleotide preference patterns and can affect differ-
ently the level of protein expression and protein folding. 
Our current knowledge allows to some extent to create 
the constructs with the individually optimized gene re-
gions, e.g., by using computer-assisted minimization 
of the mRNA 5′-end secondary structure (for increas-
ing protein expression) [115] or by optimization of do-
main boundaries (for more efficient protein folding) 
[116,  117]. However, because of our incomplete under-
standing of the underlying processes, these methods 
still remain the trial-and-errors approaches. Therefore, 
creation of optimal synthetic constructs requires deeper 
comprehension of the codon preference for the individ-
ual gene regions and their combination.

The method of synthetic libraries is another widely 
used approach for the codon optimization, in which the 
optimization is achieved through the randomization of 
the regulatory and/or coding sequences followed by the 
analysis of the protein expression level based on the inten-
sity of the reporter signal. The main problem of this ap-
proach is a rapid increase in the number of variants in the 
library with the increase in the randomized region size. 
Even analyzing the data after randomization of an indi-
vidual region (for instance, 5′-UTR + CDS) is a nontriv-
ial task and is limited to ~300,000 variants [18]. There are 
several ways to solve this problem. The first one is to use 
the regularities observed in previous experiments in order 
to limit the number of randomized variants and to de-
crease the library size. In theory, the principles of library 
construction obtained after several iterations should more 
adequately describe the principles of codon preference 
for a particular gene region, which will essentially sim-
plify the analysis. Alternatively, the systems based on the 
use of reporter proteins can be used to limit the increase 
in the number of non-optimal variants. For example, the 
TARSyn system made it possible to select highly express-
ing clones based on their antibiotic resistance [111].

The development and use of new highly productive 
methods, such as the high-throughput sequencing, tran-
scriptomics, and proteomics, also allow to obtain more 
significant and representative datasets that can be used 
for creating predictive theories and algorithms of gene 
optimization. The resulting large datasets can be ana-
lyzed using the machine learning algorithms [118]. Such 
approaches can be of help for more reliable identifica-
tion of unknown functions and factors, as well as for the 
development of more elaborate algorithms for predicting 
protein expression levels.

In general, our understanding of the fundamen-
tal principles of codon preference and gene expression, 
as well as using this knowledge for solving the practi-
cal tasks, require more detailed studies. An important 
problem is the development of a model for evaluating 
the decoding rate of individual codons under normal 
conditions. The current metric parameters, such as tAI 
and nTE, ensure rather good prediction; however, they 
do not account for the content of aminoacyl-tRNAs 
and modified aminoacyl-tRNAs. Many organisms, in-
cluding E.  coli, can change the profiles of tRNA mod-
ification and aminoacylation under different growth 
conditions or under stress. From this point of view, the 
optimality of codons may be considered as a dynamic 
parameter (i.e., different fast or slow codons are required 
for an appropriate response to the changing condi-
tions [119]) and, therefore, the experimental conditions 
should be normalized for the proper understanding of 
the corresponding processes. More accurate models for 
predicting the codon decoding rate can be useful for 
solving the problems of the ribosome movement speed, 
translational ramp, translational pauses, and translation-
dependent folding.

Another, but no less important problem is the de-
velopment of an accurate model of the gene segmenta-
tion accounting for the mutual effect of the codon com-
position of gene segments. As each gene segment has its 
own requirements for the codon optimization, it is im-
portant to find out how the codon preference of one seg-
ment affects the codon preference of another segment. 
When analyzing the effects of the CDS parameters on 
expression (e.g., the inf luence of the mRNA secondary 
structure on the expression level), it is important to min-
imize the interaction between the individual gene seg-
ments to assess the inf luence of each segment on the an-
alyzed value. This approach will allow to reveal in more 
detail the codon preferences bias for the individual gene 
segments and/or their combinations.

Despite an impressive progress in protein expres-
sion, further improvement and development of new ex-
perimental and computational methods is essential for 
solving key problems in this field.
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