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Abstract

The genetic code, which defines the amino acid sequence of a protein, also contains information 

that influences the rate and efficiency of translation. Neither the mechanisms nor functions of 

codon-mediated regulation were understood. The prevailing model was that slow translation of 

codons decoded by rare tRNAs reduces efficiency. Recent genome-wide analyses have clarified 

three issues. Specific codons and codon combinations do modulate ribosome speed and facilitate 

protein folding. However, tRNA availability is not the sole determinant of rate, rather interactions 

between adjacent codons and wobble base pairing are key. One mechanism linking translation 

efficiency and codon use is that slower decoding is coupled to reduced mRNA stability. tRNA 

supply mediates biological regulation: changes in tRNA amounts facilitate cancer metastasis.
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Synonymous codon choice affects translation

Translation elongation is a major determinant of the composition of the proteome, affecting 

the amounts of each protein [1–3], the errors within each protein [4–10], and protein folding 

[11–16]. During translation elongation, each triplet nucleotide codon (see Glossary) in 

mRNA is decoded in the A-site of the ribosome by interactions with the anticodon of its 

cognate tRNA (aminoacyl or charged tRNA), resulting in insertion of an amino acid, 

followed by a precise three base translocation of the mRNA (and tRNA) to maintain the 

reading frame (illustrated in Figure 1). As elaborated below, translation elongation is 

influenced by the choice of synonymous codons, which specify insertion of the same amino 

acid, but differ in their decoding properties.

There is a compelling case that synonymous codon choice modulates translation elongation 

and translation efficiency [17–24]. Synonymous codons differ from each other in their 

relative use in the genome, in the abundance of tRNAs to decode them, and in the 
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requirement of some codons for wobble interactions (non-Watson-Crick base pairing) 

between the third base of the codon and the first base of the tRNA anticodon [17, 24–27]. A 

subset of codons, called optimal codons, are decoded by abundant tRNAs, are efficiently 

translated, and are used nearly exclusively in many highly expressed genes in yeast and 

Escherichia coli [17, 18, 21, 23, 28]. Moreover, the influence of codon choice on translation 

efficiency is underscored by genome-wide correlations between codon use and translation 

efficiency [29–34], and by numerous examples in which recoding genes with optimal or 

suboptimal codons changes expression as predicted [32, 35–41].

However, despite more than 30 years of analysis, the mechanism(s) underpinning codon-

mediated effects on translation are not well understood. The principal ideas have been that 

rate of translation elongation at different codons depends upon the supply of tRNA [18, 21, 

34, 41–46], and that slower translation elongation rates reduce translation efficiency. Thus, it 

is generally thought that reduced translation rates and yield are due to an accumulation of 

small effects from individual codons decoded slowly by rare tRNAs. There were numerous 

indications that this model did not fit the facts including unpredictable effects of changing 

coding sequence on expression [37]. The rate-limiting factors in translation elongation were 

unknown, due in part to a lack of information about specific codons or codon combinations 

that either slow translation or reduce translation efficiency. Furthermore, it was not 

understood how differences in rates of translation elongation bring about reduced protein 

expression nor why suboptimal codon use is important for health of the organism. Recent 

work using newly developed high throughput methods has shed light on these questions.

Codon-dependent differences in elongation rate are due to wobble, tRNA 

and gene position

One impediment to understanding how codon choice affects translation has been the 

inability to distinguish effects of individual codons on the rate of translation elongation, an 

essential piece of information in the deduction of rate-limiting factors. Differences in the 

rates of decoding were detected in some early studies in E. coli in a variety of assays [47–

50]. For instance, a three-fold difference in translation rates of Glu GAA and GAG codons, 

which are decoded by a single isoacceptor tRNA, was discerned by determining the in vivo 
rate of translation of lacZ with 30–60 codon inserts of GAA or GAG, (using a pulse-chase 

with [35S]methionine and examination of synthesis of radioactive β-galactosidase protein) 

[51]. However, these assays relied upon analysis of codons in a single position in a single 

gene, and upon non-natural constructs; thus, there was no general conclusion about 

differences in rates of decoding individual codons within native genes.

Ribosome profiling ushered in a new age by enabling genome-wide analysis of translation at 

single codon resolution [3]. In ribosome profiling, the sequence of a ribosome-protected 

mRNA fragment yields the identity of the codon in the ribosomal A and P sites, and the 

distribution of ribosome-protected fragments across a gene returns information on the 

relative time the ribosome spends at each codon in the gene (Box 1). By extension, a 

transcriptome-wide landscape of relative ribosome occupancy at each codon (which requires 

normalization by mRNA abundance) yields thousands of examples of decoding of each 
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codon. Thus, ribosome profiling is theoretically a robust method to assess effects of 

individual codons on the rate of translation elongation.

