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Abstract

Codon usage bias, the preference for certain synonymous codons, is found in
all genomes. Although synonymous mutations were previously thought to be
silent, a large body of evidence has demonstrated that codon usage can play
major roles in determining gene expression levels and protein structures.
Codon usage influences translation elongation speed and regulates transla-
tion efficiency and accuracy. Adaptation of codon usage to tRNA expression
determines the proteome landscape. In addition, codon usage biases result
in nonuniform ribosome decoding rates on mRNAs, which in turn influence
the cotranslational protein folding process that s critical for protein function
in diverse biological processes. Conserved genome-wide correlations have
also been found between codon usage and protein structures. Furthermore,
codon usage is a major determinant of mRNA levels through translation-
dependent effects on mRNA decay and translation-independent effects on
transcriptional and posttranscriptional processes. Here, we discuss the mul-
tifaceted roles and mechanisms of codon usage in different gene regulatory
processes.
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INTRODUCTION

The central dogma of molecular biology describes the flow of genetic information from DNA to
RNA to protein. Transcription of DNA generates mRNA, and the coding region of the mRNA
is translated to protein by ribosomes. The amino acid sequence of the protein is determined by
the triplet genetic codons, which are individually deciphered through the interaction of amino
acid-specific tRNAs with the ribosome to direct the synthesis of a protein with a defined struc-
ture. Studies of the regulation of this information pathway, which results in the production of the
optimal amount of active protein, have been focused on transcriptional and posttranscriptional
controls that determine mRINA levels, as well as posttranslational mechanisms that regulate pro-
tein structure, activity, and stability. The level of transcription is mostly thought to be determined
by promoter strength and upstream regulatory elements, whereas posttranslational modifications
and protein degradation processes determine functional protein levels.

The degeneracy of genetic codons, predominantly due to flexibility in the identity of the third
nucleotide—in what is known as the wobble position—allows 18 of the 20 standard amino acids
to be encoded by two to six synonymous codons. Although the genetic code is almost identical
in all organisms, the preferential use of certain synonymous codons, a phenomenon called codon
usage bias, has been found in all genomes evaluated (1-3). The preferentially used synonymous
codons are called preferred or optimal codons (i.e., codons with high optimality), and others are
referred to as nonoptimal or rare codons. Different organisms have different codon usage biases.
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Mammals have a bias for C/G at wobble positions, whereas budding yeast prefer A/U codons,
likely due to different mutation biases in each organism (3, 4). Within each genome, genes have
a wide range of codon usage bias distributions. Some genes exhibit strong codon usage bias,
but others have weak or even opposite biases (5). Furthermore, different regions of the same
open reading frame (ORF) can have different codon usage biases. Because synonymous codon
mutations do not change protein sequences, synonymous codons were previously considered to
be redundant, and their mutations were regarded as silent mutations. However, accumulating
genetic, biochemical, molecular, and bioinformatic evidence now demonstrates that gene codon
usage acts as an important layer of genetic information that influences protein expression levels
and structure (3, 6-8). Although codon optimization for heterologous gene expression has been
widely and successfully used in biotechnology and biological studies (8), the mechanisms that lead
to the enhancement of gene expression when codons are optimized are not clear. Understanding
the roles and mechanisms by which codon usage regulates the flow of genetic information will
have major impacts on our understanding of gene regulatory mechanisms.

In diverse eukaryotes and prokaryotes, highly expressed protein-encoding genes, such as ri-
bosomal protein genes, are strongly enriched with optimal codons. Genome codon usage bias
often correlates with levels of cognate tRINAs or with corresponding tRNA gene copy numbers
(1,9-12), suggesting that different synonymous codons may be decoded with different efficiencies
to influence the translation elongation process. Genome-wide correlations between codon usage
bias and protein levels have also been observed (13), suggesting that codon usage can determine
protein expression levels. Indeed, codon optimization of endogenous genes in many prokaryotic
and eukaryotic organisms leads to upregulation of protein production, sometimes by many hun-
dredfold (5, 13-18). Moreover, codon usage is now known to influence multiple steps during the
translation process by regulating elongation speed, translation efficiency, initiation, and termina-
tion, as well as accuracy (Table 1). Genetic and biochemical evidence also shows that codon usage
affects cotranslational protein folding due to its effect on translation elongation speed. In addi-
tion to these effects on translation, codon usage is now known to play a major role in determining
mRNA levels due to its translation-dependent effect on RINA stability. Furthermore, translation-
independent effects of codon usage due to differences in nucleotide sequences can play important
roles in transcription, chromatin structure, splicing, mRNA structure, transcriptional termination,
and mRNA export (Table 1). Therefore, codon usage represents a previously unappreciated code
that has multiple functions during the gene expression process. Here, we provide a systematic re-
view of different functions and mechanisms of codon usage that are involved in gene expression,
protein synthesis, and cotranslational protein folding with an emphasis on recent experimental
advances.

CODON USAGE REGULATES TRANSLATION ELONGATION SPEED

During the translation elongation cycle, the search for and selection of the cognate tRNA that
recognizes the corresponding codon comprise the rate-limiting step, whereas the transpeptida-
tion and ribosome translocation steps are usually fast. Early studies in Escherichia coli based on
reporter genes and biochemical assays suggested that the rate of synthesis of heterologous protein
can be determined by codon usage and cognate tRNA concentrations (19, 20). This effect was
proposed to be due to the role of codon usage in regulating mRINA translation elongation speed,;
rare codons may take longer to be recognized because their corresponding tRINAs are present at
low concentrations (1, 3, 21). However, most of the early experimental studies concerning the role
of codon usage in the control of elongation speed relied on indirect measurements and protein
overexpression systems, which led to conflicting conclusions (19, 22-24).
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Table 1 Translation-dependent and translation-independent effects of codon usage

Translation-dependent cell
function

Effect of codon usage

Translation elongation

Optimal codons speed up the translation elongation rate, while rare codons slow it down,
due to differential expression levels of corresponding tRINAs.

Translation efficiency

Codon usage regulates protein synthesis by affecting the amount of protein produced per
mRNA in a given time.

Translation initiation

Rare codons can cause ribosome stalling and may inhibit translation initiation, whereas
optimal codons may result in rapid liberation of start codons and high initiation rates.

Translation fidelity

Codon usage regulates the fidelity of amino acid incorporation and maintenance of the
translation reading frame.

Premature termination

Rare codons can cause ribosome stalling and promote eRF1-mediated premature translation
termination at sense codons.

tRINA expression, modification,

and charging

Differential tRNA expression levels and tRINA modification and charging levels determine
codon usage-biased mRINA translation in different tissues and cell types.

Cotranslational protein folding

The effect of codon usage on translation elongation speed affects the time available for the
cotranslational protein folding process, thus affecting protein structure and function.

