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ABSTRAST

Due to the redundancy of the genetic code most amino acids are encoded by several ‘synonymous'
codons. These codons are used unevenly, and each organism demonstrates its own unique codon usage
bias, where the ‘preferred’ codons are associated with tRNAs that are found in high concentrations.
Therefore, for decades, the prevailing view had been that preferred and non-preferred codons are linked
to high or slow translation rates, respectively.

However, this simplified view is contrasted by the frequent failures of codon-optimization efforts and
by evidence of non-preferred (i.e. ‘slow’) codons having specific roles important for efficient production
of functional proteins. One such specific role of slower codons is the regulation of co-translational
protein folding, a complex biophysical process that is very challenging to model or to measure.

Here, we combined a genome-wide approach with experiments to investigate the role of slow
codons in protein production and co-translational folding. We analysed homologous gene groups
from divergent bacteria and identified positions of inter-species conservation of bias towards slow
codons. We then generated mutants where the conserved slow codons are substituted with ‘fast’
ones, and experimentally studied the effects of these codon substitutions. Using cellular and biochem-
ical approaches we find that at certain locations, slow-to-fast codon substitutions reduce protein
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expression, increase protein aggregation, and impair protein function.
This report provides an approach for identifying functionally relevant regions with slower codons and
demonstrates that such codons are important for protein expression and function.

INTRODUCTION

Of the 20 canonical amino acids, 18 are coded by multiple
codons which are termed ‘synonymous codons’ [1]. Different
organisms display a distinct pattern of codon usage prefer-
ence, or ‘codon usage bias’: for example, the preferred codon
for the amino acid arginine in Escherichia coli is CGU while in
human it is AGA. The codons that are more abundantly used
correspond to tRNAs found at high concentrations, while the
less preferred ones largely correspond to tRNAs found at low
concentrations [2,3]. The concentration of tRNA that recog-
nizes a certain codon is related to its translation speed, where-
upon high or low tRNA concentrations correlate with fast or
slow translation rates, respectively [4-7]. Surprisingly, exam-
inations of heterologous gene families from different organ-
isms reveal a wide-spread phenomenon of conservation of
rare codons in specific positions [8-10]. Since the codon
bias differs between organisms [11], such findings point to
the conservation of the codon-rarity trait rather than sequence
conservation. This raises the possibility that the use of rare
codons, which leads to local translational slowdowns, is of
functional importance.

Synonymous mutations may influence the folding of pro-
teins by altering the translation speed: large multi-domain
proteins fold co-translationally [12-14], allowing sequential
folding of individual segments as they emerge from the ribo-
some. Sequential folding narrows the search of the folding
conformational space by limiting non-native inter-domain
interactions. The folded segments can then function as scaf-
folds to guide the correct folding of the following proteins
segments. Correct co-translational folding is suggested to
depend on precise timing of events, and synonymous codon
changes may impair this process by changing the translation
elongation rate at critical checkpoints. For example, in
S. cerevisiae and C. elegans modifications of the wobble antic-
odon uridine (Usy) accelerate decoding speed. Loss of these
modifications leads to translational stalling at critical points
which results in widespread protein aggregation [15].

The effects of synonymous codon replacements have also
been studied at the level of the single protein [16-21]. For
example, synonymous mutations were reported to change the
substrate specificity and solubility of the human ABC trans-
porters MDR1 and CFTR [16,17], reduce the function of
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firefly luciferase [18], and enhance the expression of the
Malaria antigen MSP1 [19]. These reports highlight the
importance of codon usage bias and synonymous mutations,
but do not provide a broad view of this phenomenon or
a means to predict which of the rare codons are important
for function.

Using bioinformatics tools, numerous attempts were made
to formulate more general rules relating the usage of rare
codons to protein folding and function [8,9,22-24].
However, these studies often lead to contradicting results:
While some find enrichment of slow codons in domain lin-
kers [22], others see no such tendency [8,9]. Attempts to find
a correlation between slow codons and secondary structure
motifs also resulted in divergent conclusions [23,24]. Key
limitations leading to these controversies appear to be the
inherent lack of appropriate controls in most bioinformatics
approaches and the paucity of experimental validations of
bioinformatics predictions.

Herein, to explore the relation between ‘slow codons’ and
protein folding, we developed an approach that combines
genome-scale bioinformatics analysis with single-gene
experiments.

First, we analysed homologous gene groups from two
divergent bacteria, Escherichia coli and Bacillus subtilis, to
identify codon positions where the predicted translation rate
for a group of homologs is significantly slower than predicted
by the corresponding null model. Next, we generated a subset
of mutants where conserved ‘slow’ codons were substituted
with ‘fast’ ones, and experimentally studied the effects of these
codon substitutions.

We report that in 3 out of the 8 tested genes, synonymous
codon replacements resulted in deleterious effects in terms of
protein expression, aggregation, and function. These results
further confirm the functional importance of ‘silent’ muta-
tions, their relation to co-translational folding, and demon-
strate the benefits of combining computational and
experimental approaches.

MATERIALS AND METHODS

Nucleotide and amino acid sequences for the entire
E. coli and B. Subtilis proteome

Nucleotide sequences for all E. coli K12 strain MG1655 genes
were retrieved from the Ensembl Genomes database [25].
Nucleotide sequences for all B. Subtilis strain 168 genes were
retrieved from the KEGG database [26]. Amino acid
sequences for all proteins were inferred from the nucleotide
sequences. Genes termed pseudogenes or insertion elements
according to UniProt [27] or the EcoGene database [28]
annotation were excluded from processing.

