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In the cell, proteins are synthesized from N to C terminus and begin
to fold during translation. Cotranslational folding mechanisms are
therefore linked to elongation rate, which varies as a function of
synonymous codon usage. However, synonymous codon substitu-
tions can affect many distinct cellular processes, which has compli-
cated attempts to deconvolve the extent to which synonymous
codon usage can promote or frustrate proper protein folding in vivo.
Although previous studies have shown that some synonymous
changes can lead to different final structures, other substitutions
will likely be more subtle, perturbing predominantly the protein
folding pathway without radically altering the final structure. Here
we show that synonymous codon substitutions encoding a single
essential enzyme lead to dramatically slower cell growth. These
mutations do not prevent active enzyme formation; instead, they
predominantly alter the protein folding mechanism, leading to
enhanced degradation in vivo. These results support a model in
which synonymous codon substitutions can impair cell fitness by
significantly perturbing cotranslational protein folding mechanisms,
despite the chaperoning provided by the cellular protein homeostasis
network.

elongation rate | translation | ribosome | cotranslational folding |
protein design

Synonymous codon substitutions alter the mRNA coding se-
quence but preserve the encoded amino acid sequence. For

this reason, these substitutions were historically considered to be
phenotypically silent and often disregarded in studies of human
genetic variation (1, 2). In recent years, however, it has become
clear that synonymous substitutions can significantly alter pro-
tein function in vivo through a wide variety of mechanisms that
can change protein level (3–5), translational accuracy (6, 7),
secretion efficiency (8, 9), the final folded structure (1, 10–12),
and posttranslational modifications (13). The full range of syn-
onymous codon effects on protein production is, however, still
emerging, and much remains to be learned regarding the precise
mechanisms that regulate these effects.
One effect of synonymous codon substitutions long proposed

but with scant evidence to support its significance in vivo is
perturbations to cotranslational folding mechanisms. In general,
rare synonymous codons tend to be translated more slowly than
their common counterparts (14–17). Moreover, rare synonymous
codons tend to appear in clusters, creating broader patterns of
codon usage (18), many of which are conserved through evolu-
tion (19–21). The folding rates of many protein secondary and
tertiary structural elements are similar to their rate of synthesis
(22, 23), lending conceptual support to the hypothesis that even
subtle changes in elongation rate could alter folding mechanisms
(24). In theory, reducing the rate of translation elongation by
synonymous common-to-rare codon substitutions could provide
the N-terminal portion of a nascent protein with more time to
adopt a stable tertiary structure before C-terminal portions are
synthesized and emerge from the ribosome exit tunnel (25–27).
Depending on the specific native structure of the encoded protein,

such extra time could be either advantageous or detrimental to
efficient folding (28). However, cells contain an extensive network
of molecular chaperones to facilitate the folding of challenging
protein structures, including several that associate with nascent
polypeptide chains during translation (29–33). Thus, it remains
unclear whether a synonymous codon-derived alteration to elon-
gation rate and cotranslational folding mechanism could be suffi-
ciently perturbative to rise above the buffering provided by the
cellular chaperone network.
Here we show that synonymous codon changes in the coding

sequence of an enzyme essential for Escherichia coli growth can
have a dramatic effect on cell growth. We tested a variety of
mechanistic origins for this growth defect, including changes to
the folded protein structure, expression level, enzymatic activity,
mRNA abundance, and/or activation of a cell stress response.
Our results are consistent with synonymous substitutions altering
the pattern of translation elongation, which alters the cotrans-
lational folding mechanism and leads to the formation of a
folded, active structure that is more susceptible to degradation.
These results demonstrate that changes to synonymous codon
usage can significantly affect protein folding in vivo, rising above
the chaperoning capacity provided by the cellular protein ho-
meostasis network. Synonymous codon usage may therefore have
broad implications for effective protein design and the interpre-
tation of disease-associated synonymous mutations.
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in vivo.
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Results
Synonymous Codon Substitutions Impair E. coli Growth Rate. To
develop a system to test connections among synonymous codon
usage, cotranslational folding, and cell fitness, we used chloram-
phenicol acetyltransferase (CAT), a water-soluble, homotrimeric
E. coli enzyme with a complex tertiary structure (34) (Fig. 1). A
landmark early study showed that synonymous codon substitutions
near the middle of the coding sequence (Fig. 2A and SI Appendix,
Fig. S1) led to lower specific activity for CAT synthesized by
in vitro translation (11). CAT is essential for E. coli growth in the
presence of chloramphenicol (cam) (35), which enabled us to use
growth rate with cam as a convenient fitness assay. Furthermore,
because CAT is not part of an operon or regulatory network, we
hypothesized that it would be unlikely for feedback regulation of
other genes to mask the effects of CAT synonymous codon
changes on enzyme function (36). Crucially, although CAT cannot