Cotranslational mRNA decay

Rare codons can cause ribosome stalling and promote translation-dependent mRNA decay
mediated by the CCR4-NOT complex.

Translation-independent cell
function

Effect of codon usage

Transcription

Codon optimality determines gene transcription levels from fungi to mammalian cells.

Chromatin structure

Codon composition affects chromatin structures by affecting transcription activation and
suppression-related histone modification marks.

"Transcription termination

Rare codons promote premature transcription termination through the formation of
noncanonical poly(A) signals within open reading frames.

mRNA structure Codon usage changes can result in mRNA structure changes, which may influence RNA
stability and translation.
Splicing Codon composition can influence splice site and exonic splicing enhancer and silencer

sequences.

mRNA localization/transport

Codon usage profiles can influence mRNA cellular transport and localization.

mRNA toxicity

mRNAs with certain codon usage profiles can cause cellular toxicity in Escherischia coli.

The development of ribosome profiling provided a powerful molecular tool to study ribosome

translation dynamics across the genome with codon-level resolution in many organisms (25, 26).

Because ribosome occupancies at individual codons should in principle inversely correlate with
translation elongation speed, it was assumed that ribosome profiling would provide a conclusive

genome-wide assessment of the role of codon usage in elongation speed. However, multiple early

analyses of ribosome profiling data obtained in both prokaryotic and eukaryotic organisms found

no correlation between codon usage and ribosome occupancy, which led to the early conclusion

that codon usage does not play a significant role in modulating translation elongation kinetics
(26-28). Later reanalyses of the same ribosome profiling data by a different method, however,

revealed a correlation between tRNA concentration and the putative codon decoding rate (29).

Despite its codon-level resolution, ribosome profiling experiments are influenced by experi-

mental conditions, cloning and sequencing biases, methods of bioinformatic analysis, and experi-
mental noise (30). These factors could impair the sensitivity of ribosome profiling for determin-
ing codon decoding rates. To resolve the effects of codon usage on codon decoding rate, we used

cell-free translation systems made from Newurospora and Drosophila cells to directly compare the

378 Liu ¢ Yang  Zhao



translation elongation speeds of mRINA templates encoding luciferase with different codon us-
age profiles (31, 32). Because luciferase folding is cotranslational in these systems, the time when
the luciferase activity first appears reflects the translation elongation speed. A comparison of the
time of first appearance of the luciferase signal clearly demonstrated, in both systems, that optimal
codons increase the speed of translation elongation, whereas rare codons slow down translation
elongation (Figure 1a). Therefore, the effect of codon usage on elongation rate is conserved from
fungi to animals. Consistent with these results, codon optimality was also found to affect ribosome
traffic on mRNAs. Rare codons cause ribosome pausing and accumulation of intermediate nascent
peptides at the expected positions during translation in manners both dependent on and indepen-
dent of amino acid context (31-34). Furthermore, by designing mRNAs with high signal to noise
ratios, the effect of codon usage bias in ribosome profiling experiments could also be clearly seen
both in vitro and in vivo without the need for sophisticated bioinformatic analyses, indicating that
the lack of codon usage effects on decoding rates is due to the limited sensitivity of the ribosome
profiling performed in previous analyses (31).

Using improved ribosome profiling methods, genome-wide correlations between codon opti-
mality and the ribosome decoding rate were further demonstrated in multiple organisms (31, 33,
35-37): Optimal codons are decoded faster by the ribosome than are rare codons. These results
demonstrated that the failure to detect correlations between codon usage and ribosome occupancy
in the early studies was due to the lack of sensitivity and technical issues associated with the early
ribosome profiling experiments. More recently, single-molecule imaging of mRINA translation
further confirmed the role of codon usage in elongation speed in vivo (38). Together, these studies
firmly established a role for codon usage in regulating the translation elongation rate and provided
a mechanistic explanation for many codon usage-dependent translation effects.

CODON USAGE EFFECTS ON TRANSLATION EFFICIENCY

Because of the correlation between strong codon usage biases and highly expressed proteins,
codon usage was proposed to regulate protein synthesis by affecting translation efficiency (i.e.,
the amount of protein produced per mRINA in a given time). Although this notion was consistent
with observations that manipulation of gene codon usage had robust effects on protein expression
levels and that protein levels and observed codon usage were correlated genome wide in different
organisms (7, 8, 13, 17, 39), most of the early studies did not take into account potential changes in
mRNA level. We now know that codon usage can influence mRINA decay and transcription (see
the section titled Codon Usage Is a Major Determinant of mRNA Levels). For actively translated
mRNAs, translation efficiency is mainly determined by the number of ribosomes loaded at the
5" end of the mRINA, and translation initiation—rather than elongation—was previously thought
to be the main rate-limiting step and primary determinant of translation efficiency (35, 40). Fur-
ther complicating the issue, codon usage-dependent mRNA sequence changes can alter mRNA
structures, which can also affect the translation initiation rate (41).

Some proteome-wide analyses based on absolute protein levels, synthesis rate, or ribosome
profiling found weak or no correlation between gene codon usage bias and predicted translation
efficiency (42-44). Such whole-proteome analyses, however, are complicated by the fact that pro-
tein levels, mRNA levels, and ribosome occupancy can be influenced by multiple uncontrollable
factors, such as analysis method and mRINA and protein stability, which can reduce their sensitivity.
Despite these issues, accumulating cellular and biochemical evidence based on reporter genes now
indicates that codon usage does regulate translation efficiency. First, in vitro translation assays us-
ing cell lysates showed that rare codons cause ribosome stalling, the accumulation of intermediate
nascent peptides, and a reduction in full-length translation products (18, 33). Second, when a self-
cleaving StopGo peptide was introduced into the middle of an eGFP-Luc translational fusion gene,
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Figure 1

(@) Codon usage affects the speed of translation elongation: Optimal codons (light blue) speed up elongation,
while nonoptimal codons (red) slow it down. (b)) Codon usage regulates translation efficiency by affecting
premature translation termination. Nonoptimal codons result in the ribosome stalling with an empty A-site,
which can be recognized by the termination factor eRF1 to trigger premature termination. (¢) Rare codon
clusters downstream of the start codon can result in ribosome queuing, which may inhibit translation
initiation. (d) Differential tRINA expression or modification levels in different cell types can result in the
presence of different tRNA pools, influencing the cell type—specific translation of mRINAs.
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the codon usage of the downstream Luc reporter gene had a major effect on its translation effi-
ciency in vivo in both Newurospora and Drosophila cells (33). Third, codon usage optimization shifted
mRNAs into high-polysome fractions in mammalian cells and resulted in dramatic increases in
protein levels (17, 18). Fourth, differences in tRINA expression profiles in different growth condi-
tions and tissues are correlated with protein expression (45, 46). Similarly, mutations that impair
normal modification of tRINAs that result in codon-dependent reprogramming of elongation ki-
netics also cause codon usage—dependent changes in protein levels in different organisms (47-50).
Together, these results suggest that codon usage bias influences mRNA translation efficiency.