Codon scoring indexes used in this work

Two indexes were used to score the codons: 1. tAI - The
tRNA adaptation index [29]. This index scores codons
based on cognate tRNA availability, taking into account
the tRNAs gene copy number and the strength of the
codon:anticodon base paring. The Sij weights for E. coli
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and B. Subtilis were calculated in [30]. Gene copy num-
bers for the individual tRNAs were used as proxies to
concentration levels since a strong correlation was shown
for those values in these two organisms [31,32]. 2. TDR -
the typical decoding rate index [7]. This index rates
codons based on data from ribosome profiling experi-
ments, taking into account the distribution of ribosome
dwelling time on each of the 61 codons across all its
appearances in the genome. After filtering out noise
caused by ribosome pauses which are not associated
with the codon itself, the data resembles a normal dis-
tribution and its mean constitutes the codon score (see
[7], Fig. 3).Fig. 3D).

The TDR and tAI values from the two organisms were
normalized by their standard deviation to bring them to the
same scale. Table S1 lists the codon scores used in our
calculations.

Orthologue groups of genes from the two organisms

A list of 1,120 Orthologue groups containing genes from both
E. coli and B. Subtilis was taken from The Orthologous Matrix
database [33].

Alignment, scoring and identification of slow codons

Amino acid sequences in each orthologue group were aligned
using the Clustal Omega tool [34]. The DNA sequences were
then projected onto the alignments. A Matlab program was
used for codon scoring and identification of conserved slow
codon stretches. The TDR and tAI indexes were used to score
the codons and the process was carried out separately for each
of the indexes. Codons along each gene were scored according
to their index values. The values were then averaged using
a sliding window of 10 codons. Windows containing more
than 3 gaps were not given any values and were omitted from
further analysis. An average score for the group alignment
was then calculated for each position. This average score was
termed the ‘real’ group score in that position.

For each group, 1000 altered variations of the sequence
alignment were generated, by randomly selecting position
pairs along the sequence that code for the same amino acid
and swapping the codons used in those positions. This step was
repeated until 90% of the codons were swapped. Codons in each
randomly altered alignment were then scored, and a group
average was calculated. The ‘real’ scores at each codon position
were then compared to the 1,000 random ones and a z-score
was calculated. A threshold of z-score of —2.8 (corresponding to
a p-value of 0.0026) was chosen as a cut-off for ‘real’ scores that
are significantly lower than the control random ones. This strict
p-value of was chosen to lower the number of false positives.
A z-score < —2.3 (corresponding to a p-value of 0.01) was
allowed in cases where the same location was identified by
both the TDR and tAl indexes. The first 50 codons were
excluded from all calculations because they have been suggested
to be involved in translation initiation and regulation of early
elongation step [35]. Table S2 lists the 57 groups in which
conserved slow codons were identified.
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Choice of genes for experimental testing and design of
the ‘Fast’ variants

The selection of 8 candidates for experimental testing was
done by considering the length of the slow codon stretch,
the z-score values and the number of genes in the group.
Essential proteins (e.g. ribosomal proteins) were excluded to
avoid complications of data interpretation due to pleiotropic
effects. A list of the 8 groups chosen, the genes chosen to
represent them in the experiments, and their attributes are
presented in Table 1.

For each gene, a ‘Fast’ variant was designed by replacing
a stretch of ~20 codons including and flanking the identified
conserved slow codons with the highest ranking synonymous
codon in each position. The sequence changes introduced to
create the Fast variants are indicated in table S3.

Bacterial strains and plasmids

E. coli DH5a strain (Invitrogen) was used for plasmid pur-
ification and E. coli NEB5a strain (NEB) was used for
cloning. E. coli BW25113 stain was used in the fluorescence
and solubility assays and as a positive control in the com-
plementation assays. E. coli stains AgltA and PA340 (double
deletion AgdhA/AgltB) were used in the complementation
assays of gltA and gdhA, respectively. Stains BW25113,
AgltA and PA340 were obtained from the CGSC collection
at the Yale University. LB media (10% NaCl, 10% Tryptone,
and 5% Yeast extract) was used for inoculation of cultures,
and Davis minimal media was used for the fluorescence and
complementation assays. For solubility assays, Terrific broth
(TB) medium was used for FucO, LB medium was used for
LptB, and Davis minimal media was used for GdhA and
GItA. Unless otherwise noted, 0.4% Glucose was used as
a carbon source for growth in minimal media.

ADE3 Lysogenization

The BW25113 and AgltA strains were modified to introduce
the T7 polymerase into their genome to enable IPTG-induced
protein expression. Cloning and verification was done using

Table 1. Experimentally tested genes and consequences of codon replacements.

the ADE3 Lysogenization Kit (Novagen) following the manu-
facturer instructions.

Plasmid cloning

Cloning of pET21 GFP plasmid

The GFP variant used in this work is enhanced GFP with cycle 3
mutations [36]. The documented mutations are S65T, F64L,
F99S, M153T and V163A. Sequencing revealed that the variant
also has the mutations H81A, L232H and S209L. The GFP
bearing plasmid was a kind gift from the lab of prof. Bibi at
the Weizmann institute, Israel. The GFP sequence was ampli-
fied from the plasmid adding a 5’ sequence containing restric-
tion sites for Nehl, Kpnl and Sacl, and containing a Notl
restriction site at the 3’ end. The PCR product was cut with
NehlI and Notl enzymes and ligated to a pET21 vector which
was cut with the same enzymes. Transformation and plasmid
purification were followed by sequencing.