be refolded to its native structure after dilution from chemical
denaturants, the native structure is resistant to unfolding up to
80 °C (SI Appendix, Fig. S2), suggesting that folding intermediates
populated during and after protein synthesis are crucial for effi-
cient folding, as once the native structure has been attained, it is
not likely to populate the unfolded state over a typical bacterial
lifespan.
We transformed E. coli with a plasmid encoding the previously

described synonymous CAT coding sequence variant (11) under
a titratable promoter, but detected no discernable difference in
growth versus E. coli producing CAT from the wild-type (WT)
coding sequence (Fig. 2B and SI Appendix, Fig. S3A). However,
compared with WT-CAT, this synonymous construct contains a
larger number of common codons (Fig. 2A), which leads to in-
creased protein accumulation due to an overall faster translation
elongation rate (11, 16, 25). Consistent with this, we detected

Fig. 1. Chloramphenicol acetyltransferase (CAT) has a complex tertiary and quaternary structure. (A) Ribbon diagram depicting the native homotri-
meric structure (Protein Data Bank ID: 3CLA) (34). (B) Schematic representation of the complex topology of the CAT monomer structure. Secondary
structure elements are shown in rainbow order. Polka dots indicate the H β-strand in the central β-sheet contributed from an adjacent monomer. (C )
Close up of the trimer interface, with the B and H β-strands in the central β-sheets colored as in B. Dashed lines indicate approximate monomer
boundaries.

Fig. 2. CAT encoded by the synonymous Shuf1 sequence leads to impaired E. coli growth in the presence of cam. (A) Relative codon usage in WT (black),
Komar (11) (green), and Shuf1 (gray) CAT coding sequences. Positive values correspond to clusters of common codons, and negative values represent clusters
of rare codons, calculated over a sliding window of 17 codons (37). (B) Growth curves of E. coli expressing ssrA-tagged CAT variants challenged with cam
under low (200 ng/mL) or high (1,600 ng/mL) concentrations of inducer. (C) Relative abundance of untagged (solid bars) or ssrA-tagged (hatched bars) CAT
accumulated in cells determined by quantitative Western blotting of cell lysates. (D) Growth curves in the absence of cam. In all figures, data points represent
the mean ± SD of at least three independent experiments; **P < 0.01; ***P < 0.001; Welch’s t test.
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more CAT in E. coli transformed with this coding sequence
enriched in common codons (Fig. 2C). We hypothesized that this
higher intracellular CAT concentration could mask a defect in
specific activity. To test this, we used a Monte Carlo simulation
method (18, 37) (SI Appendix, Supplemental Methods) to design
and select an alternative synonymous CAT coding sequence,
Shuf1. In Shuf1, the local synonymous codon usage patterns are
very different from the WT coding sequence, but the global
codon usage frequencies are very similar (Fig. 2A and SI Ap-
pendix, Fig. S1), which we predicted would lead to the synthesis
of a WT-like amount of CAT. To avoid known effects of 5′
synonymous codon substitutions on translation initiation (5,
38–41), the first 46 codons of Shuf1 are identical to the WT
coding sequence. Consistent with our prediction, E. coli pro-
duced CAT from the Shuf1 coding sequence at levels indistin-
guishable from WT-CAT (Fig. 2C). However, cells expressing
Shuf1-CAT grew more slowly than cells expressing WT-CAT (SI
Appendix, Fig. S3A).
We hypothesized that we could further exacerbate the ob-