Ribosome Stalling and Premature Translation Termination

Rare codons in Newurospora and Drosophila and the multiple CGA codon repeats in a Saccharomyces
cerevisiae strain that lacks tRNASUCS yere found to result in strong ribosome pausing or stalling
in in vitro translation systems (33, 51, 52). In addition, ribosomal stalling can cause premature
translation termination, thus reducing translation efficiency. In E. co/i, translation of the rare CGA
codon is inefficient, and repeats of CGA suppress reporter gene expression (53). Amino acid star-
vation of E. coli also results in translational pausing and premature termination that is dependent
on tRNA aminoacylation, leading to a global reduction of protein synthesis (54). These results in-
dicate that premature termination induced by rare codons is a conserved mechanism that regulates
translation efficiency in both prokaryotic and eukaryotic organisms. In Neurospora, the premature
termination caused by rare codons is mediated by the eukaryotic translation termination factor
eRF1, which recognizes ribosomes stalled on rare sense codons (33). Silencing of eRF1 expres-
sion in Neurospora results in reduced rare codon—dependent ribosome stalling and upregulated
expression of proteins encoded by mRNAs enriched with rare codons. In S. cerevisiae, the rare
CGA codon can also be decoded as a stop codon by eRF1 and eRF3 (52). Together, these results
suggest that translation termination factors can compete with canonical tRNAs for the empty
A-sites of ribosomes stalled on rare sense codons to trigger premature translation termination

(Figure 1b).

Translation Initiation

Although a universal role for codon usage in translation initiation is still not clear, ribosome stalling
or collision that occurs near the AUG start codon and results in ribosome queuing likely affects the
translation initiation efficiency (55, 56) (Figure 1c¢). In S. cerevisiae, analyses of the expression of
CFLuc reporter genes with different codon usage profiles suggested that codon usage-dependent
ribosome movement downstream of the start codon regulates translation initiation: Rare codons
caused ribosome stalling and inhibited translation initiation, whereas optimal codons resulted in
rapid liberation of start codons and high initiation rates (57). A study in E. coli, however, suggested
that ribosome collisions affect translation by acting as a timer for translational quality control
pathways (58). In mice, a mutation in a central nervous system—specific tRINA causes the loss of
GTPBP2, a ribosome recycling protein, and results in ribosome stalling and widespread neu-
rodegeneration. This mutation also results in elevated phosphorylation of elF2q, an important
regulator of translation initiation, due to activation of the elF2a kinase GCN2 (59), suggesting
that ribosome stalling may be sensed by GCN2 to provide feedback on translation initiation.
Previous analyses of prokaryotic and eukaryotic ribosome profiling results revealed a shared
feature of highly expressed genes: enrichment of rare codons in the region 30 to 50 codons down-
stream of the start codon. This region is called the ramp sequence and serves to slow ribosome
movement (43). The presence of the ramp was first proposed to reduce ribosome traffic jams to
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allow efficient translation of highly expressed genes but was later proposed to be the result of selec-
tion for reduced mRINA secondary structures, which would facilitate efficient translation initiation
(41, 44, 60). The presence of the ramp may also be due to a data analysis bias: Shorter genes have
higher translation initiation rates than longer genes, and technical issues with early ribosome pro-
filing results selected for shorter genes (60). It was further shown that avoiding intramolecular base
pairing between the Shine-Dalgarno sequence and the coding region of an mRINA, rather than
rare codons, can promote translation initiation in E. co/i (61). Thus, whether codon usage broadly
influences translation initiation efficiency due to its role in translation elongation is still unclear.

Codon Pair Bias and Codon Context

Like codon usage, codon context (i.e., the codon neighboring a specific codon) is not random.
This phenomenon, called codon pair bias or dicodon bias, has been found in Eukarya, Archaea,
and Bacteria and is different from the predicted usage bias of single codons (62-64). Although
codon pair biases in different organisms are influenced by mutational biases (65, 66), evidence
suggests that functional selection at the level of translation plays an important role (64). Similar
to codon usage bias, codon pair bias is proposed to influence translation efficiency due to its effect
on the translation elongation process (67, 68). In addition, codon context has been suggested to
influence translation elongation speed in different organisms (23, 33, 67). Multiple studies suggest
that interaction between tRINAs at the A- and P-sites of the ribosome, the codon-anticodon in-
teraction, and the size of the tRINAs can all influence the decoding efficiency of the codon pair by
the ribosome and, thus, translation efficiency (68-70). In yeast, some codon pairs potently inhibit
translation (69). This effect is attributed to wobble-base pairing and is different from individual
codon effects.

Because of the effect of codon pair bias on translation efficiency, codon optimization that takes
codon pair bias into account has been successfully used in gene design to optimize protein expres-
sion (8, 71). Codon-pair deoptimization has been proposed as a strategy to attenuate viruses by
reducing translation efficiency (72). This approach has been attempted in vaccine development
for multiple viruses, including influenza virus and Zika virus (73). It should be noted that the viral
attenuation that results from codon-pair deoptimization was later proposed to be mainly due to
attenuation of viral replication caused by an increase in CpG and UpA dinucleotides rather than
attenuation of translation (74).

TRANSLATION FIDELITY

In addition to translation efficiency, codon usage has also been implicated in translation fidelity,
including correct decoding and maintenance of the correct translation reading frame. The miscod-
ing rate for each codon, as measured using different assays in different organisms, varies manyfold
(75, 76). Early insights into contributions to translation accuracy were based on studies using re-
porter genes that measured miscoding rates for selected codons and amino acids (77, 78). Although
tRNA levels were believed to underlie the effects of codon usage bias, evidence confirming that
differential tRNA levels determine accuracy was lacking. Rather, early studies indicated that de-
coding accuracy is dependent on individual tRINAs and their inherent properties when interacting
with codons and ribosomes and showed that this is also influenced by codon context (77, 79). Since
error-prone tRNAs and codons tend to be underrepresented in the genome, translation accuracy
is proposed to be a selective pressure that shapes codon usage. Consistent with this hypothesis,
computational analysis of sequence conservation suggests that evolutionary selection for codon
usage reduces missense and nonsense mutations in E. co/i (80, 81). In addition, conserved patterns
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of covariation between sequence evolution, codon usage, and tRNA levels in different organisms
led to the proposal that codon usage is under selective pressure to limit protein mistranslation and
nonsense mutations (81, 82).