Box 1

Ribosome profiling

Ribosome profiling, which is based upon protection of mRNA sequences by the 

ribosome, provides nucleotide resolution of the locations of translating ribosomes, from 

which one may determine the ribosome occupancy of a specific sequence (relative to its 

occupancy of other sequences within the same transcript) and the identity of the codons 

in the A, P and E sites (Figure I). Ribosome profiling has been used to map the translated 

portions of the genome, to compare relative translation rates of different genes, to 

identify sites of ribosome pausing, and to identify genes translated in specific cellular 

locations, such as the endoplasmic reticulum [130].

This information can theoretically be used to determine the relative rate of translation of 

specific sequences or codons, but there have been several technical impediments to 

fulfilling this promise (discussed in [130]). Of particular note with respect to analysis of 

codon effects are the complications that arise from attempting to obtain instantaneous 

cessation of translation using antibiotics, which result in well-documented biases in the 

data [52, 53]. Furthermore, complications have arisen in aligning footprints to infer the 

codons in the A, P and E sites of the ribosome because of the non-uniform sizes of 

ribosome-protected fragments sizes (22–28 nucleotides in eukaryotes [54, 55] and 15–45 

nucleotides in bacteria [53, 131]). Recent studies have addressed these issues [52–56].
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Figure I. Schematic of the steps in ribosome profiling
To obtain ribosome footprints, cell lysates, obtained from cells in which translation has 

been rapidly stopped, are treated with nucleases to digest unprotected RNAs. Ribosome-

protected fragments of discrete sizes (22–28 nucleotides in eukaryotes and 15–45 

nucleotides in bacteria) are isolated, converted to a library and subjected to deep 

sequencing. To obtain information on the identity and amounts of mRNA, mRNA is 

subjected to random fragmentation, isolated, converted to a similar library and 

sequenced. Sequences are aligned to the genome, such that codons in the A, P and E sites 

of the ribosome are distinguished. As expected, most ribosome footprints (blue) map to 

sequences that encode proteins (beginning with the AUG initiation codon and ending at 
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the stop codon) and exhibit a 3 nucleotide periodicity (shown to right of ribosome reads); 

mRNA footprints (red) extend outside of the translated regions and do not exhibit this 

periodicity. UTR: untranslated region; ORF: open reading frame.

Early analysis of elongation rates at individual codons was complicated by at least two 

factors. First, rapid arrest of translation is essential to monitor in vivo rates, but the inclusion 

of antibiotics (to do this) distorts ribosome rates at specific codons. In yeast, addition of 

cycloheximide confounded analysis of individual codon rates, likely because elongation 

continues in the presence of the antibiotic at a slow rate with different individual rates for 

specific codons [52]. Similarly, arrest of translation in bacteria with chloramphenicol results 

in aberrant arrest with particular amino acids (Gly, Ser, Ala and Thr) in the E site [53]. To 

avoid biases that occur from antibiotic inclusion, current methods in yeast suggest flash 

freezing in liquid nitrogen [54–56]. Second, assessments of ribosome density at particular 

positions depend upon the size and alignment of the ribosome footprints (which vary in size 

from 15–45 nucleotides in bacteria and from 16 to 34 nucleotides for monosomes in yeast) 

[53–55]. In yeast, shorter ribosome footprints may correspond to ribosomes arrested at a 

different step in translation elongation than longer footprints [55] or on truncated mRNAs 

[54]. In E. coli, inclusion of all footprints revealed that pauses at Gly codons were 

responsible for a large portion of ribosome occupancy at Shine-Dalgarno motifs [53]. 

Nevertheless, several factors that influence the rates of elongation have been revealed in 

recent studies.

First, specific types of wobble decoding have been implicated in causing slow decoding in 

several different organisms. In both Caenorhabditis elegans and HeLa cells, decoding by 

G•U wobble interactions is slower than decoding by G-C Watson-Crick base pairing, based 

on comparisons among 16 NNU/NNC codon sets, each decoded by the same isoacceptor 

tRNA [58]. In yeast, decoding of two codons that use wobble interactions (I•A, Arg CGA 

and U•G, Pro CCG) was also particularly slow [55]. Decoding of the wobble codon is 

frequently facilitated by modifications of the interacting base in the anticodon of the tRNA 

(N34); tRNAs are highly post-transcriptionally modified with an average of 12.6 

modifications per tRNA species in yeast [57]. Early studies demonstrated that failure to 

modify U34 in tRNAGlu resulted in differences in decoding rates of the two Glu codons in 

one context [49]. However, there has been no general examination of the effects of 

modification defects on decoding rates.

Second, tRNA amounts do correlate with codon-specific differences in ribosome occupancy, 

as expected based on the model in which translation elongation rates are limited by the 

supply of charged tRNA to fill the A site of the ribosome (see [59] for review). The 

expectations were that codons decoded by low abundance tRNAs are decoded slowly, which 

should result in higher ribosome occupancy at these codons. Indeed such inverse correlations 

between tRNA abundance (as assessed by one metric, tAI) and ribosome occupancy were 

seen in numerous studies in yeast, although the correlations were weak (see [52, 56]). 