served Shuf1-CAT growth defect by adapting a strategy de-
veloped by Hilvert and coworkers to couple subtle changes in
enzyme function to E. coli growth rate (42). This strategy in-
volves encoding a ClpXP recognition tag (ssrA) at the C ter-
minus of the protein of interest, selectively enhancing its
degradation by the E. coli AAA+ protease ClpXP and leading to
correspondingly lower intracellular protein concentrations. Ad-
dition of the ssrA tag did not affect CAT structure, stability, or
specific activity (SI Appendix, Fig. S3 B–D), but did lead to a
dramatic growth defect for E. coli expressing Shuf1-CAT versus
ssrA-tagged WT-CAT in the presence of cam (Fig. 2B). This
defect also led to a lower minimum inhibitory concentration for
E. coli expressing Shuf1-CAT versus WT-CAT (SI Appendix,
Fig. S3E).

Neither the Shuf1-CAT mRNA nor Protein Is Inherently Toxic.A major
challenge of all in vivo experiments is discerning the precise
origin of an observed effect. For example, a recent study in-
dicated that synonymous codon substitutions can lead to toxicity
at the mRNA level even in the absence of protein production
(43). To test whether production of the Shuf1-CATssrA mRNA
and/or protein is inherently toxic, we compared the growth of
E. coli expressing WT or Shuf1-CATssrA in the absence of cam.
These growth curves were indistinguishable (Fig. 2D), indicating
that the Shuf1 defect is specifically related to impaired CAT
enzyme function. Moreover, in the presence of cam, the growth
defect was partially suppressed at higher inducer concentrations
(Fig. 2B), contrary to the larger growth defect expected if the
Shuf1-CATssrA mRNA and/or protein were inherently toxic.
To test whether Shuf1-CAT expression induces a general cell

stress response, we used mass spectrometry to compare the
abundances of 1,277 proteins in E. coli expressing ssrA-tagged
CAT from either the WT or Shuf1 coding sequence. There was
no significant difference detected in the level of most proteins,
including known stress-associated molecular chaperones and
proteases (Fig. 3). Taken together, these results support a model
in which the Shuf1-CAT growth defect is due to a direct defect in
active CAT protein production, rather than an indirect effect on
other cell functions.

Shuf1 Coding Sequence Does Not Adversely Affect mRNA Concentration.
We noticed that addition of the ssrA tag led to a larger reduction
in intracellular accumulation for CAT produced from the Shuf1
versus WT coding sequence (Fig. 2C, hatched bars). To de-
termine whether this decrease in Shuf1-CAT was due to a defect
arising from Shuf1 transcription and/or mRNA half-life, versus a
translation-related defect, we quantified the levels of WT and
Shuf1 mRNA. These levels were indistinguishable (SI Appendix,
Fig. S4A). Together with the indistinguishable levels of WT-CAT

and Shuf1-CAT protein accumulation in the absence of the ssrA
tag (Fig. 2C, filled bars), these results suggest a model in which the
Shuf1 synonymous codon changes affect intracellular CAT con-
centration at the translational level, likely due to a greater sus-
ceptibility of the Shuf1-CAT protein to degradation (Fig. 4).

ClpX Deletion Indicates ClpXP Is Major Source of Shuf1-CATssrA
Growth Defect. If the Shuf1 codon-dependent growth defect is
due to more efficient degradation of ssrA-tagged Shuf1-CAT by
cellular proteases, specifically ClpXP, deleting ClpX would be
expected to ameliorate the growth defect in vivo. ClpXP is the
major E. coli protease responsible for degrading ssrA-tagged
polypeptides under log-phase growth (44, 45). In general, less
stably folded proteins are more susceptible to degradation by
ClpXP than more stable substrates (46–48), presumably because
less energy is required for ClpX to unfold unstable protein
structures and expose the polypeptide chains to the ClpP pro-
tease active sites (49). To test whether ClpXP degradation is the
key mechanism impairing growth when E. coli expresses CAT
from the Shuf1 coding sequence, we induced expression of WT-
CAT and Shuf1-CAT in an E. coli W3110 derivative that lacks
ClpX (46, 50) and compared growth in this background to the
parent strain W3110 in the presence of cam. ClpX deletion en-
hanced growth only of cells expressing ssrA-tagged CAT from
the Shuf1 coding sequence (Fig. 5A). Likewise, omission of the
ssrA tag enhanced growth only for E. coli expressing ClpX; there
was no effect on cells lacking ClpX (Fig. 5B). These results con-
firm that the major effect of the Shuf1 synonymous codon sub-
stitutions is enhanced degradation of ssrA-tagged CAT by ClpXP.