It is still not clear whether preferred codons increase or decrease decoding accuracy. Some
studies suggest that codon usage was optimized during evolution to maximize both elongation
rate and accuracy (83, 84), whereas other studies provide evidence that there is a trade-off be-
tween speed and accuracy, as slow decoding might promote fidelity checks during decoding (85,
86). Recently, a methodology for systematically detecting amino acid substitution errors in entire
proteomes was developed (87). Analyses of E. co/i and yeast proteomes using this method showed
that most amino acid substitutions result from codon-anticodon mispairing at sites that are evolv-
ing rapidly. Ribosome profiling results suggest that errors occur at sites where ribosome velocity
is higher (87), suggesting that a trade-off between speed and accuracy does exist. Further studies
are still needed to determine how codon optimality broadly affects translation fidelity.

Codon usage is also under selection to minimize frameshifting events during translation, as
frameshifts usually lead to early translation termination and truncated protein products (88). Al-
though there are no clear experimental data showing a correlation between codon usage and
frameshifting events, cognate tRINA levels are indeed key factors in determining the frameshifting
efficiency at frameshift-prone codons (89), suggesting that ribosome stalling promotes frameshift-
ing events. In particular, the combination of strong mRNA secondary structure and slippery se-
quences that allow ribosomes to easily move back and forth can cause frameshifting with high
frequency (90). The classic example is the AAA codon, which is prone to frameshifting due to the
rarity of cognate tRINAs and the tendency of tRNAs to mismatch to the adjacent nucleotide (91).
Consecutive AAA codons are often found in programmed frameshift sites but are rare in other
coding sequences.

tRNA MEDIATES CODON USAGE EFFECTS ON TRANSLATION
Correlation Between Codon Usage and tRNA Abundance

The decoding rate of a codon can be affected by tRNA concentration, tRNA charging level, and
codon-anticodon wobble decoding. Soon after the discovery of nonuniform usage of synonymous
codons, codon usage frequency was found to correlate with cognate tRNA levels and tRNA copy
numbers (1, 9-12, 92, 93). As a result, it is generally thought that tRNA concentration is the
primary factor that determines the decoding rate. The tRNA adaptation index and its variants,
which take into account the tRNA concentration (based on tRNA gene copy numbers) and the
efficiencies of codon-anticodon pairing, are commonly used to quantify gene codon usage bias in
different organisms (94, 95). Since tRNA concentrations normally correlate with tRNA gene copy
numbers, tRNA repertoires and codon usage are believed to have coevolved to achieve balance
between supply and demand during translation, thus optimizing translation efficiency (4, 94, 96).
Consistent with this model, recent high-throughput studies based on ribosome profiling experi-
ments have confirmed genome-wide correlations among codon usage, tRNA concentration, and
codon decoding time (29, 31, 33, 35, 37).

Further supporting the role of tRINA concentration in mediating the codon usage effect, mu-
tations that alter tRINA levels have been shown to cause predicted changes in protein synthesis
rates and gene expression. Overexpression of cognate tRNAs also overcomes the inhibitory effects
of rare codons (11, 97, 98). The arginine CGA codon is the rarest codon for arginine in S. cere-
visine, and it has a strong inhibitory effect on translation due to inefficient wobble decoding by the
isoacceptor tRNA (98). Overexpression of the cognate tRNA for the CGA codon suppresses the
inhibitory effect of the rare CGA codon. Changing gene codon usage to match host codon usage
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or overexpressing certain cognate tRINAs of rare codons promotes the production of heterologous
proteins in many systems (8).

The connection between codon usage and the makeup of cellular tRNA pools plays an impor-
tant role in determining global translation levels and the proteomic landscape in cells. In E. co/i,
the simultaneous mutation of abundant codons to their rare synonymous counterparts in several
highly expressed genes reduced the global translation efficiency and cellular fitness (99). These
phenotypes were rescued by increasing the supply of the tRNA for the mutated codon, leading to
the proposal that the codon usage bias of highly expressed genes was due to selective pressure to
maintain the efficiency of global protein translation. In Newurospora, we showed that depletion of
the tRNA modification enzyme adenosine deaminase (ADAT) altered relative tRNA levels for dif-
ferent synonymous codons in cells and caused global reprogramming of codon usage—dependent
translation kinetics and global codon usage-biased protein level changes (50). These results sug-
gest that the adaptation of codon usage to the tRINA pool is important for determining the global
translation landscape.

Regulation of tRNA Expression

Recent studies suggest that both the tRNA pool and mRNA transcript levels contribute to the
translation-dependent function of codon usage. tRNNA expression was previously thought to be
less regulated than expression of mRNA; however, accumulating evidence indicates that control
of tRINA expression plays an important role in defining the translational landscape in cells. De-
pending on the demand for mRINA translation, cells can adjust their tRNA supply to achieve
optimal gene expression. tRINA transcription levels, charging levels, and anticodon modifications
are fine-tuned to regulate protein expression under different nutrient and growth conditions and
in different developmental stages.

In E. coli, differential tRNA expression was detected at different growth rates that roughly cor-
related with the codon usage frequencies in the mRNA pools under different conditions, suggest-
ing that tRNA expression was modulated to allow optimal cell growth (100, 101). Consistent with
this model, the aminoacylation levels of tRINAs were found to differ depending on the growth me-
dia used and different tRNA levels were found to differentially regulate the translation of subsets
of mRNAs (102, 103). In S. cerevisiae, different stresses were found to induce different patterns of
up- or downregulation of tRNA pools (104, 105). In Caenorbabditis elegans, identical tRNA genes
can have very different expression levels in different tissues in a time-specific manner (106).

Analysis of genome-wide tRNA levels in eukaryotes is challenging due to high gene copy num-
bers, sequence similarities, strong secondary structures, and extensive posttranscriptional modifi-
cations. A microarray-based method to quantify a subset of tRINAs representing all 20 amino acids
revealed that tRNA levels within the total cellular RNA vary widely among different human tissues
(45), suggesting that tRINA levels contribute to tissue-specific gene expression (Figure 1d). High-
lighting the importance of tRNA regulation in human tissues, genes involved in cell-autonomous
functions and those involved in differentiation have different codon usage patterns (107, 108). Im-
portantly, tRNAs that are upregulated in proliferating cells are typically repressed in differentiated
cells and have anticodons corresponding to the codon usage profile of proliferation-related genes
(107). In contrast, the tRNAs elevated in differentiated cells are often repressed in proliferating
cells. These data suggest that different translational programs based on different tRINA pools con-
tribute to tissue-specific gene expression in mammals. In different human cell lines, we previously
showed that the same codon usage manipulation of the oncogene KRAS, which encodes an onco-
genic Ras GTPase family member, has different effects on its protein and mRNA expression levels
(18). Similarly, codon optimization of the Adh gene in Drosophila elevated alcohol dehydrogenase
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activity in larvae but not adults (16). However, the codon-dependent translational efficiency was
reported to be stable in different mammalian cell types, and the codon usage differences in mam-
malian transcriptomes could be explained by mutational biases caused by GC-content differences
(109).