Cloning of GFP fused WT and Fast variants

The WT and Fast variants of gdhA, msbA, fucO, alrl, IptB,
gltA, dapA and msgA were synthesized by Twist Bioscience
(CA, USA) and inserted into a plasmid that contained a Kpnl
site at the 5’ side of the ORF and a Sacl site at the 3" end. The
plasmids were then digested with Kpnl and Sacl and cloned
into pET21-GFP vector cut with the same enzymes.
Transformation and plasmid purification were followed by
sequencing. Sequencing showed that for both variants of the
gdhA-gfp gene, a synonymous mutation was introduced into
the 100™ amino acid of GFP, changing the TTC codon to
TTT. This change is not expected to influence the results, as it
occurs in both variants.

Cloning His-taged gdhA variants in pBAD plasmid

For the complementation assay of gdhA, the variants were
cloned into a pBAD template plasmid with a C’ 6-His tag. The
pBAD template and the gdhA-GFP plasmids were cut using
Ncol and Sacl and a ligation followed. Since the resulting
plasmid had the His-tag shifted by (-1) base in reference to
the ORF, additional PCR was done to introduce a point
mutation adding 1 base to the linker sequence between the

Selected Protein name Index  Slow codons
gene used positions
fucO Lactaldehyde reductase TDR 63
tAl 242-243
gdhA NADP-specific glutamate TDR 307
dehydrogenase
msbA Lipid A export ATP-binding/permease  TDR 456-462
protein MsbA
alr Alanine racemase, biosynthetic tAl 118
TDR 334-337
IptB Lipopolysaccharide export system ATP- TDR 152-154
binding protein LptB
gltA Citrate synthase TDR 227, 231-232
dapA 4-hydroxy-tetrahydrodipicolinate TDR 237-241
synthase
mgsA Methylglyoxal synthase TDR 87,91-93

Modified  Fused GFP fluorescence of Other experimental results
codons FAST variant

62-80 Reduced fluorescence Enhanced aggregation

243-267 No change in fluorescence

303-322 Reduced fluorescence Enhanced aggregation, reduced
protein function

454-473 Inconsistent results

117-126 Inconsistent results

314-347 Inconsistent results

150-166 Reduced fluorescence Enhanced aggregation

225-244 Inconsistent results No change in aggregation, no change
in protein function

233-252 No change in fluorescence

84-105 Inconsistent results

Notes : Eight genes representing orthologue groups with conserved slow codons were selected for experimental testing. The table details which index was used to
identify the slow codons in each case, the location of the slow codons, the range of codons modified to produce the Fast variants, and whether the codons'
modifications had an experimentally detectable deleterious consequence.



Sacl site and the His-tag, rendering it in-frame. Cloning was
verified by sequencing.

Fluorescence measurement of cells expressing WT and
Fast variants

E. coli cells of strain BW25113 were transformed with
a plasmid carrying the WT or the Fast variant of a gene.
A smear of colonies was grown in LB supplemented with
100 pg/ml ampicillin at 37°C with vigorous shaking for several
hours and then diluted to ODgyg ~ 0.02 in 3 ml Davis minimal
media supplemented with 100 ug/ml ampicillin and grown at
37°C with vigorous shaking for a few hours to allow cells to
adjust to the minimal medium. Cells were then diluted to
ODggp ~ 0.07 in Davis minimal media and grown in a 96
well plate in a plate reader (Infinite M200 pro, Tecan) for
10 hours. Growth (ODggo) and GFP fluorescence (excitation
wavelength 465 nm, emission wavelength 515 nm) were mea-
sured every 4 minutes. Gene expression was induced by addi-
tion of 0.1 mM IPTG after the first hour. The number of
replicates varied between assays, ranging from 10 to 36.

Calculating statistical difference between WT and Fast
variant fluorescence

For each replicate, normalized fluorescence at each time point
was calculated as fluorescence/ODgy at that time point, after first
subtracting the background values measured for a sample of pure
medium. The area under the normalized fluorescence graph of
each replicate was calculated and represented the total normal-
ized fluorescence measured for the replicate. The values obtained
for the WT replicates were compared to the values obtained for
the Fast replicates using the Wilcoxon rank-sum test.
Calculations were done using a homemade Matlab program.

Cell growth for mRNA quantification

Cells were grown and induced in a protocol similar to the one
used in the fluorescence assay: E. coli cells of strain BW25113
were transformed with plasmids carrying the WT or Fast
variant of a gene. A smear of colonies was grown in LB
supplemented with 100 pg/ml ampicillin at 37°C with vigor-
ous shaking for 3 hours and then diluted to ODgyy ~ 0.05 in
3 ml Davis minimal media supplemented with 100 pg/ml
ampicillin and grown at 37°C with vigorous shaking for
a few hours to allow cells to adjust to the minimal medium.
Cells were then diluted to ODgy ~ 0.05 in Davis minimal
media in 3 separate tubes constituting 3 biological repeats,
and grown for 11 hours. Gene expression was induced by
addition of 0.1 mM IPTG after the first hour.

mMRNA extraction and reverse-transcription PCR

Cells were harvested by centrifugation and washed twice with
ice-cold PBS. Total RNA was extractted using RiboPure RNA
Purification Kit (Ambion). 0.5-1 pg of purified RNA was
reverse transcribed to cDNA using the high-capacity cDNA
reverse transcription kit (Applied Biosystems). The quality of
the extracted RNA was evaluated by agarose gel.
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mRNA quantification using real-time PCR

RT-qPCR was performed on 1.6 pg of cDNA using PowerUp
SYBR green master mix (Applied Biosystems) and 500 nM
forward and reverse primers, designed with the Primer3web
software (version 4.0.0) in the QuantStudio™ 3 Real-Time
PCR System (Applied Biosystems). The transcription level of
each gene of interest was normalized to that of a reference
gene, rrsA (16s rRNA). Statistical analysis was performed
using the QuantStudio™ Design and Analysis Desktop
Software. RT-qPCR primers are described in Table S4.