Native WT- and Shuf1-CAT Proteins Are Subtly Different. Synony-
mous codon substitutions can lead to a wide range of effects on
the encoded protein, including changes to translational fidelity
(decoding accuracy) (6) and the native structure (1, 10, 12, 17).
As a next test of the mechanism by which Shuf1 codon changes
alter cell growth rate, we compared the CAT proteins produced

Fig. 3. Translation of CAT using Shuf1 coding sequence does not signifi-
cantly perturb the E. coli proteome. Relative abundance of E. coli proteins
upon expression of WT or Shuf1 CAT. Twelve E. coli molecular chaperones
and AAA+ ATPases are shown in red; 1,264 other E. coli proteins are shown
in black. No significant upregulation of chaperones or ATPases was observed
for E. coli expressing Shuf1.

3530 | www.pnas.org/cgi/doi/10.1073/pnas.1907126117 Walsh et al.
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from the WT and Shuf1 coding sequences. In both cases, CAT
was detected only in the soluble fraction of the cell lysate (SI
Appendix, Fig. S4B), indicating the Shuf1 growth defect is not
due to CAT aggregation. Likewise, the secondary and tertiary
structure (SI Appendix, Fig. S4C), resistance to chemical and
thermal denaturation (Fig. 5C and SI Appendix, Fig. S4D), and
specific activity (Fig. 5D) of purified CAT produced from the
Shuf1 mRNA sequence were indistinguishable from CAT
translated from the WT coding sequence. We also used mass
spectrometry to compare the molecular weights of CAT translated

from these coding sequences. These masses were indistinguish-
able to within one mass unit and matched the expected molecular
weight of 25,953 Da. Taken together, these results demon-
strate that CAT production from the Shuf1 coding sequence
does not prohibit formation of a stable, active CAT protein
structure.
Despite the native CAT structural similarities reported here, it

is important to note that digestion by ClpXP requires force-
mediated unfolding of a substrate protein from its C terminus,
driven by ATP hydrolysis (51–53). Resistance to mechanical

Fig. 5. Shuf1 CAT is more susceptible to ClpXP degradation than WT CAT, despite several other indistinguishable characteristics. (A and B) Selective effects of
ssrA-tagging and ClpX deletion on the Shuf1 growth defect. (A) In the ClpX deletion strain (W3110 ΔclpX), a large increase in growth rate relative to the
parent strain is observed only for ssrA-tagged Shuf1. Other constructs grow slightly slower in the absence of ClpX. U, uninduced cell culture. (B) Cell growth
data from A plotted to highlight the effect on growth rate of removing the ssrA tag. Omitting the ssrA tag has no effect on growth in the ClpX knockout
(hatched bars). In the presence of ClpX (filled bars), there is a much larger increase in growth upon ssrA tag deletion for Shuf1 than WT, indicating Shuf1 is
more susceptible to ClpXP degradation than WT. (C) Thermal denaturation of CAT monitored by far-UV CD spectroscopy at 205 nm. (D) Acetyltransferase
activity of purified, native CAT, normalized to WT. (E) In vitro ClpXP degradation of native, purified, ssrA-tagged CAT trimers (43). In all panels, data points
represent the mean ± SD; n = 3 biological replicates.

Fig. 4. Proposed model for the effects of synonymous CAT codon substitutions on ssrA-tagged CAT folding and cell fitness. Synonymous changes in the Shuf1
coding sequence alter the local rate of translation, affecting the conformation of CAT cotranslationally and persisting after release of the nascent protein
from the ribosome. These altered Shuf1 folding intermediates are more susceptible to degradation by ClpXP than intermediates populated during and after
translation of the WT coding sequence. Some Shuf1-CATssrA proteins evade degradation and eventually fold to an active conformation that is also more
susceptible to degradation than WT-CATssrA.

