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ABSTRACT

Codon usage biases are found in all eukaryotic and
prokaryotic genomes and have been proposed to
regulate different aspects of translation process.
Codon optimality has been shown to regulate trans-
lation elongation speed in fungal systems, but its
effect on translation elongation speed in animal sys-
tems is not clear. In this study, we used a Drosophila
cell-free translation system to directly compare the
velocity of mRNA translation elongation. Our re-
sults demonstrate that optimal synonymous codons
speed up translation elongation while non-optimal
codons slow down translation. In addition, codon
usage regulates ribosome movement and stalling
on mRNA during translation. Finally, we show that
codon usage affects protein structure and function in
vitro and in Drosophila cells. Together, these results
suggest that the effect of codon usage on translation
elongation speed is a conserved mechanism from
fungi to animals that can affect protein folding in eu-
karyotic organisms.

INTRODUCTION

Due to the redundancy of triplet genetic codons, most
amino acids can be encoded by two to six synonymous
codons. Synonymous codons are not used with equal fre-
quencies, a phenomenon called codon usage bias that is
observed in all organisms (1–4). Selection for efficient and
accurate translation was proposed to be a major cause of
codon usage bias (5–8). On the other hand, studies using
protein expression in Escherichia coli suggested that trans-
lation rate and synonymous codon usage can affect protein
folding and functions (9–15). Strongly supporting this hy-
pothesis, we previously demonstrated that the codon usage
of the Neurospora circadian clock gene, frequency (frq), is
critical for the structure and function of FREQUENCY
(FRQ) protein in vivo (8). More recently, we showed that

the codon usage plays a similar role for the Drosophila pe-
riod gene in vivo (16). Also importantly, these in vivo studies
showed that codon usage influences protein structures in a
location-specific manner. Consistent with this conclusion,
bioinformatic analyses have revealed correlations between
codon usage and protein structural motifs in different or-
ganisms (17–21). Together, these studies led to the hypothe-
sis that there is a codon usage ‘code’ within genetic codons
that regulates translation elongation speed to permit opti-
mal co-translational protein folding.

Most of these proposed roles of codon usage are based
on its effect on translation elongation speed. However, ear-
lier studies addressing this issue based on protein overex-
pression in E. coli and indirect measurement of ribosome
movement led to conflicting conclusions (22–25). Moreover,
ribosome profiling, a powerful method that uses deep se-
quencing of the ribosome-protected fragments (RPF), ini-
tially found no correlations between codon usage and lev-
els of RPF in different organisms (25–29). Ribosome pro-
filing results are now known to be influenced by experi-
mental conditions, sequencing depth, cloning/sequencing
biases and the bioinformatic methods used (30–34). Fur-
thermore, ribosome profiling relies on precise enzymatic 5′
end cleavage of the RPF to allow accurate A site determi-
nation, which are often difficult due to digestion biases and
different experimental conditions (35). These results sug-
gest that although ribosome profiling has codon-level res-
olution, it might not have codon-level sensitivity to detect
the effect of codon usage on translation elongation speed.

It should be noted that although the implicated role of
codon usage in regulating protein expression levels led to
the hypothesis that codon usage impacts protein expression
levels by affecting translation efficiency (36–39), a role for
codon usage in translation elongation speed does not neces-
sarily affect translation efficiency. In fact, recent studies sug-
gest that translation efficiency is mainly determined by the
efficiency of translation initiation, a process that is mostly
affected by RNA structure but not codon usage near the
start codon (40–42). In the current study, we only focus on
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the role of codon usage in regulating translation elongation
speed.

To determine the effect of codon usage on translation
elongation speed, we previously used Neurospora and yeast
in vitro translation systems to directly monitor the speed
of protein translation elongation (43). Our results demon-
strate that codon usage plays an important role in regulat-
ing translation elongation speed on mRNA in vitro and in
vivo in these fungal systems. However, the effect of codon
usage on translation elongation rate in animal systems is
still not known. Although single synonymous SNPs in hu-
man genes have been shown to associate with altered pro-
tein conformation and function (44,45), there is no clear ev-
idence showing that these SNPs regulate translation elon-
gation. In addition, although codon manipulation has also
been shown to affect KRas expression and oncogenesis in
mice, the role of codon usage in regulating gene expression
in mammalian cells can also be explained by difference in
GC contents in genes (46–49). More recently, we demon-
strated that the codon usage of Drosophila Period gene is im-
portant for protein structure and function in vivo (16). These
results raise the possibility that codon usage is a conserved
mechanism from fungi to animals that influences transla-
tion elongation speed.