Moreover, as we discuss below, changes in tRNA expression do affect biological regulation 

(see the discussion below on cell type specific changes in tRNA amounts [60–62]). Thus, 

there is a strong case that tRNA supply does regulate both translation elongation rate and 
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translation efficiency. However, there is probably not a simple relationship between tRNA 

concentration and elongation rates. In one study, codon-specific rates (measured with 

ribosome profiling) were marginally affected by reducing the abundance of a particular 

tRNA to 30% and completely unaffected by overproducing a low copy tRNA [63]. 

Moreover, it remains unresolved precisely which properties actually limit tRNA supply: 1. 

the absolute concentration of tRNA, 2. the amount of tRNA relative to the number of codons 

that it decodes [64], or 3. the competition between the cognate tRNA and near cognate 
tRNAs [65–67].

Additional elements, from location within the gene to other local features, influence rates of 

decoding of individual codons [56]. Each of the 61 codons appears to be translated more 

slowly in the first 200 codons than in the remainder of the gene, based on an average 33% 

increase in ribosome protected fragments in this region [56]. In addition, codons are 

translated more rapidly if they are located within regions that form protein secondary 

structures, rather than inter-domain regions, and more slowly if they lie immediately 

downstream of polybasic regions [56]. These results underscore some of the complexities in 

understanding the regulation of translation by codon choice.

Specific codon pairs modulate the rate and efficiency of translation

Understanding how codons regulate translation efficiency has been challenging because it 

has been difficult to pinpoint specific codons or codon combinations that reduce translation 

efficiency. Changes in codon use affect mRNA structure, as well as both the rate and 

accuracy of translation elongation, thus complicating the analysis. For instance, the analysis 

of large libraries encoding multiple synonymous variants of a single assayable gene [68, 69] 

revealed that selection against strong mRNA secondary structures in the 5’ end is a major 

determinant of high expression, that is codon choices resulting in stronger structures inhibit 

expression. Indeed, genome scale analyses in both E. coli and yeast corroborate this point, 

since mRNA structure near the N-terminus is generally weak, which is likely to promote 

translation initiation [34]. However, a systematic analysis of effects of each codon on 

expression in the yeast Saccharomyces cerevisiae demonstrated that Arg CGA codons are 

very poorly decoded due to I·A wobble decoding, finding that adjacent CGA codons are 

much more potent inhibitors than separated CGA codons [70].

The effects of codons on translation are almost certainly dependent upon additional 

parameters, such as interactions with adjacent codons, or location in the gene [34, 64, 70–

75] (reviewed in [76]). The idea that a codons effects were modulated by their adjacent 

nucleotides (or codons) was proposed coincidentally with the recognition that codon use 

might affect gene expression [17, 21, 77, 78], when it was noted that suppression of 

nonsense and missense codons is influenced by the surrounding sequences, a phenomenon 

called codon context [79, 80]. Soon thereafter, Gutman and Hatfield noted that codon pair 

use in E. coli is biased and correlates with expression levels [72]. Codon pair bias exists in 

many organisms in all three kingdoms [81, 82], but its role in expression was not clear [81], 

since some codon pairs are avoided in all three kingdoms (for instance nnUAnn codon pairs 

to decrease the likelihood of forming an out-of-frame stop codon) [82]. The observation that 

recoding viral genes with underrepresented codon pairs resulted in virus attenuation in mice 
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[83] suggests that use of such pairs is deleterious to expression although the nature of their 

effects remains to be deciphered [84, 85]. In general, considerably less work has focused on 

the possibility that codon combinations or codon contexts are key to regulating translation 

elongation.

Effects of codons, codon context and codon combinations on the rate of translation 

elongation were directly examined using the his attenuator system in Salmonella enterica to 

measure relative translation speeds in vivo [86]. In this system, rapid translation of a leader 

polypeptide results in formation of a structure required for transcription termination (the 

attenuator) and a failure to translate the downstream genes, while slow translation of the 

leader polypeptide results in the absence of the attenuator and efficient translation of the 

downstream genes. Examination of the effects of all 64 codons upstream and downstream of 

a Ser UCA codon, indicated that the rate of translation depended upon both the identity and 

position of the neighboring codon [86]. Moreover, slow translation was also mediated by 

Pro-Pro dipeptides (known to mediate ribosome stalling) [87, 88], by codon combinations 

that base pair with the Shine-Dalgarno sequence, and by rare Arg-Arg codon pairs [86].

The idea that codon pairs exert effects on translation that are distinct from the effects of the 

individual codons in the pair was established with the identification of 17 inhibitory codon 

pairs in the yeast S. cerevisiae. These 17 inhibitory codon pairs were implicated in low 

expression in a high throughput screen of more than 35,000 GFP variants in which 3 

adjacent codons were randomized [89]. The codon pair, rather than the six base sequence, 

the individual codons in the pair, or the dipeptide was responsible for low expression, since 

reduced GFP was only associated with variants in which both codons in the inhibitory pair 

were present, in-frame and adjacent. Inhibitory effects of these pairs were recapitulated by 

analysis of individual GFP variants, each compared to a synonymous variant with an optimal 

pair (a change of 2 nucleotides). The effects of these codon pairs were due to translation 

defects since, in 11/12 cases tested, their expression defects were suppressed either by 

overproduction of their native tRNA or by expression of a non-native tRNA engineered with 

an anticodon that forms W-C base pairs with all 3 bases of the codon and thus corrects 

normal wobble decoding of the codon [89].