Solubility assays

E. coli cells of strain BW25113 were transformed with plas-
mids carrying the WT or Fast variant of a gene. Swipes were
grown overnight in 20 ml LB, diluted into TB (FucO), LB
(LptB) or Davis minimal media (GdhA, GItA) and grown to
mid log phase (ODggg of 2 for rich media, ODggy of 1 for
minimal media). Gene expression was induced with 0.5 mM
IPTG. After 1-2 hours cells were pelleted and re-suspended in
50 mM TRIS HCl pH7.5, 0.5 M NaCl buffer. Cells were
disrupted by sonication (4 cycles of 10 seconds) and cell
debris was pelleted by centrifugation at 3000xg.
Concentration of supernatant sample was measured and
brought to 10 ug/ml and kept as “Total’ samples. A volume
of 200 pl of each “Total’ sample was ultra-centrifuged at
350,000xg. Supernatant samples were kept as ‘Soluble’ sam-
ples, and the pellets were re-suspended in 200 pl buffer using
a Hamilton syringe and kept as ‘Aggregate’ samples. Samples
were then analysed by Western Blot.

Western Blot analysis for solubility assays

Samples with equal amounts of total proteins were separated
on polyacrylamide gels (concentration gradient 4%-20%),
electro-blotted and probed with the primary antibody anti-
GFP pAB 598 (MBL, 1:3000) and the secondary antibody
HRP-conjugated anti-rabbit (1:10,000). Western blots were
developed by enhanced chemiluminescence.

Evaluation of Western Blot band intensity

Comparison of band intensities in the western blot images
was done using Fiji software. For each lane, the area that
includes the relevant bands was selected and the total grey
intensity value was measured. A value measured for the same
area in an empty lane was subtracted from all values as back-
ground. The ratio of ‘Aggregate’ and ‘Soluble’ band intensity
in each variant was calculated.

Complementation assay for AgdhA/AgItB strain

E. coli cells of PA340 strain [37] (AgdhA/AgltB) untrans-
formed or transformed with the pBAD based gdhA variants
were grown in LB supplemented with 100 ug/ml streptomycin
(+100 pg/ml ampicillin for plasmid baring cells) at 37°C with
vigorous shaking up to ODggo ~ 5 and then diluted to ODggo
~ 0.01 in Davis minimal media with 100 pg/ml streptomycin
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and 4% Glycerol, supplemented with 0.4 mM of the amino
acids Threonine, Arginine, Histidine and Leucine, and 20 pug/
ml Thiamine. 0.1% Arabinose was used for induction. Growth
was monitored continuously in an automated plate reader
(Infinite M200 pro, Tecan). BW25113 cells were used as
positive control.

Complementation assay for AgltA strain

E. coli cells of strain AgltA untransformed or transformed
with the pET21 based GFP-fused gltA variants were grown
in LB supplemented with 30 pg/ml kanamycin (+100 pg/ml
ampicillin for plasmid baring cells) at 37°C with vigorous
shaking up to ODgoy ~ 5 and then diluted to ODgy ~ 0.05
in Davis minimal media supplemented with the same anti-
biotics. 0.4% glucose or 0.8% acetate were used as a carbon
source. Growth was monitored continuously in an automated
plate reader (Infinite M200 pro, Tecan). BW25113 cells were
used as positive control.

RESULTS

Identifying conserved slow codons in gene families
from the entire genomes of E. coli and B. subtilis

The steps for identifying conserved slow codons are schema-
tically shown in Fig. 1 and are outlined below. A more com-
prehensive description can be found in the methods section.

To identify slow codons that are essential for protein fold-
ing we searched for homologous genes that use slow codons
in the same positions. Underlying this approach is the
hypothesis that homologous proteins are structurally similar,
and if folding requires translation slow-down at a specific
position we expect to find position-specific conserved usage
of slow codons.

We chose to look at homologous proteins from two organ-
isms, E. coli and B. subtilis. These two organisms preferentially
use different synonymous codons [11], and therefore conser-
vation of slow translation rate in the same position in homo-
logous genes may suggest that the trait that underwent

1. Collect data of 1,120 orthologues groups of E. coli and B. subtilis from the OMA database
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Figure 1. Overview of the methodology. 1. A list of 1,120 orthologue groups containing genes from both E. coli and B. subtilis was retrieved from the OMA
database. For each one of these groups, steps 2-6 were performed. 2. The genes in the group were aligned using Clustal Omega. 3. A set of 1,000 randomized
variants of the alignment was generated by shuffling synonymous codons along the sequence. 4. Codons in each gene were scored according to their predicted
translation rate. The group average at each codon position was calculated. 5. Codon scoring and calculation of group average at each position was also performed for
each of the 1,000 randomly-shuffled variants. 6. The ‘real’ codon score at each position was compared to the set of values received in that position for the 1,000
random variants and a z-score was calculated. A threshold of z-score = —2.8 was chosen as the bar under which a real codon score was considered to be significantly
lower than control. Codons meeting this criterion are predicted by our model to have a functional role. 7. Out of the 57 homologous groups predicted by our model
to contain functionally important slow codons, 8 were chosen for experimental validation. One gene from each of these groups was modified to replace the
important slow codons with synonymous fast ones, and the modified gene was compared to the wild type gene in a set of experiments. See main text for details.



evolutionary selection was codon ‘speed’ rather than sequence
conservation.