Similar to mammals and Neurospora, the Drosophila
melanogaster genome has a strong codon bias for G/C at
the wobble positions (5,8,50–52). Changing codon usage of
Drosophila genes is known to alter protein expression lev-
els (16,53) but the mechanism of such an effect is not clear.
In addition, codon optimality was also suggested to play a
potential role in splicing regulation in Drosophila (54). Pre-
vious ribosome profiling using Drosophila cells could not
allow robust A site assignment due to enzyme cleavage bi-
ases (35). In this study, we used Drosophila in vitro transla-
tion system to determine the effect of codon usage on trans-
lation elongation. Our results demonstrate that codon us-
age affects translation elongation speed and local ribosome
movement on mRNA. In addition, we show that codon us-
age influences protein structure and activity in vitro and in
Drosophila cells. Together, our results suggest that the ef-
fect of codon usage on translation elongation is a conserved
mechanism regulating protein structure and function from
fungi to animals.

MATERIALS AND METHODS

Cell culture and preparation of S2 cell-free translation extract

The preparation of translation extract was modified from
a protocol previously described (55). Drosophila Schneider
2(S2) cells (kindly provided by Dr Jin Jiang) were cultured
in Schneider’s Drosophila Medium (Gibco) supplemented
with 10% heat-inactivated fetal bovine serum (Sigma) and
1% penicillin-streptomycin (10 000 units penicillin and 10
mg streptomycin/ml, Sigma) at 27◦C. After reaching con-
fluence, S2 were harvested by centrifugation at 1000 × g for
4 min and washed by 1 × phosphate bufferedsaline for three
times. Cell pellets were resuspended in 2× volumes of hypo-
tonic buffer (10 mM HEPES-KOH pH 7.6, 10 mM potas-
sium acetate, 0.5 mM magnesium acetate, 5 mM Dithiothre-
itol) and incubated on ice for 40 min to 1 h. Cells were then
homogenized in a Dounce homogenizer by 20–30 strokes

on ice and the final concentration of potassium acetate was
adjusted to 50 mM. The cell extract was centrifuged at 16
000 × g for 10 min at 4◦C. The supernatant was aliquoted,
snap frozen in liquid nitrogen and stored at −80◦C before
use.

Plasmid construction

OPT and dOPT luciferase constructs were designed based
on the Drosophila codon usage table (http://www.kazusa.or.
jp/codon/cgi-bin/showcodon.cgi?species=7227). Except for
the first 10 codons, all other codons are either the most pre-
ferred or the least preferred codons in the OPT or dOPT
construct, respectively. Gene synthesis was carried out by
Genescript and the resulting genes were cloned into pJI 204
vector containing a T7 promoter and 30-nt poly-A sequence
(56). The pJI 204 vector was modified to include a NheI
site following the poly-A sequence to enable plasmid lin-
earization for in vitro transcription and a 5 c-Myc tag at the
N terminus to allow detection of nascent peptides. N-OPT,
M-OPT and C-OPT constructs were created by replacing
the N-terminal part (codon 11–223, count from the first
ATG of luciferase gene), middle part (codon 224–423) and
C-terminal part (codon 424–550) of dOPT sequence with
the corresponding optimized sequence, respectively. Con-
structs for S2 cell expression were created by cloning differ-
ent versions of luciferase sequences into pUAST vector us-
ing NotI/XbaI sites. The pUAST vector and an ubiquitin-
Gal4 construct for co-transfection were kindly provided by
Dr Jin Jiang. The sequence information of different lu-
ciferase genes used in this study are provided in the sup-
plemental information.

In vitro transcription assay

To obtain mRNA for in vitro translation, the plasmids
were linearized by NheI and then transcribed using HiS-
cribe T7 Quick High Yield RNA Synthesis Kit (NEB). 3′-
0-Me-m7G (5′)ppp (5′)G anti-reverse cap structure ana-
log (NEB) was added following the manufacturer’s instruc-
tion. The mRNA products were subsequently purified by
LiCl precipitation, quantified by Nanodrop (Thermo Scien-
tific), aliquoted and stored at −80◦C before use. Denaturing
agarose gel electrophoresis was used to determine the qual-
ity of the mRNA products.