Analysis of the properties of inhibitory pairs clarifies several aspects of the mechanisms 

underpinning codon-mediated effects on translation (Figure 2, Key Figure). First, many 

inhibitory pairs are translated very slowly in native yeast mRNAs [89], based on analysis of 

existing ribosome profiling data [90], confirming the idea that slow decoding is linked to 

inefficient translation. Second, codon-anticodon interactions in both positions are involved 

in inefficient translation, since 15 inhibitory pairs contain at least 1 codon that is decoded via 

I•A or U•G wobble interactions and inhibition was suppressed by correcting wobble 

interactions at either 5’ or 3’ codons (see above) [89]. Third, these pairs are likely to act as 

discrete regulatory signals, since the magnitude of their effects are large. Fourth, the order of 

codons in the pair is required for both inhibition and for slow decoding, implying that codon 

pair effects differ from effects of individual codons. These results challenge the notion that 

elongation is limited solely by availability of charged tRNA to fill the A site of the ribosome. 

Clearly, some interplay between adjacent sites in the ribosome is able to limit translation, but 

it is unknown at what step(s) in translation this interplay operates or how it works.
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Mechanisms coupling codon use to low expression

The mechanisms by which codon use affects the rate and output of translation are not 

completely understood, although information has emerged on three types of responses. First, 

suboptimal codon use drives mRNA decay [39]. Second, suboptimal codon use may 

feedback and limit initiation [36, 91]. Third, suboptimal codon use sometimes elicits a 

response from a quality control system that targets the nascent polypeptide and/or the 

mRNA for degradation [92, 93]. The evidence for each of these is discussed below, but much 

remains to be explained, including when each mechanism applies and how/if they impact 

each other.

Codon use modulates mRNA decay

The inference that codon usage and mRNA stability are linked was enunciated as early as a 

1987 study of codon effects in the yeast PGK1 gene [20] and was reinforced in subsequent 

studies of the effects of rare codons on stability of MATα1 and PGK1 mRNAs [94, 95]. 

Indeed, there are numerous links between mRNA decay and translation; mRNA decay 

occurs in response to a variety of aberrant translation events (nonsense mediated decay, no-

go decay and nonstop decay) [93]. However, since many factors regulate mRNA stability, 

from RNA binding proteins [96] to miRNAs [97] to RNA structure [98], it was unclear to 

what extent decay is generally dependent upon the translation rate and it was unknown how 

such decay might be executed.

Codon usage in yeast was recently implicated as the major determinant of mRNA stability, 

based upon a genome-wide analysis of mRNA stability which revealed a strong correlation 

between mRNA half-life and optimality of codons used to encode the gene (Figure 2) [39]. 

Moreover, synonymous substitutions in several genes resulted in the predicted change in 

mRNA stability, providing compelling evidence that the codon composition of genes dictate 

differences in their mRNA half-lives [39]. This correlation has been extended to bacteria 

[99] and to vertebrates [100, 101], including humans [102]. Recent analyses of the post-

fertilization, maternal to zygotic transition in zebrafish implicated translation of specific 

codons and amino acids in the rapid degradation of maternal decay mRNAs [100, 101]. 

Strong evidence against specific sequence determinants of decay was provided by one study 

showing that insertion of a single nucleotide simultaneously alters codon optimality and 

decay rate of a gene [100]. While these findings establish a role for codon use in modulating 

mRNA decay, exactly how mRNA decay is triggered remained obscure.

The idea that some 5’ to 3’ mRNA decay closely tracks translation is strongly supported by 

a new method that monitors RNAs with a 5’ phosphate (expected of degradation products of 

the exonuclease Xrn1) [103]. These degradation intermediates exhibited the hallmarks of 

translation: a 3’ periodicity of products (which was used to estimate that ~34% of 5’ to 3’ 

degradation intermediates were co-translational) and an accumulation of intermediates at 

ribosome pause sites, such as stop codons, Arg CGA and Pro CCG [103]. Thus, decay 

intermediates are not only associated with ribosomes, but are limited by the speed of 

decoding, corroborating that decay and translation are intimately coupled.
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Dhh1 protein was recently implicated in codon-mediated regulation as a link between 

mRNA metabolism and ribosome speed (Figure 2) [104]. Dhh1, a highly conserved DEAD-

box helicase protein, was previously known to promote decapping, to repress translation of 

specific messages and to facilitate P-body formation [105]. Dhh1 was a good candidate to 

effect codon-mediated regulation, because it is highly abundant, acts during translation 

elongation and binds preferentially to slowly translating ribosomes [106]. Indeed, deletion of 

DHH1 results in the selective increase in the half-life of mRNAs with suboptimal codons, as 

evidenced by both analysis of individual genes and genome-wide correlations with codon 

content [104]. Dhh1 protein preferentially associates with mRNAs enriched in suboptimal 

codons, increasing the number of ribosomes on these mRNAs and on specific codons [104]. 