To this end, we used the OMA database Orthologous
Matrix [33] to extract a list of 1,120 orthologue groups that
contain at least one gene from each organism, and then
aligned the genes comprising each group using the Clustal
Omega tool [34].

A key subsequent step was to score the translation speed of
the 61 sense codons. Of the many codon-scoring indexes that
were suggested over the years [1,38,39] we chose two that
have a direct link to translation rate. The first is the well-
established tRNA Adaptation Index (tAl) introduced in 2004
by dos Reis et al. [29], which evaluates the relative translation
rates of the 61 codons based on a theoretical model of transla-
tion which assumes the tRNA levels are the major determi-
nants of translation speed. This index scores each codon by
considering tRNA availability and the strength of codon-
anticodon interaction.

The second index that we used was the Typical Decoding
Rate (TDR, [7,40]) index. Unlike other available indexes the
TDR index does not attempt to score the codons based on
theoretical predictions, but rather uses ribosome profiling
data [41], which provide a proxy to actual in vivo translation
rates. As shown in figure SI, the correlation between the
values assigned to each codon by these two indexes is signifi-
cant but not very high (Spearman’s rank correlation between
E. coli tAl and TDR values is p = 0.44, p = 3x107[4]).

We reasoned that the exact location of the slow codons
may be slightly shifted in homologous genes, and therefore
used a sliding window of 10 codons which is the footprint of
the ribosome. As shown in Figure S2, this averaging also
smooths the noisy translation rate landscape and allows better
visualization of the data.

Next, we calculated the average value in each position of
the alignment, to get the group score at each position. A low
average score in a certain position represents a tendency of
the genes in the group to use slow codons at that position, but
does not necessarily mean slow codons were selected for use in
that position: possibly, this position underwent selective pres-
sure for an amino acid which is coded only by slow codons.
To evaluate if sites of slow codons conservation represent
selection for translation speed or are a result of amino acid
selection we devised a randomized control: For each group of
homologous genes, 1,000 alternative variants of the group
alignment were created by randomly switching pairs of
synonymous codons along the alignment. For each variant,
replacements were carried until a 90% difference from the
original sequence was reached. Importantly, this randomiza-
tion does not change the amino acid sequence, the GC con-
tent or the overall codon usage of the genes, but only
influences the locations of slow codons along the genes. The
score at each codon position in the real alignment was com-
pared to the scores obtained at that position for the 1,000
random control variants. The real score was considered sig-
nificantly lower than the random ones if the z-score value
obtained in the comparison was below a threshold of -2.8
(equivalent to a p value = 0.0026). Positions at which the real
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codon scores are significantly lower than random controls
imply a selective pressure on proteins with that particular
structure to use slow codons at this location, presumably
assisting correct folding by attenuating the translation
speed [42].

In 57 homologous groups we could identify slow codons
that met our cut-off threshold selection (Supp. Table S2). We
excluded from consideration slow codons that appeared in the
first 50 codons as these have been suggested to be involved in
translation initiation and regulation of early elongation
step [35].

Choosing candidates for experimental testing and
designing gene variants

The above-described computational analysis identified 57
groups of homologous that harbour 1-2 sites of conserved
slow codons. Of these 57 groups we chose 8 to experimentally
test the importance of conserved slow codons for protein
expression, folding and structure. The chosen 8 groups were
selected based on criteria such as the length of the slow codon
stretch, the z-score values, and the number of genes in the
group. Essential proteins (e.g. ribosomal proteins) were
excluded since we reasoned that alterations in their expression
levels would likely lead to pleiotropic effects that would be
difficult to interpret. Then, from each group we selected an
E. coli representative since this organism was the host for the
subsequent experiments (Table 1).

To test if the identified slow codons have a role in
folding we replaced them with synonymous codons pre-
dicted to have the highest translation rate. As an example,
Fig. 2A shows the codon replacements performed for the
gene gdhA, and the resulting TDR-score changes. In gdhA,
the modified section spans codons 303-320, and includes
12 synonymous changes. Table S3 specifies the codon
replacements performed to generate all of the Fast var-
iants. For two genes, fucO and alr, different locations were
suggested by the TDR and tAI indexes (Table 1), and
therefore two different Fast variants were generated
(Table S3). The sequences coding the wildtype and the
modified versions of the 8 genes were inserted into
a pET expression vector which harbours an in-frame
C-terminal fusion of the green fluorescent protein (GFP,
Fig. 2B). The use of a C-terminal GFP fusion as a reporter
for protein expression and folding is based on the assump-
tion that the expression level of the in-frame fluorescent
protein is related to the expression level of the upstream
protein. Misfolding or aggregation of the upstream protein
has been shown to affect the expression of the down-
stream-fused GFP and hence fluorescence [43]. Although
GFP has been shown at instances to affect the function,
localization, expression or solubility of its fused partners
[44-46], it is arguably still the most broadly-used reporter
fusion [47]. To curb GFP-related solubility limitations we
used the cycle 3 mutant, with its reduced aggregation
tendency and improved solubility [36].
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Figure 2. Design of the WT and Fast variants of the selected genes. (A, top) Shown is the nucleotide sequence of a region of gdhA, the location of which was
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(A, bottom) A plot of the TDR index values of the WT (blue) and Fast (red) variants. (B) An illustration of the two GFP-fused variants created for each gene.
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Figure 3. Effects of slow codon replacements on protein expression. (A-D) E. coli cells were transformed with a plasmid carrying either the WT or FAST GFP-fused
variants of the Lactaldehyde reductase fucO. The optical density (A) and the GFP fluorescence (B) of the cells were continuously monitored, and the normalized
fluorescence (C) was calculated as the Fluorescence/OD ratio. Shown are the values obtained for 20 replicates of the WT (blue) and the FAST (red) fucO variants, with
averages shown in cyan and magenta, respectively. (D-G) Box plots of the total normalized fluorescence summarized over the entire growth curves of the WT and
FAST variants of fucO (D),IptB (E), gdhA (F) when the experiments were conducted at 37°C, and of fucO when the experiment was conducted at 25°C (G). The
indicated number of replicates (N) were compared using the Wilcoxon rank-sum test, n.s. = not significant.