Cell-free translation assay

To monitor the kinetics of luciferase activity in real time,
a reaction mixture (20 mM HEPES-KOH pH 7.6, 0.5
mM spermidine, 8 mM creatine phosphate, 0.2 mM GTP,
1 mM ATP, 20 �M complete amino acids [Promega],
100 mM potassium acetate, 1 mM magnesium acetate,
0.13U/�l creatine phosphate kinase, 50 �M luciferin,
0.2U/�l SUPERase•In RNase Inhibitor [Invitrogen], 3 �l
total volume per reaction) was prepared and aliquoted into
96-well plate. A total of 1 �l of the mRNA template (∼60–
180 ng) and 8 �l cell-free translation extract were succes-
sively added to the reaction mixture. Afterward, the lumi-
nescence signal of the reaction was recorded every 30 s us-
ing FLUOstar Optima (BMG) at 26◦C. The concentrations
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Figure 1. Codon usage affects translation elongation rate in S2 cell-free extract. (A) Real-time measurement of firefly luciferase activity using S2 cell-free
translation system and the indicated Luc mRNA templates. TFA values are indicated by arrows. Luciferase signals were normalized to the signal level of the
OPT mRNA at 21 min. Error bars represent standard deviations of three replicates. (B) Quantification of the TFA values of OPT and dOPT Luc mRNAs.
***P < 0.001. (C) Western blot analysis using luciferase antibody showing the production of the full length luciferase (indicated by the arrow) in the in vitro
translation assays. The asterisk indicates the non-specific bands recognized by the luciferase antibody. NC: Negative Control. (D) Real-time measurement
of firefly luciferase activity using the S2 cell-free translation system and the indicated Luc mRNA templates. mRNA concentrations are adjusted to produce
similar activity levels. Error bars represent standard deviations of three replicates. (E) Quantification of the TFA values of the indicated Luc mRNAs. *P
< 0.05, **P < 0.01, ***P < 0.001.

of potassium acetate and magnesium acetate in the reac-
tion mixture were optimized for different batches of cell-free
translation extracts.

To examine the protein products of the cell-free transla-
tion assays, the reactions were incubated in a 26◦C water
bath and stopped at the indicated time points by adding
sodium dodecyl sulphate (SDS) sample buffer, followed im-
mediately by heating at 90◦C. The samples were subse-
quently denatured and analyzed by western blot.

For the harringtonine chase experiment, 20 ng/ml har-
ringtonine was added to in vitro translation assay after 6
min of reaction to inhibit translation initiation. Afterward,

the reaction mixture was withdrawn at the indicated time
points and subjected to western blot analysis.

Isolation of ribosome-associate nascent chains

The method was modified from previously described (57).
In vitro translation reaction was terminated at 15 min by
adding cycloheximide to a final concentration of 0.5 mg/ml.
Translation products are carefully layered on top of sucrose
cushion (0.5M sucrose, 25 mM HEPES, pH 7.5, 80 mM
KOAc, 1 mM Mg(OAc)2) and then centrifuged in a TL
100.3 rotor (Beckman Coulter) at 100 000 rpm for 5 min
at 4◦C. The ribosomal pellets are washed once with 25 mM
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HEPES (pH 7.5), 80 mM KOAc and 1 mM Mg(OAc)2 and
then resuspended in 1× SDS sample buffer for western blot
analysis. The supernatant is concentrated and mixed with
SDS sample buffer to the same volume as pellet samples for
western blot analysis.

S2 cell transfection

S2 cell transfection was carried out following the standard
calcium phosphate transfection protocol in six-well plates.
A total of 1.5 �g luciferase construct and 1.5 �g ubiquitin-
Gal4 construct were co-transfected for each transfection.
Cells were harvested 48–60 h afterward and lysed in 1× Pas-
sive Lysis Buffer (Promega) according to the manufacturer’s
instruction. Cell lysate was obtained by centrifugation at
top speed for 1 min at 4◦C and stored at −80◦C.

To determine Luc mRNA stability, 10 �g/ml actino-
mycin D was added to stop transcription and cell samples
were collected at indicated time points for RNA purifica-
tion. Purified RNA samples were examined by northern
blot analysis to determine Luc mRNA levels.