In addition, Dhh1 is more effective at promoting decay on mRNAs with a greater number of 

slow moving ribosomes, suggesting that Dhh1 both senses and affects the ribosome speed 

[104].

Codon use may modulate translation initiation

Codon effects on mRNA stability can only partly explain the connection between codon 

usage and protein output, since there are numerous examples in which translation efficiency 

(the protein output per mRNA) depends upon codon usage [20, 107]. Furthermore, 

differences in translation efficiency as a function of codon usage are recapitulated in a 

genome wide analysis in zebrafish in which translation efficiency is assessed by ribosome 

footprints per mRNA [100]. Similarly in yeast, suboptimal codon use results in lower protein 

output even after normalizing for loss of mRNA [39]. Furthermore, the location of 

suboptimal codons is a major factor in their effects on decay, but not protein output; mRNA 

decay preferentially affects mRNAs with suboptimal codons closer to the 3’ end [101, 104], 

but protein output is identical [104]. Thus, there must be additional mechanisms to couple 

elongation rate and protein output.

The long-standing idea has been that slow elongation is usually coupled to a reduced 

efficiency of translation initiation, consistent with evidence that free ribosomes are generally 

limiting [108–110] and thus, that initiation is frequently the rate-limiting step in translation. 

The mechanism by which such coupling works is unknown, although there is clear evidence 

of a link between initiation rates and elongation regulation. For instance, slow decoding 

caused by suboptimal codon use in yeast [36] or by polyproline motifs in Salmonella 
enterica [91] results in large effects on protein expression if and only if translation initiation 

is efficient (Figure 2). Translation elongation across slow codons could impair translation 

initiation, either because slow elongation limits clearance of the AUG start codon [36] or 

limits clearance through the stall [91]. Alternatively, slow elongation could reduce the 

availability of terminating ribosomes, which themselves may initiate translation more 

efficiently than the pool of free ribosomes [111]. Thus, elongation and initiation may be 

coupled, particularly for genes at which initiation is normally efficient, although there is 

much more to learn about this process.
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Ribosomal protein RACK1/Asc1 and the Ribosome quality control complex mediate effects 
of some codon combinations

Cells contain a number of specific quality control systems to mitigate the downstream 

effects of translation of aberrant mRNAs, for instance those lacking a stop codon or 

containing a sufficiently strong structure to interfere with elongation [93]. In addition to the 

responses described above, there is evidence that translation of CGA codon repeats in yeast 

evokes responses from some cellular proteins that deal with aberrant translation (Figure 2) 

[92]. The yeast homolog of human RACK1, Asc1, is a small ribosomal subunit protein [112] 

located near the mRNA exit tunnel [113], is required for nascent polypeptide-dependent 

translation arrest [114] and is proposed to recruit the ribosome quality control (RQC) 

complex to stalled ribosomes in yeast by an unknown mechanism [115]. Asc1 is implicated 

in CGA-mediated inhibition of translation in S. cerevisiae: deletion of ASC1 results in both 

improved read-through of and frameshifting at CGA codon repeats [74]. Furthermore, Ltn1, 

an E3 ubiquitin ligase [116], which is a component of the RQC, targets the nascent 

polypeptide upstream of CGA codon repeats for degradation [92]. It is unknown if Asc1 

and/or the RQC are generally involved in mediating effects of suboptimal codon use or of 

other strongly inhibitory codon pairs.

Genomic analyses of codon use reveal regulated changes for expression 

and accuracy

Most biological processes are facilitated by changes in gene expression, but it was unknown 

the extent to which changes in the efficacy of translation of synonymous codons contributes 

to such events. However, it was known that amounts of specific tRNAs vary in different 

human tissues, and that tRNA supply is correlated with codon use in those tissues, as 

expected if the supply of a tRNA modulates translation efficiency [60]. Furthermore, 

comparisons of tRNA amounts and codon use in 470 samples provided strong evidence of 

coordinated differences in tRNA supply and codon use between proliferating and 

differentiated cells (Figure 2) [61]. Two additional observations imply that these coordinated 

changes regulate important aspects of cell state. Regulatory sequences associated with the 

tRNA genes differ between proliferating and differentiated cells, suggesting that differences 

in tRNA amounts between these cell types are most likely due to differences in tRNA gene 

regulation [61]. The differences in codon usage between genes expressed in proliferating 

tissues and those expressed in differentiated tissues in humans are also observed in other 

vertebrates, and in the fruit fly Drosophila melanogaster [61]. Thus, tRNA supply and 

demand are coordinated to facilitate and perhaps reinforce the cell state [61].