The cellular tRNA pool is regulated at multiple levels from tRNA abundance to tRINA charg-
ing to tRINA modifications (104, 110-113). tRNA expression levels are mainly regulated at the
transcriptional level through interactions between RINA polymerase IIT and transcription factors
(107, 114). For example, the transcription factor SOX4 directly regulates the transcription of a
subset of tRNA genes (115). Thus, transcriptional regulation appears to coordinate gene codon
usage and translation efficiency to allow proper cell growth and differentiation in diverse tissues
and cell types. Dysregulation of tRINA expression can lead to disease, as the upregulation of spe-
cific tRNAs drives cancer-specific gene expression and promotes breast cancer metastasis (46).
Together, these results suggest that codon usage and tissue- or cell type—specific tRINA expression
may be important for tissue- and cell type—specific gene expression.

tRNA Charging and tRNA Modifications

Like cellular tRNA concentration, tRINA charging and tRNA modifications can also influence
codon usage-dependent effects on decoding speed and translation efficiency. Selective charging
of tRNAs can be induced by amino acid starvation, and the effects can be profound since various
isoacceptor tRINAs compete for the same amino acids (116, 117). When amino acid concentration
becomes growth limiting in E. co7, the differential charging of tRINAs maintains the expression
of essential genes due to their preference for optimal codon usage, leading to the promotion of
cell survival and suppression of the expression of genes with rare codons (110, 116, 118). In addi-
tion, the codon optimality of genes contributes to differential mRNA translation in response to
amino acid starvation, indicating the physiological significance of codon usage bias in the cellular
stress response (110). In mammalian cells, amino acid starvation also results in differential tRNA
charging and codon-specific ribosome pausing on mRNA, which can affect translation efficiency
(119).

tRINAs have the most diverse and abundant nucleoside modifications of all types of RNA. These
modifications are important for tRINA structure, function, and stability, and some modifications
have been shown to affect codon-biased protein expression. There are 61 codons in the genome,
but no organism expresses all of the 61 corresponding tRNAs, and modified tRINAs are needed
to decode many codons. tRNA modifications that affect wobble decoding shape the codon us-
age effect on translation. Isoacceptor tRINAs with modified anticodons are used to decode multi-
ple synonymous codons, but the different affinities of the Watson-Crick and non-Watson-Crick
base pairings result in different decoding efficiencies that can have major effects on translation
rate (120, 121). For instance, G:C base pairs are more stable than G:U base pairs, and the L:A
base pair is even less stable (53, 120). Based on these observations, a model was proposed whereby
two tRINA wobble codon modifications—Aj;4 to I34 (A-to-I) editing mediated by tRNA-dependent
ADAT5 in bacterial and eukaryotic cells and the uridine to xo®’ Us4 modification mediated by tRNA-
dependent uridine methyltransferases in bacteria—explain the correlation between codon usage
and tRNA gene frequency (122). These wobble-position modifications expand the base-pairing
ability of the wobble codon: I34 can wobble pair with A, C, and U, and x0’Us4 can pair with A, G,
and U.

In Neurospora, silencing of ADAT expression abolishes most of the I3 modifications of
tRNAs, resulting in large tRINA pool changes (decreases in ADAT-related INN tRNAs, where
N can be any nucleotide, and increases in ANN tRNAs) and reprogramming of translation
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elongation kinetics for ADAT-related codons in a codon usage-dependent manner (50). ADAT
silencing also causes genome-wide codon usage-biased ribosome pausing on mRNAs and changes
to the proteome landscape. During human embryonic stem cell differentiation, self-renewing cells
are dependent on the I34 tRNA modification to optimize translation, and human pluripotent em-
bryonic stem cells have higher levels of I3;4 tRNA modifications and higher ADAT protein levels
than differentiated cells, suggesting that the dynamic I;4 modification may contribute to differen-
tial codon usage—dependent translation with effects on mammalian cell growth and differentiation
(123).

Mutations that disrupt modification of Us4 in S. cerevisiae and C. elegans cells cause ribosome
pausing at their cognate codons, resulting in proteotoxic stress and the accumulation of endoge-
nous protein aggregates (124, 125). In mice with a mutation in IKBKAP (also known as ELPI),
a gene encoding the Elongator complex involved in Us4 modification, the level of mem’s?Usy
tRNA modification is reduced, resulting in codon-biased gene misregulation (49). This codon-
biased effect results in the developmental and neurodegenerative phenotypes of human familial
dysautonomia. Thus, both I34 and Us4 modifications are conserved tRINA modifications important
for codon usage—dependent translation.

Other types of tRINA modification also contribute to the effects of codon usage on translation.
In yeast, hydrogen peroxide treatment induces Trm4 methyltransferase-dependent increases in
levels of tRNAMUCAY with a 5-methyl Cs;4 modification, which results in selective translation
of mRNA enriched in the corresponding UUG codon (47). In Mycobacterium bovis, exposure to
hypoxia alters the modifications of many tRINAs, which may promote translation of codon-biased
transcripts that enhance the expression of stress-response proteins (48). Together, these studies
demonstrate that both tRNA charging and tRNA modifications play critical roles in driving codon
usage—dependent translation in diverse organisms.

CODON USAGE REGULATES COTRANSLATIONAL PROTEIN
FOLDING AND PROTEIN FUNCTION

Although amino acid sequences determine protein structure, folding of most proteins occurs co-
translationally in vivo. Folding of a nascent peptide, which is synthesized from the N-terminal to
the C-terminal end, is a modular process. After the newly synthesized nascent chains emerge from
the ribosome, their folding is mediated by their interactions with the ribosome, protein chaper-
ones, and other folding catalysts (126-129). Translation kinetics were predicted to influence co-
translational protein folding (130-132). Supporting this notion, it was shown that changes in the
elongation rate affect folding of overexpressed proteins in E. coli (21, 34). Heterologous protein
expression often leads to protein misfolding and aggregation, a phenomenon that can be corrected
by culturing cells at a low temperature, which is presumably due to the enhancement of correct
folding caused by the slower translation elongation rate. Because of the role of codon usage in
translation kinetics, it is expected to influence protein folding by affecting the time available for
cotranslational folding events (Figure 2).