Limited trypsin digestion assay

For trypsin digestion of in vitro translated protein prod-
ucts, 0.5 mg/ml cycloheximide was added to terminate reac-
tion after 20 min of in vitro translation. A total of 5 �g/ml
trypsin was then added to the reaction and samples were
withdrawn at indicated time points for western blot analy-
sis. For trypsin digestion of S2 cell extract, total cell extract
was used. Total protein concentrations of each sample was
adjusted to 1 �g/�l. The trypsin digestion was carried out
at 26◦C by adding 300 ng/ml trypsin. Digestion products
were withdrawn from the reaction at indicated time points
and the denatured protein samples were analyzed by west-
ern blot.

RESULTS

Optimal codons speed up translation elongation while non-
optimal codons slow it down in Drosophila cell-free system

To determine the role of codon usage on translation elon-
gation speed, we established a cell-free translation system
using Drosophila S2 cells to compare translation speeds of
firefly luciferase (Luc) mRNAs with different codon prefer-
ences. All Luc mRNAs have identical 5′ and 3′ untranslated
regions (UTR) and the same poly-A length. The first ten
codons of the Luc open reading frame were also identical in
these mRNAs to ensure the same translation initiation con-
text. The use of the cell-free system allows the separation
of transcription and translation processes so that transla-
tion can be synchronized. Because luciferase is known to be
rapidly folded (within a few seconds) after translation (58),
the time when luminescence signal is first detected after start
of translation (time of first appearance (TFA)) should re-
flect the speed of translation process. Because different Luc
mRNAs have the same translation initiation context, the
difference in TFA values should mainly reflect the difference
in translation elongation speed of different Luc mRNAs.

We first generated two Luc mRNAs by in vitro transcrip-
tion: OPT (the entire Luc ORF codon optimized accord-
ing to the Drosophila codon usage table) and dOPT (the

least preferred codon is used for every amino acid). After-
ward, they were separately translated in the S2 translation
extracts supplemented with luciferin and luciferase activity
was monitored in real-time. As shown in Figure 1A and B,
the TFA of the OPT mRNA was ∼4 min earlier than that
of the dOPT mRNA. To confirm this result, we performed
Western blot analysis using a luciferase antibody to detect
the production of full-length luciferase protein at different
time points (Figure 1C and Supplementary Figure S1). As
expected, the appearance of full-length luciferase for the
OPT mRNA was also about 4 min earlier than that of the
dOPT mRNA. It should be noted that the cell-free trans-
lation extract contained endogenous mRNA from S2 cells
and could compete with luciferase mRNA for translation.
By determining the total level of mRNA, we estimated that
the luciferase mRNA added in the reaction is about 1–2%
of total mRNA.

To determine whether the effect observed is due to accu-
mulative effect of codon usage along the ORF and not due
to change of a specific mRNA structure, we generated three
additional Luc mRNAs based on the dOPT mRNA. In the
N-OPT, M-OPT and C-OPT mRNAs, the N-terminal re-
gion (codons 11–223), middle region (codons 224–423) and
C-terminal region (codons 424–550) of the luciferase ORF
was replaced by preferred codons, respectively. If the effect
we observed above is due to change of mRNA structure at
a specific location, one of these Luc mRNAs should have
the same TFA as the OPT mRNA and the other two Luc
mRNAs should be similar to the dOPT mRNA. Instead,
we found that the TFA values of the N-OPT, M-OPT and
C-OPT mRNAs were all significantly higher than that of
the OPT mRNA but lower than that of the dOPT mRNA
(Figure 1D and E). These results suggest that codon usage
regulates the speed of translation elongation. In addition,
the effect of codon usage on elongation rate is due to cumu-
lative effects of codon usage in the coding sequence rather
than changes in specific RNA structure.