Changes in amounts of specific tRNAs and translation of their codons drive the metastatic 

progression in specific breast cancer cells (Figure 2) [62]. Comparison of tRNA amounts 

between 2 highly metastatic breast cancer cell lines and their poorly metastatic parental lines 

revealed increased amounts of two tRNAs, tRNAArg(CCG) and tRNAGlu(UUC) [62]. A 

reduction in the amount of these two tRNAs in the metastatic cells reduced their metastatic 

phenotypes (lung colonization capacity and invasiveness), while overproduction of the same 

two tRNAs in their poorly metastatic parents dramatically increased the same metastatic 

phenotypes [62]. Thus, tRNA amounts are directly linked to regulation of a biological 
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function (cancer metastasis). Moreover, these changes in tRNA amounts, particularly 

tRNAGlu(UUC), are responsible for increased amounts of one protein, EXOSC2, that is 

important for metastasis: not only is expression of this gene specifically increased by tRNA 

overproduction, but expression of a derivative gene in which all cognate Glu codons are 

mutated to a synonymous codon is not affected [62]. These observations provide 

unequivocal evidence of the biological importance of changes in tRNA supply and demand.

There has been extensive discussion about the idea that synonymous codons may be selected 

for specific translational properties (speed versus accuracy) [117]. An elegant analysis of 

selection across 12 drosophilid species began by distinguishing the set of gene positions at 

which amino acid identity is completely conserved across the 12 species, inferring that the 

accuracy of amino acid insertion is critical at these conserved residues [118]. If so, this 

subset of positions at which the amino acid is essential are likely to be encoded by codons 

selected for accurate insertion of the correct amino acid. Surprisingly, a switch in the relative 

translational accuracy of sets of codons occurred across the Drosophila/Sophophora genus 

between sets of codons decoded by the same tRNA [118]. This switch is correlated with 

changes in modification of their tRNA anticodons [118]. Similar changes are found in codon 

usage in genes expressed during different developmental stages in D. melanogaster and also 

correlate well with changes in modification of the tRNA anticodons [118]. Thus, not only 

are specific synonymous codons selected for specific translational properties (speed versus 

accuracy), but the optimal codon for a specific property can change in a manner coordinated 

with biological regulation.

One of the perplexing issues has been the overall biological role of suboptimal codons, 

although there are individual examples in which use of suboptimal codons is required for 

function [119, 120]. To assess the general importance of suboptimal codon choice, one study 

[121] attempted to replace the 13 most underused codons in E. coli in each of 42 genes. 

Although most substitutions were successful, most also resulted in reduced fitness. In a 

parallel approach, the 123 rare Arg codons (AGG and AGA) were replaced in all essential 

genes in E. coli [122]. Replacement of 110 rare Arg codons was straightforward, whereas 

the remaining 13 required alternative strategies which implicated mRNA secondary structure 

near the N-terminus and ribosome-binding sequences as determinants of codon choice. 

However, other parameters may constrain the choice of rare Arg codons at particular 

locations, since the resulting strain also exhibited slow growth and carried over 400 

spontaneous non-synonymous mutations [122]. Thus, suboptimal codons can have important 

and substantive effects, but most of these remain to be discovered.

Synonymous codon choice regulates protein folding

The idea that synonymous codon choice influences protein folding was proposed as early as 

1987 [123] and was supported by the observation that sequences encoding the inter-domain 

regions of 37 proteins were generally enriched in slowly translated codons [124]. 

Subsequent studies provided evidence that changing codon usage can predictably alter 

folding [12] and may affect protein activity [119, 120, 125]. However, we did not fully 

comprehend either the prevalence or functional consequences of codon constraints on 

protein folding.
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The idea that has emerged from recent studies is that codon choice precisely modulates 

ribosome elongation rates to obtain biologically active molecules (Figure 2) [126–129]. The 

finding that sequences that interact with signal recognition particle (SRP) are followed by a 

region of low translation efficiency approximately 40 codons downstream (about the length 

of the ribosome protein exit tunnel) provided compelling evidence for this idea [126]. 

Moreover, this region of low translation efficiency is evolutionarily conserved among yeast, 

suggesting that these sequences serve functionally important roles, presumably in slowing 

translation to allow sufficient time for SRP binding [126].