Codon Usage Affects Protein Folding in E. coli

The role of codon usage in protein folding was first investigated in E. co/i by examining the activity
and folding of overexpressed proteins. Analyses of proteins overexpressed in E. co/i showed that
changing rare codons to preferred ones caused modest decreases in protein activity or solubility
(133, 134) or increased the amount of insoluble and aggregated protein (134). In addition, codon
substitutions to preferred codons impaired the folding of the multidomain protein Sufl in vitro
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Figure 2

Codon usage affects cotranslational protein folding. (#) Cotranslational folding of different domains of the nascent peptide is adapted to
the elongation kinetics defined by codon usage to allow optimal protein folding. (b)) Changes to codon usage alter elongation kinetics,
which can increase protein misfolding.

and in E. co/i cells (34). In contrast, codon optimization, with synonymous codons chosen to mimic
ribosome movement in E. co/i, improved the specific activity of firefly luciferase overexpressed in
E. coli (11). Furthermore, codon substitutions influenced the folding of an artificially designed
fluorescent YKB (yellow-black-blue) protein expressed in E. coli (135). Importantly, the effect of
codon usage on the protein folding of mammalian gamma-B crystallin overexpressed in E. coli
was later directly confirmed by real-time FRET (fluorescence resonance energy transfer) analy-
sis and NMR (nuclear magnetic resonance) spectroscopy (136). More recently, overexpression of
chloramphenicol acetyltransferase in E. co/i showed that various synonymous codon substitutions
affect protein folding and protein activity that support cell growth (137). It should be noted that
studies in E. coli relied on protein overexpression and, therefore, may not reflect the physiological
role of codon usage in protein folding.

Codon Usage-Mediated Protein Folding in Eukaryotes and Its
Physiological Roles

A study of the human MDRI gene, which encodes a protein involved in multidrug resistance,
showed that a synonymous single-nucleotide polymorphism (SNP) can cause altered drug and
inhibitor interactions and sensitivity to protease digestion of MDR1 protein transiently over-
expressed in human cells; this result provided the first suggestion of a role for codon usage in
eukaryotic protein folding (138). Later, by studying the Neurospora circadian clock gene fiequency
(frq), which has an ORF enriched for nonoptimal codons, we demonstrated genetically that codon
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usage influences eukaryotic protein folding and function in vivo (5). Codon optimization of re-
gions of frq enriched for rare codons led to complete abolishment of circadian rhythms; impaired
FRQ activity; and altered protein stability, phosphorylation profiles, and protease sensitivity (5,
12). Also, importantly, the codon optimization of different regions of fig resulted in phenotypes
that could be predicted by the effects of localized codon usage on protein structure (5). Unlike
previous studies on codon usage, the expression of fig was under the control of its own promoter
and regulatory context and did not rely on protein overexpression, thus demonstrating the physi-
ological role of codon usage. Similar to results in Neurospora, codon optimization of a component
of the Drosophila circadian clock encoded by the Period (Per) gene, which, although not homolo-
gous to fiy, is also enriched for rare codons, also abolished the circadian locomotor rhythm due
to severe impairment of PER activity and reduction of PER phosphorylation in a location- and
codon usage-dependent manner (139). The altered structure of PER from fly tissues was evident
from altered trypsin sensitivity and changes in thermal denaturation and aggregation tempera-
tures and was not due to protein overexpression. By performing in vitro translation assays in the
Neurospora and Drosophila cell-free translation systems, we provided further support for the role of
codon usage in cotranslational protein folding because codon usage changes had dramatic effects
on luciferase folding and specific activity that were consistent with effects on translation elonga-
tion speed (31, 32). Even though the codon-optimized Luc mRINA was translated more rapidly
and produced more full-length protein, its light emission was dramatically reduced compared to
that of the protein made from the wild-type mRNA. These results demonstrate that the physio-
logical role of codon usage in cotranslational protein folding is conserved from fungi to animals
and that protein misfolding is increased when codon usage is not adapted to the cotranslational
folding kinetics in vivo (Figure 2).

Despite the dramatic effect of codon usage on protein function in both the Neurospora and
Drosophila clock genes, in the cyanobacterium Synechococcus, codon optimization of the circadian
clock genes kaiB and kaiC, which are not sequence homologs of the eukaryotic clock genes, pro-
duced a very different outcome (15). The Synechococcus clock actually became more robust upon
codon optimization due to an increase in Kai protein levels, even under conditions in which the
clock is not normally functional, and this resulted in impaired cell growth (15). The different
outcomes of codon optimization for these clock genes suggest that sensitivity to codon usage—
mediated cotranslational folding effects is protein dependent.

Cotranslational folding plays an important role in the function of the conductance regula-
tor CFTR, the protein that is mutated in cystic fibrosis patients (140). Codon optimization of
a region of the NBD1 domain, which is enriched with nonoptimal codons, results in aggrega-
tion of full-length CFTR, suggesting that translation elongation kinetics modulated by codon
usage are important for cotranslational folding of different CFTR protein regions in human cells
(140). Furthermore, a synonymous SNP in the CFTR gene created a codon that is recognized
by a tRNA present at low levels in human bronchial epithelial cells, resulting in reduced CFTR
protein stability and channel activity (97). Overexpression of this tRNA in HeLa cells rescued the
phenotype resulting from this SNP, suggesting that CE'TR cotranslational folding is influenced
by the alteration of translation elongation kinetics caused by the SNP (97). In cancer cells, a short
stretch of rare codons within certain regions of the gene encoding the transcription factor ZEB2
results in translational pausing and compromises its protein production, likely by influencing its
folding (141). We and others showed that the codon usage of the oncogene KRAS, which is rich
in rare codons, regulates the expression and protein structure of KRAS protein in human cells
(17, 18). More recently, codon usage optimization of coagulation factor IX and a single SNP of
ADAMTS I3 has been shown to affect protein folding or activity (142, 143). Together, these studies
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established that codon usage has a universal role in cotranslational protein folding in prokaryotes
and eukaryotes.

The Codon Usage Code for Cotranslational Protein Folding

The Synechococcus circadian clock protein KaiC is a highly structured protein, as shown by a high-
resolution crystal structure. In contrast, the Neurospora and Drosophila clock proteins, FRQ and
PER, encode large proteins that are mostly made of predicted intrinsically disordered domains
(5, 12, 15, 139). The different circadian phenotypes that resulted from codon optimization of
kaiC versus frq and Per suggest that codon usage affects the cotranslational folding of different
types of protein structures differently. This conclusion is further supported by the differing effects
of codon optimization of different regions of the frg ORF: Codon optimization of the putative
intrinsically disordered regions impairs clock function, whereas codon optimization of predicted
structured domains has little or no effect (12). Moreover, codon optimization of an unstructured
loop region that is highly conserved among luciferase homologs causes the greatest reduction of
luciferase-specific activity (31). Together, these results suggest that cotranslational folding of well-
structured protein domains is less sensitive to codon usage changes, whereas less stably structured
or intrinsically disordered domains are more sensitive.

Because codon usage influences the time available for cotranslational folding, it is likely that
well-structured domains fold readily and are insensitive to changes in translation kinetics. Con-
versely, less structured domains, structures that are difficult to fold, or intrinsically disordered
domain—containing regions may require more time for proper folding of the entire protein; rapid
elongation in these regions likely interferes with the cotranslational folding process and increases
the chance of protein misfolding (Figure 2). Although intrinsically disordered domains are not
predicted to form stable structures by themselves, some may form structures due to interactions
with other regions of the protein or protein partners.