Walsh et al. PNAS | February 18, 2020 | vol. 117 | no. 7 | 3531
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force reports on a distinct aspect of protein stability from re-
sistance to chemical or thermal denaturation (54–57). To directly
test whether the Shuf1 synonymous codon substitutions lead to a
native CAT structure that is more susceptible to force-mediated
unfolding and degradation, we subjected native, purified ssrA-
tagged CAT produced in vivo from the WT or Shuf1 coding
sequences to an in vitro ClpXP degradation assay (44, 58). Al-
though both proteins exhibit resistance to ClpXP degradation,
CAT synthesized from the Shuf1 coding sequence was degraded
more rapidly than WT-CAT (Fig. 5E and SI Appendix, Fig. S5),
in direct contrast to the indistinguishable behavior observed in
our other analyses (e.g., Fig. 5 C and D). Shuf1-CATssrA was
more susceptible to ClpXP degradation even when a second,
control substrate was added to the reaction and degraded at the
same rate (SI Appendix, Fig. S6), demonstrating the robustness
of this surprising result. This result demonstrates that CAT
produced from the Shuf1 mRNA sequence is more susceptible to
degradation by ClpXP, perhaps both before as well as after ac-
quiring its native structure. Crucially, the differential susceptibility
to ClpXP degradation provides direct evidence of the impact of
the Shuf1 codon substitutions on CAT folding, as proteins with
identical amino acid sequences would arrive at different native
structures only via distinct folding mechanisms. Because the ssrA
tag is located at the CAT C terminus, we expect that degra-
dation by ClpXP is predominantly posttranslational, occurring
after release of the nascent chain from the ribosome.

mRNA Secondary Structural Stability Does Not Explain Shuf1 Growth
Defect. The results above suggest the Shuf1 synonymous codon
substitutions impair CAT cotranslational folding by altering local
patterns of translation elongation. In vitro, synonymous codons
have been shown to alter elongation rate either by altering the
rate of decoding (59) or by altering downstream mRNA stability,
which can impede ribosome translocation (60). In vivo, there is
some evidence that stable mRNA stem-loop structures can alter
the elongation rate of the ribosome (61–63), although other
studies have detected no difference (38, 64, 65), likely due to
destabilization of mRNA structure by polysomes and/or the
helicase activity of the ribosome. Although the overall predicted
mRNA stability of the WT and Shuf1 genes are similar, a pre-
dicted stable 3′ stem-loop structure in Shuf1 is not present in the
WT coding sequence (SI Appendix, Fig. S7A). To test whether
this structure is responsible for the Shuf1 growth defect, we
created chimeric mRNA sequences with only the 5′, middle, or 3′
portion of the WT sequence substituted with the Shuf1 se-
quence (SI Appendix, Fig. S7B), but observed no growth defect,
for the chimera bearing the 3′ portion of Shuf1 had no impact
on growth rate (SI Appendix, Fig. S7C). Moreover, growth rates
for these chimeras correlated more closely with the difference
in relative codon usage frequencies than measures of mRNA
stability (SI Appendix, Fig. S7D). Taken together, these results
indicate that translation elongation rate differences arising
from changes in codon usage frequencies is a more likely origin
of the Shuf1 growth defect than changes in mRNA secondary
structure.

Discussion
Most of our current understanding of protein folding mecha-
nisms is derived from studies of small proteins that refold re-
versibly when diluted from chemical denaturants. However, only
a small number of proteins can refold robustly in vitro, even
though many more can be maintained in a stable state once
extracted from the cell (24, 66, 67). This suggests both that the
conformations adopted early during the folding process are
crucial to successful folding and that the cellular environment
supports the formation of early folding intermediates that are
distinct from the conformations populated upon dilution from
denaturant. Indeed, there is substantial evidence that molecular

chaperones are crucial to the successful folding of many complex
proteins in vivo (29–33). Although it has been hypothesized that
synonymous codon changes could alter elongation rate and
modify folding mechanisms in vivo, it has thus far been chal-
lenging to find evidence to support this hypothesis from experi-
ments performed in vivo, possibly due to buffering provided by
molecular chaperones.
Results presented here indicate that during synthesis, the fold-