The general link between translation rates and protein folding is underscored by studies 

showing that modulating local translation rates impacts protein homeostasis [127] as well as 

folding of specific proteins [128, 129]. For instance, inefficient decoding by a tRNA with an 

aberrant U34 modification reduces the rates of translation at specific codons, and results in 

protein misfolding and aggregation (proteotoxic stress) [127]. Conversely, increasing the 

speed of decoding by optimizing codon usage for Neurospera crassa in firefly luciferase 

results in protein with a lower specific activity and altered response to trypsin digestion 

[128]. Local translation rates within a 50 codon segment of luciferase [128] are crucial for 

correct folding of the native protein in vivo. Similarly, analysis of expression in E. coli of 

two synonymous variants of the mammalian eye-lens protein gamma-B crystalline 

demonstrated that the variant recoded to mimic local translation rates of the host organism 

(B. Taurus), yielded more protein that was correctly folded compared to the native B. Taurus 
sequence [129]. Moreover, the authors of this study directly demonstrated that folding 

differences occur co-translationally using real-time FRET and proposed that genes are 

encoded with a combination of fast and slow codons (harmonized codon use) to aid protein 

folding. Thus, modulating translation rates to obtain biologically active molecules appears to 

be a general function of codon choice and is prevalent at many sites in many proteins. It is 

still unknown if the sole or primary function of suboptimal codons is to regulate protein 

folding. It is also unclear whether or not inhibitory codon pairs are just stronger, more site-

specific regulators of protein folding or have additional roles.

Concluding Remarks

The choice of synonymous codons used to encode a polypeptide affects the rate at which an 

mRNA is translated and the amount of protein produced per mRNA. Recent work has shed 

light on the mechanisms by which codon use modulates translation, specifically revealing 

that translation elongation rates are codon-dependent, that specific codon pairs are potent 

inhibitors of translation output and significantly slow ribosomes, as well as that codon use is 

tightly coupled to mRNA stability and decay. In addition, there is now compelling evidence 

that biological regulation is driven by changes in the efficacy of translating specific codons: 

increased expression of two tRNAs is necessary and sufficient to drive metastasis of two 

cancer cell lines [62]. Finally, based on evidence that codon choice affects nascent protein 

folding, the view emerges of genes encoded with codons that modulate local rates of 

elongation to obtain a correctly folded protein.

Much remains to be learned about specific mechanisms that slow the ribosome, about the 

coupling between elongation and output, as well as about the full spectrum of codon 
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functions (see Outstanding Questions). What are the primary factors that limit the rate of 

translation elongation: the absolute concentration of an individual tRNA (or charged tRNA), 

the concentration of a tRNA relative to its use in translation, or the competition between 

cognate and near cognate tRNAs? To what extent do the interactions between codons (or 

adjacent nucleotides) modulate the rate of translation: are all or most codon pairs or triplets 

unique signals whose effects on translation elongation cannot be predicted based on their 

component codons? How do tRNA modifications and changes in these modifications affect 

translation speed, accuracy and output? How does a reduction in translation elongation result 

in decreased protein expression? What aspect of slow decoding is recognized? Why are 

some genes encoded with a large fraction of suboptimal codons: to maintain a constant 

supply of the mRNA with low protein output, to optimize production of a correctly folded 

protein, or to mediate protein-protein interactions? Are there a large number of biological 

regulatory events in which changes in tRNA supply or codon use are key to the transitions?

Outstanding Questions

• What limits the rate of translation elongation?

• Is control of tRNA abundance or efficacy generally employed as a biological 

regulatory mechanism?

• What are the functions of suboptimal synonymous codons and strongly 

inhibitory pairs? Are these functions different from each other?

• How are translation elongation rates and translation efficiency connected? Is 

there a specific mechanism coupling translation elongation and initiation?

• How many distinct systems mediate effects of suboptimal codons or codon 

pairs? Is there overlap or are they mutually exclusive?

• At which steps of translation, does codon pair mediated inhibition occur? 

How does the interplay between adjacent sites in the ribosome occur?

• How does Dhh1 sense codon use to preferentially degrade suboptimal codon 

transcripts?

Glossary

Aminoacyl-tRNA
a tRNA in which an amino acid is covalently attached to its 3’ end. Also referred to as 

charged tRNA.

Anticodon
the three nucleotides in the anticodon loop of a tRNA that base pair with the codon in the 

mRNA. In the tRNA, these nucleotides are numbered 34, 35 and 36 in the 5’ to 3’ direction, 

with nucleotide 36 base pairing with nucleotide 1 of the codon. Thus, nucleotide 34 is 

responsible for wobble base pairing with nucleotide 3 of the codon.

Codon
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three adjacent nucleotides in an mRNA that specify insertion of a particular amino acid to 

the growing polypeptide chain.

Cognate tRNA
the tRNA with an anticodon that forms complementary base pairs with the codon and is 

selected preferentially by the ribosome when decoding that codon.

Isoacceptor tRNAs
the set of tRNAs that insert the same amino acid; they may interact with different codons.

Near cognate tRNA
a tRNA that contains a single base mismatch between its anticodon and the codon in 

question.

Peptidyl transferase center (PTC)
the location within the large ribosomal subunit at which a new peptide bond is formed, 

linking the nascent polypeptide to the next amino acid.

Shine-Dalgarno
ribosomal binding site found in mRNAs in bacteria and archaea that directs translation 

initiation.

Synonymous codons
different codons that specify insertion of the same amino acid to the growing polypeptide 

chain.