Fluorescence assays demonstrate impaired folding of
the ‘Fast’ protein variants

E. coli WT strain BW25113 cells where transformed with plasmids
carrying either the WT or Fast variants. The growth and fluores-
cence of multiple biological replicates (N > 10) was then continu-
ously measured for 10 hours. The normalized fluorescence at each
time point was calculated as the ratio between the fluorescence
and optical density, and the total normalized fluorescence was
calculated as the area under the curve of the normalized fluores-
cence graph (See methods). The resulting values obtained for the
WT and Fast variants were then compared using the Wilcoxon
rank-sum test to evaluate if the two distributions significantly
differ. Fig. 3 shows an example of such experiment conducted
with the Lactaldehyde reductase FucO [48], where the Fast variant
was designed according to the TDR index prediction (Table 1,
Table S3). As shown, while the growth of the WT and Fast
variants was indistinguishable (Fig. 3A), the GFP fluorescence of
the WT variant was higher (Fig. 3B) as was its normalized fluor-
escence (Fig. 3C), and this difference was found to be extremely
significant (p < 107[7],

The reduced fluorescence observed for the fast variants of
fucO could also be the result of reduced mRNA levels. To
examine this possibility, we quantified the mRNA levels of
fucO using RT-qPCR. Total RNA was extracted from cells
grown under the same conditions used in the fluorescence
assay, and the mRNA levels of the WT and Fast variants were
compared. As shown Supplementary (Fig. 3), the mRNA
levels of FucO were unaltered by the codon replacements
demonstrating that the lower fluorescence of the Fast variant
stems from reduced expression or stability at the protein level.

In addition to fucO, for two other tested genes, the
Lipopolysaccharide export system ATP-binding protein LptB
and the NADP-specific glutamate dehydrogenase GdhA, we
observed reduced normalized fluorescence of the Fast variants
compared to the WT variants (p value < 0.001, Fig. 3 E, F). As
observed for FucO, the mRNA levels of the Fast variants of
LptB and GdhA were similar to those of the WT variants,
indicating that their transcription was not compromised by
the codon replacements Supplementary (Fig. 3).

The experiments shown in Fig. 3A-Fwere conducted at 37°
C, a temperature that supports rapid protein expression [49].
We reasoned that when protein translation is overall fast its
slowdown at folding bottlenecks is likely to be consequential.
In contrast, when protein translation is overall slow, the
importance of local translation speed attenuations is likely to
play a more minor role. As such, we expected the adverse
effects of the ‘fast’ codon substitutions to be milder when
translation speed is already slowed down.

It is well-established that at lower temperatures bacterial
growth is slower, and so is protein synthesis [50].
Accordingly, lowering the growth temperature is often used
to circumvent folding problems [51].

In line with these predictions, and in contrast to what was
observed at 37°C (Fig. 3D), when the experiment was con-
ducted at 25°C we observed no difference in fluorescence
between the WT and Fast variants of fucO (Fig. 3G), support-
ing a role for strategically positioned conserved slow codons
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in attenuating translation speed under conditions of fast
growth/fast translation.

Contradictory to our expectations, for the other 5 tested
genes (Table 1) we did not observe a consistent difference in
fluorescence between the two variants. The possible reasons
for this contradiction are later discussed.

Aggregation tendency of the ‘Fast’ variants is higher

The folding (and therefore fluorescence) of C-terminally fused
GFP has been shown to be associated with the expression and/
or folding of the upstream protein [43]. Therefore, the
reduced fluorescence of the Fast variants of FucO, LptB and
GdhA could stem either from reduced protein expression or
from a reduction in the fraction of the correctly folded pro-
tein. In an attempt to distinguish between these two possibi-
lities, we extracted complete protein lysates from cells
expressing the WT or the Fast variants of FucO, LptB and
GdhA, and separated the aggregate and soluble fractions by
ultracentrifugation at 350,000xg. The fractions were then
separated by SDS-PAGE and visualized by immunoblotting
with an anti-GFP antibody. Densitometry analysis of the
‘Total’ lanes in Fig. 4A-C suggested a modest ~15% (fucO,
gdhA) or a substantial ~250% (IptB) increase in the amount of
total GFP-tagged protein that was expressed by the Fast var-
iants. These results suggest that the lower fluorescence
observed for the Fast variants of FucO, LptB and GdhA
(Figure A-F) in not a result of impaired translational effi-
ciency. However, the Fast variants seemed to be more suscep-
tible to aggregation or degradation. For example, as shown for
the Lactaldehyde reductase FucO (Fig. 4A), the aggregate/
soluble ratio for the WT is ~1:1, while for the Fast variant it
is 2:1. Additional evidence for the suggestion that the Fast
variant of FucO is more aggregate-prone may be deduced
from a unique property of the fused GFP: in SDS-PAGE
gels, GFP does not fully denature, and its folded form runs
~13kDa faster [52]. Accordingly, two prominent bands are
visible in all lanes (arrows in left panel of Fig. 4A), represent-
ing denatured FucO-denatured GFP (MW~66 kDa) and dena-
tured FucO-folded GFP (MW~53 kDa). In the Fast variant
a higher proportion of the higher MW band (unfolded GFP)
is observed (compare lanes 3 and 6), supporting the idea that
the Fast variant is more aggregation prone.