Codon usage influences local ribosome stalling on mRNA

To further determine the effect of codon usage on ribo-
some movement on mRNA, we generated Luc mRNAs in
which the luciferase protein is tagged by five consecutive c-
Myc tags at the N-terminus so that nascent luciferase pep-
tides can be detected by Western blot analysis using a c-Myc
monoclonal antibody. After 15 min of translation in the S2
system, the production of luciferase protein from different
mRNAs was examined by western blot analysis. Translation
of the OPT and dOPT mRNAs resulted in dramatically dif-
ferent profiles of nascent luciferase peptides (Figure 2A).
For the dOPT mRNA, most of the peptides seen are in-
termediate LUC species with a low level of the full-length
protein. In contrast, translation of OPT mRNA resulted
in mostly the full-length protein and much less intermedi-
ate LUC species. Remarkably, when N-OPT, M-OPT and
C-OPT mRNAs, which each has a different region (codon
11–223, 224–423 or 424–550) of Luc codon-optimized in
the dOPT background, are individually translated, we ob-
served specific disappearance or reduction of the protein
intermediate species within the expected molecular weight
ranges. Furthermore, when the codons between 224–333 in
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Figure 2. Non-optimal codon usage results in local ribosome stalling on mRNA. (A) Western blot analysis of denatured protein samples using c-Myc
antibody showing the production of full-length and nascent luciferase peptides from the S2 cell-free extract translated Luc mRNAs. A five c-Myc tag
was added to the N-terminal end of the Luc ORF for all constructs so that all nascent peptides could be detected by c-Myc antibody. The bars on the
right represent approximate location of the N-terminal, middle part and C-terminal regions of LUC that were codon optimized, respectively. The arrow
indicates the full-length LUC protein. The loadings for different samples were adjusted to produce similar full-length luciferase protein levels. (B) Western
blot analysis showing the accumulation of nascent luciferase peptides at the locations of codon de-optimization of the Myc-OPT mRNA. The numbers
on the top indicate the 20-amino-acid windows in which luciferase codons were de-optimized. (C) Western blot analysis showing the profiles of luciferase
nascent peptides at the indicated time points with/without harringtonine treatment. For samples treated by harringtonine, the drug was added after six
min of invitro translation reaction.

the OPT luciferase gene were replaced by the least preferred
codons in a series of 20 codon-windows, luciferase interme-
diates corresponding to the predicted molecular sizes ap-
peared in the in vitro translated luciferase products (Fig-
ure 2B). Together, these results further demonstrate the role
of codon usage in regulating elongation speed and show
that codon usage regulates local ribosome movement on
mRNA. Preferred codons speed up ribosome movement on
mRNA and non-optimal codons cause ribosome stalling on
mRNA.

To determine the fate of stalled ribosomes on mRNA,
we added harringtonine, a translation initiation inhibitor,
6 min after the start of translation of the OPT mRNA and
the translation of luciferase was monitored at different time
points by western blot analysis. At 6 min of translation,
only luciferase intermediates were observed (Figure 2C).
After the addition of harringtonine, the luciferase interme-
diates gradually disappeared or reduced and the full-length
luciferase appeared. In addition, by isolation of ribosome-
associate nascent chains, we found that in contrast to the

full-length protein, these low molecular weight luciferase
species were mostly associated with the ribosomes (Sup-
plementary Figure S2). Furthermore, these species are not
degradation products of the full-length protein since the in
vitro translated luciferase protein species were very stable
(Supplementary Figure S3). Together, these results indicate
that the low molecular weight luciferase species are nascent
peptides associated with paused ribosomes that can con-
tinue to translate after temporary pausing on mRNA.

Codon usage affects protein structure in vitro and in S2 cells

Since protein folds co-translationally, we predicted that
the effect of codon usage on translation elongation speed
should affect the time available for co-translational fold-
ing process, thus affecting protein structure. To test this hy-
pothesis, we used limited trypsin digestion assay to probe
the structural difference of the full-length luciferase pro-
teins produced from OPT and dOPT Luc mRNAs by in vitro
translation. As shown in Figure 3A, the OPT luciferase pro-
tein was found to be significantly more sensitive to trypsin
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In vitro

Figure 3. Codon usage affects trypsin sensitivity of luciferase protein pro-
duced in vitro and in S2 cells. (A) Limited trypsin digestion assay for the
full-length OPT and dOPT luciferase proteins translated by the S2 cell-
free system for 20 min. A representative western blot was shown in the
upper panel. The lower panel shows the densitometric analysis results of
LUC levels from independent experiments. **P < 0.01, ***P <0.001. n =
5 for OPT and n = 4 for dOPT mRNAs. Area under curve (AUCs) for
OPT and dOPT samples are 860.1 ± 42 and 1195 ± 62.64, respectively.
(B) Limited trypsin digestion assay for luciferase protein produced in S2
cells after transfecting the OPT or dOPT expressing construct. A represen-
tative western blot was shown in the upper panel. The lower panel shows
the densitometric analysis results of LUC levels from three independent
experiments. *P < 0.05, **P < 0.01. AUCs for OPT and dOPT samples
are 710.7 ± 13.73 and 927.8 ± 38.47, respectively.