Wobble decoding
interactions in the ribosome in which the tRNA anticodon forms Watson-Crick base pairs 

with the first two bases in the codon, but forms a non-Watson- Crick base pair between N34 

of the tRNA and the third base in the codon. The wobble hypothesis was initially proposed 

by Francis Crick in 1966 [132].
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Box 2

High throughput measurements of mRNA abundance

Accurate measurements of mRNA amounts are essential for many applications, including 

the precise determination of translation efficiencies and of mRNA half-lives. Two 

methods are commonly used to prepare libraries enriched for mRNA, the first is to select 

for polyA+ RNAs using oligo(dT) beads, and the second is to deplete rRNAs from the 

total RNA sample using hybridization. Poly(A) selection can lead to omission of mRNAs 

with short or no poly(A) tails, mRNAs that are endonucleolytically cleaved, or mRNAs 

that are stably deadenylated [55, 56]. Of course, rRNA depletion methods can lead to 

inclusion of the same types of mRNAs, and it is unclear a priori which of these 

approaches will provide more accurate information on the “active” pool of mRNAs. In 

one study, half-lives derived from oligo(dT) selected mRNAs were generally shorter and 

specifically skewed for some mRNAs compared to half-lives derived from rRNA-

depleted mRNAs [39].

Three different methods of mRNA selection were evaluated by comparing RNA-seq 

results from mRNA prepared from identical samples (Table I) [56]. The Ribo-Zero 

mRNA displayed the closest equivalency to the total RNA sample, based on three 

criteria: relative amounts of individual messages, even distribution of reads across the 

coding sequence and equal representation of genes independent of length [56].
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Trends

• Ribosome speed during elongation is modulated by codon choice, tRNA 

abundance and wobble decoding.

• Codon pairs act as discrete signals that reduce expression and slow 

translation.

• Codon usage modulates mRNA decay and Dhh1 preferentially targets 

mRNAs of low codon optimality for degradation.

• Codon-mediated effects on translation rates facilitate co-translational protein 

folding.

• Genome-wide and high throughput analyses of codon use and tRNAs have 

facilitated recent discoveries.
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Figure 1. Schematic of translation elongation
The top diagram shows an elongating ribosome, including the 3 sites for tRNA binding (A, 

P, and E) that span the large and small ribosomal subunits; the nascent polypeptide (which is 

attached to the P site tRNA and exits through the exit tunnel in the large subunit); and the 

mRNA (which enters and exits through the small subunit, moving 5’ to 3’). Bacteria specific 

components are shown in parentheses. First, addition of a new amino acid begins with the 

delivery, recognition and accommodation of an aminoacyl-tRNA into the A site of the 

ribosome. In this step, GTP-bound elongation factor (eEF1A GTP in eukaryotes or EF-Tu 

GTP in bacteria) delivers an aminoacyl-tRNA to the A site of the ribosome, where base 

pairing interactions between the anticodon of the tRNA and the 3 bases of the codon in the 

mRNA trigger hydrolysis of GTP, release of the deacylated tRNA from the E site of the 

ribosome, release of the GDP-bound elongation factor and further accommodation of the 

tRNA (a second proofreading step that depends upon codon-anticodon base pairing). Next, 

the addition of the amino acid to the growing polypeptide requires peptide bond formation, 

which involves close approximation of the 3’ ends of the aminoacyl and the peptidyl site 

tRNAs in the peptidyl transferase center of the large subunit, and large scale movement of 

the ribosomal subunits relative to each other to form a hybrid state. Finally, to complete the 

process, translocation of the mRNA (with its associated tRNAs) involves another GTP-

bound elongation factor (eEF2 GTP in eukaryotes or EF-G GTP in bacteria), and large scale 

ribosome movement to restore the classical state. This process is repeated until the ribosome 

encounters a termination codon.
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Figure 2. The consequences of codon choice
Effects of different types of codon choice. (A) Genes encoded primarily with optimal codons 

(blue) are rapidly and efficiently translated. (B) Genes encoded primarily with suboptimal or 

slowly decoded codons (orange) are inefficiently translated; their mRNAs exhibit decreased 

stability, mediated in yeast by Dhh1 protein. (C) Inhibitory codon pairs (red box) are very 

slowly decoded, reduce protein output significantly, and sometimes recruit quality control 

machinery. (D) The efficiency of translation initiation influences the magnitude of the 

effects of suboptimal codon use on expression (ratio of expression of synonymous variants 

encoding the same protein). (E) A change in the amount of two specific tRNAs drives cancer 

metastasis and modulates expression of specific genes. (F) Harmonized codon use, a 

combination of rapidly and slowly decoded codons, can facilitate co-translational protein 

folding to obtain biologically active molecules.
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Table I

Comparison of different methods to prepare mRNA

Method Relative Amounts (r2) Position dependence (3’ 
Bias)

ORF Length Bias

Dynabeads oligo(dT)25 (Life Technologies) 0.85 Strong Strong

RiboMinus Yeast Transcriptome Isolation (Life 
Technologies)

0.87 Slight Slight

Ribo-Zero Yeast Magnetic Gold (Epicenter) 0.98 Slight None
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