ing of nascent CAT polypeptide chains is sensitive to synonymous
codon-induced changes to translation elongation rate. Although
the nascent chains produced using different synonymous codon
patterns remain broadly capable of achieving a stable, active CAT
trimer structure, translation using the synonymous Shuf1 mRNA
sequence leads to CAT proteins that are more susceptible to
degradation by the cellular protease ClpXP thanWT-CAT, leading
to a dramatic cell growth defect. Given that the ClpXP ssrA deg-
radation tag is attached to the very C terminus of CAT, it is likely
that the majority of this digestion occurs only posttranslationally,
after the CAT nascent chain is released from the ribosome (Fig. 4).
Remarkably, even native Shuf1-CATssrA protein is more suscep-
tible to degradation than native CATssrA translated using the WT
coding sequence, demonstrating that the impact of the codon-
induced perturbations persists long after translation and folding
is complete. Buffering by the cellular protein homeostasis network
is therefore not sufficient to mask the impact of the Shuf1-CAT
folding defect on cell growth.
These results are consistent with a small but growing number of

studies indicating that synonymous codon substitutions can per-
turb protein folding mechanisms (1, 10, 12, 68). The ssrA tagging
approach developed here provides a general strategy to uncover
such perturbations in other coding sequences, even when they do
not lead to dramatic remodeling of the final protein structure. In
contrast to the translation rate-sensitive effects we observed for
CAT folding, recent in vitro single-molecule force-unfolding ex-
periments have shown that some small, ribosome-bound natively
folded domains can fold via similar mechanisms on and off the
ribosome (69, 70). However, as these studies noted, forced
unfolding measured by molecular tweezers cannot capture the
transient folding of a nascent chain during its synthesis (33), and
hence what is measured in these experiments is the effect of
close proximity of the ribosome surface, rather than cotransla-
tional folding. The very robust folding behavior of these well-
characterized, reversible folding models may indeed lead to in-
distinguishable folding behavior during translation, a model
supported by recent force-feedback folding measurements (71).
However, the model proteins selected for these studies are smaller
than >75% of proteins in the E. coli proteome (24), whereas all
known examples of synonymous codon-derived alterations to
cotranslational folding are much larger (e.g., refs. 1, 9, 10, and 72).
We are not aware of an in vitro folding mechanism for a pro-
tein >175 aa long that is preserved during cotranslational folding.
Synonymous codon-derived modulation of elongation rate may
therefore play a broad role in the efficient folding of larger, more
complex proteins.
Our CAT results demonstrate that synonymous changes to

mRNA coding sequences can significantly perturb folding of the
WT protein sequence even in the presence of the cellular rep-
ertoire of molecular chaperones. This result suggests that mRNA
sequences have likely evolved alongside molecular chaperones to
most efficiently support folding of the broad repertoire of pro-
tein structures produced in vivo. Although our understanding of
cotranslational folding mechanisms is still in its infancy, these
results imply that it should ultimately be possible to rationally
design mRNA coding sequences to enhance in vivo folding
yield and to identify disease-associated synonymous codon sub-
stitutions most likely to adversely affect protein cotranslational
folding, particularly for large or otherwise complex proteins.

3532 | www.pnas.org/cgi/doi/10.1073/pnas.1907126117 Walsh et al.
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Methods
Cell Growth Assays. A single colony of E. coli KA12 (73) or W3110 (50)
transformed with a pKT-CAT plasmid from a freshly streaked LB-amp plate
was used to inoculate 20 mL of LB plus 100 μg/mL ampicillin (LB-amp) and
grown overnight with shaking at 37 °C. Unless otherwise specified, all cul-
tures contained 100 μg/mL ampicillin and no tetracycline. Overnight cultures
were used to inoculate fresh LB-amp to an optical density at 600 nm (OD600)
of 0.05, to which was added 35 μg/mL chloramphenicol (unless otherwise
specified) and the indicated concentration of tetracycline inducer (0 to 1,600
ng/mL), transferred to one well of a 12-well plate and incubated at 37 °C with
continuous shaking in a Synergy H1 microplate reader (BioTek). Growth was
measured as the increase in OD600. The linear portion of the growth curve was fit
to a straight line, and the slope was taken as the growth rate.

Data Availability Statement. All data discussed in the paper is available at
GitHub, https://github.com/plclark1/SynonymousCodons/tree/master/Synonymous_
codon_substitutions_perturb_cotranslational_protein_folding_in_vivo_and_
impair_cell_fitness.
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