Fig. 4B shows the western blot analysis for GdhA, another
protein suggested by the GFP fluorescence growth experi-
ments (Fig. 3F) to be sensitive to replacements of its slow
codons. As shown (Fig. 4B, right), the ratio of aggregate/
soluble protein was higher for the Fast variant. In addition,
two bands are visible, with the higher molecular one (corre-
sponding to unfolded GFP) appearing only in the aggregated
fraction, and more prominently so in the Fast variant. Also for
LptB (another protein for which we observed decreased fluor-
escence of the Fast variant), the ratio of aggregate/soluble
protein was higher for the Fast variant (Fig. 4C).

In Fig. 4C, in addition to the band corresponding to the
expected size of LptB-GFP (middle arrow), a band with
a molecular weight higher than 130kDa is also apparent (top
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Figure 4. Effects of slow codon replacements on protein aggregation. Left panels: Western blot analysis using an Anti-GFP antibody of the soluble and
aggregate fractions of lysates from cells expressing either the WT or FAST variants of FucO-GFP (A), GdhA-GFP (B), LptB-GFP (C), or GItA-GFP (D). In A,B,D, and top and
bottom arrows indicate unfolded and folded fused GFP, respectively. Only in C, top, middle, or bottom arrows indicate aggregated, soluble, and degraded fractions,
respectively. The intensity of the bands shown in the left panels was calculated using the Fiji software, and the right panels show the distribution (in percentage) of
the aggregate (black), soluble (grey) and degraded (green, C only) fractions. Shown are representative results obtained at least three times under multiple conditions

(variations in media and length of induction phase).

arrow). This band represents a high-oligomer aggregate, and
most of it appears in the insoluble fractions. This band is
much more prominent in the Fast variant (compare lanes 1
and 4) and is mostly insoluble (Fig. 4C, compare lanes 4
and 6). This observation is in line with our hypothesis that
replacement of strategically-positioned slow codons with fas-
ter-translating ones may lead to over-expression of misfolded
proteins. Finally, a lower molecular-weight protein band
(~41kDA, bottom arrow) is observed only in the Fast variant
(Fig. 4C, lane 4). Since we have used anti-GFP antibodies in
conjunction with a C-terminal GFP fusion construct this band
likely represents protein degradation. Fig. 4C shows the den-
sitometry calculation for the bands in the “Total’ fraction lanes
(lane 1 for the WT variant and lane 4 for the Fast variant),
showing the relative distribution of aggregated, soluble and
degraded protein. As can be appreciated, the proportion of
‘healthy’ protein is ~2-fold lower for the Fast variant.

To further establish the correlation between the fluores-
cence (Fig. 3) and solubility (Fig. 4) assays we also tested one
protein (GltA), for which we did not detect a changed in
fluorescence between the Fast and the WT variants (Table
1). In line with this result, the tendency to aggregate was the
same in both variants, suggesting that GltA is resilient to the
codons replacement we performed. An explanation for this
resilience may be found in the high intrinsic solubility of GItA
(Soluble fraction 84%, compared to 39-52% of LptB, GdhA
and FucO). This may imply that GItA is an especially good
folder, and therefore perhaps more resilient to the codons
replacements.

The results of the aggregation/solubility assays described
above corroborate the results obtained in the fluorescence
assays for these 4 genes, and also perhaps provide a clue
regarding the underlying mechanism. While the reduced
GFP fluorescence of the Fast variants could have been the
result of reduced expression rather than misfolding, the
immunoblotting images and its densitometry analysis reveal
similar total expression levels for the WT and Fast variants for
FucO and GdhA, and even enhanced expression of the Fast
variant in LptB, suggesting the reduced fluorescence was
a result of protein misfolding/aggregation, rather than simply
reduced expression.

Impaired in vivo function of a Fast variant

Next, we wished to test whether ‘slow-to-fast’ synonymous
codon replacements also have an effect on in vivo protein
function. For this we tested the ability of GdhA (a glutamate
dehydrogenase) to complement the growth of the E. coli glu-
tamine auxotroph strain AgdhA/AgitB [37].