Bioinformatics analyses have uncovered correlations between codon usage and secondary and
tertiary protein structures (12, 95, 144-149). Consistent with a role for nonoptimal codons in pre-
dicted unstructured or weakly structured domains, multiple genome-wide studies have shown that
domains predicted to be unstructured are enriched for rare codons, whereas predicted a-helical re-
gions in proteins from E. coli, Neurospora, yeast, C. elegans, and Drosophila are encoded by common
codons (12, 95, 144). In addition, analyzing proteins with known structures found that buried
residues are usually encoded by common codons, especially in highly expressed proteins (150).
Structurally buried residues in highly expressed proteins are mostly found within well-structured
protein domains.

The relationship between codon usage and protein structure, however, is not a simple one, per-
haps reflecting the complex nature of cotranslational folding processes for diverse protein struc-
ture variations. Rare codons were found to be enriched at domain boundaries in a number of
studies (34, 144, 149), but some studies found only weak or no correlation (147, 151). Analysis
of homologous coding sequences in different organisms revealed that although many rare codon
clusters are conserved, most of these clusters are found within conserved protein domains (148).
Therefore, the role of codon usage in different proteins and structure types is likely to be specific
to the given protein and dependent on its cotranslational folding kinetics.

Other cotranslational folding—related processes can also be regulated by codon usage. Rare
synonymous codons in the 5" end of the y-actin gene affect cotranslational arginylation, which
regulates the expression of the protein by influencing its ubiquitination (152). In addition, the 5’
ends of the coding sequences of secreted proteins are enriched in rare codons, which may pro-
mote cotranslational translocation and increase the secretion efficiency of these proteins (153).
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Moreover, rare codons downstream of the region encoding the signal recognition particle (SRP)
binding site in some yeast genes encoding membrane proteins are proposed to promote protein
translocation by regulating the interaction between nascent polypeptides and the SRP (154). A
pair of rare codons in the gene encoding the urea transporter is important for the production and
localization of the UreA protein in Aspergillus nidulans (155). Together, these studies suggest that
codon usage has diverse physiological roles in regulating cotranslational folding—related processes.

CODON USAGE IS A MAJOR DETERMINANT OF mRNA LEVELS

Codon usage was previously thought to mediate its effect on protein expression mostly due to
its role in translation. Recent evidence, however, demonstrates that the codon usage effect on
mRNA levels is a major, and in some cases the main, mechanism by which codon usage affects
protein expression. Multiple early studies showed that codon optimization or deoptimization of
specific genes had positive or negative effects on the mRNA levels of specific genes (156, 157).
In addition, genome-wide expression profiling studies uncovered positive correlations between
codon usage and mRNA levels in both prokaryotic and eukaryotic organisms (13, 39, 158, 159).
Recent studies showed that codon usage acts as an important posttranscriptional determinant of
mRNA levels by affecting cotranslational mRNA decay. Unexpectedly, accumulating evidence has
now demonstrated that codon usage can play a major role in determining mRNA levels through
its transcriptional and posttranscriptional effects in a translation-independent manner.

mRNA Decay

The connection between translation and mRNA decay has long been known, and mRINA can be
stabilized after translation inhibition (160). Most previous mechanistic studies on the effects of
translation on mRNA stability have focused on nonsense-mediated decay (the degradation of mu-
tant mRNAs with premature stop codons), no-go decay (the degradation of mRNAs with stalled
ribosomes), and nonstop decay pathways (the degradation of mRNAs lacking stop codons) (161).
Although these studies demonstrated the importance of translation in mRNA decay pathways,
these surveillance mechanisms are normally activated when translation is abnormally halted or
stalled. Recent establishment of the link between gene codon usage and mRNA stability in yeast,
E. coli, Drosophila, zebrafish, and mammalian cells (32, 162-169) has demonstrated codon usage as
a universal mechanism contributing to mRINA stability.

Although early genome-wide studies using classic codon bias measurements failed to reveal a
clear correlation between codon usage and mRNA stability (170), Presnyak and colleagues (162)
assessed the contribution of individual codons to genome-wide mRINA half-lives in budding yeast
and found that stable and unstable transcripts are enriched for different sets of codons, which
largely coincide with codon optimality. The importance of codon optimality for determining
mRNA stability in a translation-dependent manner was confirmed by using reporter genes with
modified codon optimality. The DEAD-box helicase Dhh1 was identified as a critical mediator of
the codon usage effect on mRINA stability (171). Dhh1 interacts with the ribosome and preferen-
tially binds to transcripts enriched in rare codons. Itis hypothesized that Dhh1 preferentially binds
to slow-moving ribosomes and targets transcripts enriched in rare codons for degradation. mnRNA
deadenylation is also affected by codon usage: The poly(A) tails of transcripts with different codon
usage biases are differentially protected by poly(A) binding proteins, leading to different efficien-
cies of deadenylation by the CCR4-NOT deadenylation complex (165, 172). In human cells, the
importance of codon optimality and translation elongation speed in translation-dependent mRNA
decay was demonstrated by independent studies using ORFeome libraries, which allowed mRNA
decay rates to be determined independently of 5" and 3’ regulatory sequences (166, 168).
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Recently, a structure-based study provided important insights into how codon optimality mod-
ulates cotranslational mRINA decay in budding yeast by demonstrating how the interaction be-
tween the CCR4-NOT complex and the ribosome monitors translation kinetics (173) (Figure 34).
Cryo—electron microscopy structures revealed that the N-terminal domain of NOT'S, a subunit
of the CCR4-NOT complex, specifically interacts with the ribosome E-site when the ribosome
A-site is empty. The association of Dhh1 with ribosomes is also dependent on the interaction of
NOTS with the E-site, suggesting that the Dhh1-promoted decapping process is downstream of
deadenylation. Ribosome profiling revealed that less optimal codons were enriched at the A-site
when CCR4-NOT was bound to ribosomes (173). Thus, the interaction between the CCR4-NOT
complex and the ribosome can monitor codon usage-dependent translation elongation kinetics
and regulate cotranslational mRINA decay.

Although most studies of mRINA decay have focused on the translation-dependent effects of
codon usage, a recent study in which translation was inhibited by cycloheximide suggested that
codon usage might also affect mRNA decay in a translation-independent manner (167). It should
be noted, however, that the use of a global translation inhibitor may induce unintended sec-
ondary effects and that the translation-independent effect has not been observed in other studies

(162, 168).

Transcription

The effect of codon usage on mRNA levels often cannot be explained by the effect on mRINA half-
lives alone. For example, codon optimization had little effect on mRINA decay for reporter genes
in Newurospora (13), and deletion of the dbhI homolog did not affect the genome-wide correlation
between codon usage and mRNA levels (F. Zhao & Y. Liu, unpublished data). In human cells,
high GC content within the ORF, which usually correlates with optimal codons, increases mRNA
and protein levels independently from mRNA decay (174). Moreover, codon optimization of the
OREF of the gene encoding Toll-like receptor 7 was found to increase its protein and mRINA levels
mainly due to enhanced transcription, with only modest effects on translation and mRNA stability
175).