digestion than the dOPT protein. To further confirm this
conclusion in vivo, OPT and dOPT luciferase expressing
constructs were individually transfected into S2 cells and we
examined the trypsin sensitivity of the expressed luciferase
in the S2 total cell extract. As expected, the S2 cell-expressed
full-length OPT luciferase was found to be more sensitive
to trypsin digestion than the dOPT protein (Figure 3B). It
is worth noting that no luciferase intermediates could be
observed for the S2 expressed luciferase, likely due to their
rapid degradation in cells. Importantly, the trypsin diges-

tion of the full-length OPT luciferase resulted in luciferase
fragments that could not be detected for the digestion of
dOPT protein (Figure 3B). Together, these in vitro and in
vivo results indicate that codon usage affects protein struc-
ture.

Codon usage affects protein activity and mRNA stability in
cells

The altered luciferase structure shown above suggests that
codon usage may affect luciferase activity in cells. To con-
firm this, we transfected OPT and dOPT Luc constructs into
S2 cells and measured luciferase activity and luciferase pro-
tein levels. As shown in Figure 4A and B, although the lu-
ciferase activity from cells expressing dOPT Luc was about
50% of the OPT Luc, the luciferase protein level from the
OPT Luc was more than 20-fold higher than that of dOPT
Luc. Thus, the specific activity of dOPT luciferase is about
10-fold of that of OPT luciferase (Figure 4C). Thus, codon
usage of luciferase mRNA greatly affects luciferase activity
in Drosophila cells.

In addition to the difference in protein levels, the level of
OPT Luc mRNA was much higher than that of the dOPT
mRNA (Figure 4D), which largely explains the low level of
luciferase protein in cells expressing dOPT construct. To de-
termine whether the difference in mRNA levels is due to
altered mRNA stability, we measured mRNA degradation
rate after the addition of actinomycin D, a transcription in-
hibitor. As expected, the OPT Luc mRNA was significantly
more stable than the dOPT mRNA after adding actino-
mycin D (Figure 4E and F). Therefore, similar to the re-
ports in other organisms (59–63), codon usage also affects
mRNA stability.

DISCUSSION

Although codon usage has been previously shown to reg-
ulate co-translational protein folding in fungi by affecting
translation elongation speed, its effect in animal systems is
not known. By using a cell-free Drosophila S2 translation
system, we demonstrated here that codon usage plays an
important role in regulating the speed of translation elon-
gation: optimal codons enhance the rate of elongation while
non-optimal codons slows it down (Figure 1). In addition,
as shown by the accumulation of nascent intermediate pep-
tides during translation (Figure 2), we showed that ribo-
some stalling occurs at the sites of non-optimal codons, in-
dicating that codon usage regulates local ribosome move-
ment speed on mRNA. Furthermore, we showed in vitro
and in S2 cells that different codon usage biases led to struc-
tural differences of proteins with the same amino acid se-
quence, resulting in proteins with different functional activ-
ity (Figures 3-4). Together with our previous study showing
the importance of codon usage for the function of a circa-
dian clock protein in Drosophila (16), these results demon-
strate that the role of codon usage in regulating protein
structure and function by affecting translation elongation
speed is conserved in fungi and Drosophila.

Bioinformatic analyses have uncovered correlations be-
tween codon usage and protein structural motifs in different
fungal organisms (17–21). In addition, we recently showed
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that non-optimal codons are preferentially used in intrinsi-
cally disordered regions, and optimal codons are more fre-
quently used in structured domains in yeast, Neurospora,
Caenorhabditis elegans and Drosophila systems (20). Im-
portantly, the functional importance of such correlations
in vivo was confirmed by structure-based codon manipu-
lation in the Neurospora and Drosophila circadian clock

genes (16,20). Together with our current study, these stud-
ies suggest the existence of a codon usage code within ge-
netic codons that generates rhythms of translation elonga-
tion rate optimal for protein structure and function in eu-
karyotic organisms.

Recently, codon optimality has been shown to affect
mRNA stability due to its role in affecting translation elon-
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gation in budding yeast (59,63). A similar role for codon
usage was also proposed in zebrafish and Xenopus sys-
tems (61,62). Consistent with these studies, we showed that
codon usage manipulation of the luciferase gene altered
Luc mRNA stability in Drosophila cells (Figure 4E and F).
Therefore, codon usage may also affect mRNA stability due
to its role in regulating translation elongation rate in ani-
mals.

SUPPLEMENTARY DATA

Supplementary Data are available at NAR Online.
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