As shown (Fig. 5A), in glutamine-replete media, WT E. coli
and the glutamine auxotroph strain grew very similarly, and
plasmid-driven expression of either the WT or Fast variants of
GdhA had virtually no effect on growth. In contrast, in
glutamine-depleted media (Fig. 5B) the deletion strain com-
pletely failed to grow while the WT strain grew normally.
Importantly, under these conditions of glutamine depletion,
the WT variant of GdhA restored growth much more effi-
ciently than the Fast variant (Fig. 5B, p = 3.65x10°, Wilcoxon
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Figure 5. Effects of slow codon replacements on protein function. (A, B) WT E. coli (green) or a strain deficient in utilization of glutamine (AgdhA/AgltB, all other
curves) were grown in minimal media in the presence (A) or absence (B) of 0.4% glutamine. Cells of the deletion strain were transformed with plasmids encoding the
Fast or WT variants of gdhA, as indicated. Shown are mean values of 12 biological replicates, and error bars represent standard deviations. (C, D) WT E. coli cells
(green) or a strain deficient in carbohydrate metabolism (AgltA, all other curves) were grown in minimal media supplemented with 0.4% Glucose (C) or 0.8% Acetate
(D) as a sole carbon source. Cells of the deletion strain were transformed with plasmids encoding the Fast or WT variants of g/tA, as indicated. Shown are mean values

of 3 biological replicates, and error bars represent standard deviations.

rank-sum test). This advantage of the WT variant over the
Fast one is consistent with the results obtained for GdhA
using the GFP-fluorescence assays (Fig. 3F) and the solubility
experiments (Fig. 4B).

We next conducted similar growth-complementation
assays with GItA, a citrate synthase and a key enzyme in
carbohydrate metabolism. As demonstrated above, we
observed GItA to be an especially soluble protein that is
insensitive to ‘slow-to-fast’ synonymous codon replacements.
In line with these observations, under multiple experimental
conditions, the expression of either the WT or Fast variants of
GltA equally compensated for the lack of the endogenous gltA
gene (Fig. 5 C, D), in line with the suggested robust folding/
solubility of this protein.

DISCUSSION

Diverging from the central dogma, synonymous mutations
have been reported to have dramatic effects on protein
expression and function [16,17]. These unexpected observa-
tions inspired extensive research of codon usage. To date,
most studies applied either a genome scale bioinformatics
approach or a single case experimental one.

Here we aimed to resolve this gap by combining computa-
tions and experiments. We demonstrate the ability to detect
regions of slow codons, mutations in which affect the

functionality of the translated proteins. The results reported
here suggest that the effect of the slow codons on protein func-
tionality varies and may be condition specific, highlighting the
complexity of the co-translational folding process. We hope that
our study will promote further research on this topic in the
future.

The aim of this study was to establish an approach for
detecting slow codons that are functionally important. In the
future, the approach used here can be improved both compu-
tationally and experimentally. For example, we included
orthologue gene groups only from two organisms, E. coli
and B subtilis, and our model found conserved slow codons
in ~ 5% of the groups (57 out of the 1,120 groups). In a more
comprehensive computational study, Chaney et al. [8] exam-
ined homologue groups from 76 organisms across the 3
domains of life, and found conserved slow codons in 15% of
the groups. Using a larger set of organisms should improve
the predictions of our model.

In addition, the models we used are highly simplified,
and neglect important aspects that are not codon-centric.
For example, the tAl index does not consider factors that
affect protein translation and folding such as mRNA sec-
ondary structure [53,54], interactions of positively charged
amino acids with the ribosome’s exit tunnel [55,56], mRNA-
rRNA hybridization [57,58], and chaperones [59,60].
Similarly, the TDR index is inherently biased by the exclu-
sion of polysomes, which likely play an important part in
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translation attenuation. Moreover, the models assume con-
stant tRNA levels. However, tRNA isodecoders levels can
vary in a cellular specific manner, during the cellular life
cycle, and depend on environmental conditions [61].
Accurate modelling of such aspects is likely to give more
significant results than the ones we reported. Unfortunately,
at present, the relevant parameters of such models in the
analysed organisms are unavailable and therefore could not
be included in the model. Developing more accurate com-
putational models of translation rates in many organisms is
expected to improve the performances of our approach.

From an experimental perspective, the experiments that we
performed did not directly measure protein folding and function
and could not detect small changes in protein conformation.
Thus, a mutation with a small but biologically significant effect
on protein folding can be selected for during evolution but its
effect on co-translational folding may be too small to be detected
by our methods. In an elegant study, Buhr et al. [62] used NMR,
protease-digestion and Forster resonance energy transfer
(FRET) to directly evaluate the effects of synonymous mutations
on the folding of gamma-B crystallin. Incorporating such direct
measurements of protein structure and folding with the
approach we present in this work is likely to provide a deeper
understanding of the effects of synonymous mutations on pro-
tein translation, structure and function.

An additional experimental point to consider is throughput:
the effect of the slower codon on the protein’s functionality may
be relevant only under certain conditions. Thus, improving our
screening pipeline by incorporating high throughput screening
methods will increase the likelihood of identifying more cases
where slow codons have a functional role.

Nevertheless, despite the above-mentioned limitations of our
model and experimental design, experimental validation
revealed that in 3 out of the 8 tested cases we correctly predicted
the functional importance of slow codons. This relative success
rate demonstrates the usefulness of this model and supports the
hypothesis that even short stretches of slow codons can be very
important for correct protein expression and function. Possibly,
the other 5 tested cases are also functionally relevant yet were
undetected due to the computational and experimental limita-
tions mentioned above.

Finally, of the 1,120 orthologue groups we analysed we
identified only 57 harbouring conserved slow codons. This
low number could be explained by our choice of the threshold
(a0 < 0.0026). Choosing a more permissive threshold (a < 0.01)
leads to identification of conserved slow codons in about 350
groups. However, we preferred to err on the side of identify-
ing fewer cases, rather than identifying false positives. It is
possible that many of these cases are also functional and can
be detected in the future with improved computational mod-
els and experimental screening abilities.
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