In Neurospora, we showed that codon usage is strongly correlated with mRNA levels genome
wide (13). Using a series of endogenous and exogenous reporter genes, codon optimization was
found to have dramatic effects on mRINA levels but little effect on mRNA stability. Importantly,
the effect of codon usage on the mRINA levels of reporter genes is largely due to its influence
on transcription and on transcription-factor binding at promoter regions and is independent of
translation. Furthermore, codon usage affects chromatin structures around ORFs. For example,
the heterochromatic H3K9me3 modification is partly responsible for the suppression of tran-
scription by rare codons in some genes. The importance of codon usage for transcription and
chromatin structures has also been demonstrated in a study of the human oncogene KRAS. In-
creasing codon optimality results in induction of transcription, recruitment of histone acetyltrans-
ferases, and increases in histone modifications associated with gene activation (18). Consistent with
a broad impact of codon usage on transcription, codon usage was found to be positively correlated
with the predicted mRINA synthesis rate genome wide in both S. cerevisiae and Schizosaccharomyces
pombe (176). Together, these studies demonstrate that the role of codon usage in transcription is
conserved in eukaryotic organisms.

Unlike the translation-dependent codon usage effects, such as those on mRINA decay, the
translation-independent transcriptional effect is counterintuitive, especially in eukaryotes, where
transcription and translation are decoupled. The observed translation-independent transcriptional
effects suggest that gene codon usage is due to the coevolution of coding region sequences with
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Figure 3 (Figure appears on preceding page)

Transcriptional and posttranscriptional codon usage effects on mRINA in eukaryotes. (#) A model explaining
how codon usage regulates cotranslational mRNA decay in yeast. (fop) Optimal codons allow the ribosome
A-site to be quickly recognized by cognate tRINA, leading to a ribosome conformation that does not permit
the association of NOTS at the ribosome E-site and leads to continued mRNA translation. (bottormz)
Nonoptimal codons result in a ribosome with an empty A-site, leading to a ribosome conformation that
allows NOTS to interact at the E-site and recruits the CCR4-NOT complex to mediate mRNA decay from
the 3" end. (§) Translation-independent effects of codon usage on mRNA levels. Genes with strong codon
usage biases (indicated by blue lines) are associated with open chromatin and high transcription levels. Genes
enriched for rare codons (indicated by red /ines) promote the formation of closed chromatin, resulting in
suppressed transcription and increased premature transcription termination. Codon optimality may also
influence the efficiency of mRNA transport and localization.

both the transcription and translation machineries. Selection for optimal amounts of each pro-
tein led to gene codon usage optimized for transcription, mRNA stability, or both. As a result,
codon usage is adapted to both the translation and transcription processes. Codon usage infor-
mation is read by the transcriptional machinery in the form of DNA elements, which suppress
or activate transcription. For example, GC content or CpG islands are known to affect nucleo-
some occupancy over genes (177), which may influence chromatin structures that are important
for transcription. Although most known transcriptional regulatory mechanisms affect promoter
regions, the mechanism mediating the transcriptional effect of codon usage is largely unknown.
Our current knowledge does, however, highlight the importance of the gene coding sequence for
determining transcription levels.

Other Translation-Independent Cotranscriptional
and Posttranscriptional Processes

The evolution of codon usage is also known to be under selective pressure due to features inde-
pendent of translation, such as the Shine-Dalgarno sequence in E. co/i (27) and splicing junctions
in eukaryotes (178). Splice site and exonic splicing enhancer and silencer sequence requirements
may also influence the selection of synonymous codons (178, 179). In addition, we showed that
codon usage bias promotes gene transcription in both Neurospora and mammalian cells by sup-
pressing premature transcription termination. Clusters of rare codons can lead to the formation
of noncanonical poly(A) signals within ORFs and premature termination (180).

More recently, the interplay between codon usage and splicing has been proposed to regu-
late gene expression levels in human cells by regulating mRINA localization. Splicing can specif-
ically increase the expression level of genes with low GC content (enriched in rare codons),
and genes with high GC content (enriched in common codons) can promote the cytoplasmic
localization of reporter mRNAs (181). In addition, P-body transcriptome analyses suggest that
GC content can influence mRNA storage in P-bodies and mRNA decay in human cells. Most
mRNAs in P-bodies are AU rich (i.e., rare-codon rich) with a low protein yield (182). Although
the mechanisms underlying these phenomena are unclear, they indicate that codon usage can have
multiple roles affecting the cotranscriptional and posttranscriptional control of gene expression
(Figure 3b).

In E. coli, expression screening of hundreds of synonymous GFP gene variants revealed that
some variants were toxic to cells independently from translation, suggesting that synonymous
codon changes in bacteria can produce toxic mRNA molecules (183). Mutants that can reduce the
mRNA expression levels of these variants lead to suppression of their toxicity. The mechanism for
this mRINA toxicity is not known.
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SUMMARY AND PERSPECTIVES

Although the phenomenon of codon usage bias has been known for more than four decades, its
biological importance has been experimentally demonstrated primarily in the last decade. A large
body of biochemical, genetic, biophysical, and bioinformatic evidence demonstrates that codon
usage affects multiple gene regulatory processes, including translation, cotranslational protein
folding, transcription, and posttranscriptional regulatory processes. In addition, codon usage in-
fluences gene expression and protein function in organisms from prokaryotes to humans. These
findings support the proposal that codon usage is a previously underappreciated layer of genetic
information that is fundamental to the regulation of gene expression.

Despite recent advances, there are many unanswered questions regarding the diverse functions
of codon usage and the mechanisms responsible for these effects. For example, the contribution
of codon usage to tissue- and cell type-specific gene regulation and its mechanism of action have
yet to be characterized in vivo. It is not clear how the translation elongation rate is influenced by
the effects of codon usage on translation initiation. With regard to protein folding, it is not known
how codon usage-mediated effects on elongation speed are adapted to different cotranslational
protein folding processes at the individual codon level. Although there are now a few clear genetic
examples of the importance of codon usage in protein folding and gene expression, more genetic
evidence is needed to demonstrate the broad physiological impact of these mechanisms. Many
human diseases are associated with silent SNPs, but whether codon usage changes contribute to
human diseases caused by these SNPs is still not clear. Although a minute change in protein func-
tion and expression can have a major effect on organism fitness during evolution, demonstration of
physiological relevance in a laboratory is still limited by experimental sensitivity. The translation-
dependent transcriptional effect of codon usage was unexpected, and the mechanism involved is
almost completely unknown. Future studies of this conserved phenomenon will likely reveal an
important gene regulatory mechanism.
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