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Abstract

Background Single synonymous codon mutations typically have only minor or no effects on gene function.

Here, we estimate the effects on cell growth of ~ 200 single synonymous codon mutations in an operonic context
by mutating almost all positions of ccdB, the 101-residue long cytotoxin of the ccdAB Toxin-Antitoxin (TA) operon
to most degenerate codons. Phenotypes were assayed by transforming the mutant library into CcdB sensitive

and resistant £. coli strains, isolating plasmid pools, and subjecting them to deep sequencing. Since autoregulation
is a hallmark of TA operons, phenotypes obtained for ccdB synonymous mutants after transformation in a RelE toxin
reporter strain followed by deep sequencing provided information on the amount of CcdAB complex formed.

Results Synonymous mutations in the N-terminal region involved in translation initiation showed the strongest non-
neutral phenotypic effects. We observe an interplay of numerous factors, namely, location of the codon, codon usage,
t-RNA abundance, formation of anti-Shine Dalgarno sequences, predicted transcript secondary structure, and evo-
lutionary conservation in determining phenotypic effects of ccdB synonymous mutations. Incorporation of an N-ter-
minal, hyperactive synonymous mutation, in the background of the single synonymous codon mutant library
sufficiently increased translation initiation, such that mutational effects on either folding or termination of translation
became more apparent. Introduction of putative pause sites not only affects the translational rate, but might also alter
the folding kinetics of the protein in vivo.

Conclusion In summary, the study provides novel insights into diverse mechanisms by which synonymous muta-
tions modulate gene function. This information is useful in optimizing heterologous gene expression in E. coli

and understanding the molecular bases for alteration in gene expression that arise due to synonymous mutations.
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Introduction

Synonymous codon substitutions once thought to be
genomic background noise, have now been widely
acknowledged to have the capacity to alter protein
expression, conformation and function [1]. However, it
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[2]. Codon usage bias is different for different organ-
isms, varies across different genes and also specific loci
between genes [3, 4]. Rare codons are often found at the
N-terminal regions of ORFs in prokaryotes and eukary-
otes [5]. One hypothesis that is consistent with this
observation is that rare codons act as a ‘ramp’ to reduce
translational velocity at the beginning of the gene, also
known as the ‘ramp hypothesis’ [6]. Several studies sug-
gest that poorly adapted codons at the N-terminus slow
ribosome progression to increase the translational effi-
ciency of the gene [6, 7]. Many studies also report that
decreased mRNA structure at the N-terminus increases
gene expression [8], however there have been conflicting
studies as well [9].

Protein synthesis by ribosomes takes place at non-uni-
form rates on mRNA [10]. Synonymous mutations are
known to alter gene expression by changing the transla-
tion rate via varied mechanisms such as codon usage bias
[3], t-RNA abundance [11], and generation of an anti-
Shine Dalgarno (aSD) sequence within the gene leading
to ribosomal stalling [10]. Other ways include change
in the mRNA structure due to alteration in base pair-
ing [12], or altering the mRNA steady-state levels due to
either change in mRNA synthesis or degradation levels
[13]. However, typically multiple synonymous mutations
are required for observable phenotypic effects.

In principle, translation is regulated at three different
stages, initiation, elongation and termination. Trans-
lation initiation is a crucial step in protein biogenesis
[14]. Finding the open reading frame (ORF) and ribo-
some loading on the mRNA takes place at the initiation
step, which is the rate-limiting step and largely con-
trols the frequency of translation of a certain mRNA
[15, 16]. The translation efficiency of an mRNA, i.e.,
the amount of protein produced per unit mRNA is pri-
marily determined by the accessibility of the ribosome
binding site, nature of the start codon, occurrence of
A/U rich codons disfavouring mRNA secondary struc-
ture in the beginning of the coding gene, position of
the Shine-Dalgarno (SD) sequence relative to the start
codon and its complementarity to 16S rRNA [15, 17,
18]. A growing body of evidence suggests that not only
initiation, but also elongation plays a predominant
role in controlling translation efficiency of the corre-
sponding protein. During elongation, amino acids are
added to the nascent chain one at a time. The elonga-
tion rate is non-uniform with periods of rapid move-
ment separated by pauses [16, 19-21]. Translation may
also be associated with a step-by-step folding process
in which partial domain folding events may be required
to ensure correct folding of the entire protein [22]. It
is thought that some synonymous mutations can affect
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protein folding by affecting or targeting cotranslational
folding processes [23, 24] that are altered by transient
ribosome pausing [25]. Alterations in translation termi-
nation may be affected by the RNA structure at the end
of the coding region. Translation termination can con-
tribute to the production of altered protein isoforms
by extending the C-terminal end due to translational
read-through of a stop codon [26]. It is thus evident
that translation efficiency of a gene is governed by the
initiation, elongation and termination phases [27], but
determining the relative contribution of each phase to
protein abundance continues to be a challenging task.

In the context of operons, since there are two or more
genes that are being translated, this adds an additional
layer of complexity, as mutations can selectively affect
translation efficiency of some genes of the operon rela-
tive to others [28, 29]. We used the ccdAB toxin-anti-
toxin (TA) operon as a model system to infer the effects
of synonymous mutations on the expression and asso-
ciated phenotypes of a toxin gene, that lead to altered
fitness of the organism [30, 31]. The ccd operon from
F-plasmid contains two genes, ccdA and ccdB, which
encode for the homodimeric, labile antitoxin CcdA and
the homodimeric stable toxin CcdB, respectively. The
two proteins form a stable complex which in turn binds
to the cognate ccd promoter and represses transcrip-
tion. However, under conditions of cellular stress or
plasmid loss, the labile CcdA antitoxin is degraded and
CcdB binds to its cellular target, DNA Gyrase, com-
promising DNA replication and ultimately leading to
cell death (Fig. S1). Since, autoregulation is a hallmark
of many TA operons, the efficiency of complex forma-
tion determines whether the operon is being repressed
or derepressed, which in turn dictates its in vivo tran-
scriptional levels [30]. CcdB mutants can affect binding
to CcdA, thereby altering CcdA-CcdB operonic regula-
tion [32]. Either altered toxin:antitoxin ratio or struc-
tural changes exhibited by CcdB can modulate CcdB
expression in cells [31, 33]. In the present work, we
measure the fitness effects of single synonymous codon
mutations spread throughout the entire ccdB gene. We
attempt to address important issues such as 1) the rela-
tive codon-specific contribution to protein abundance
for the initiation, elongation, and termination phases,
2) identification of the location of synonymous muta-
tions that exhibit the largest phenotypic and codon-
specific effects on protein synthesis, 3) understanding
the molecular bases behind the observed phenotypic
effects, 4) phenotypic effects of increasing transla-
tion initiation through addition of an N-terminal syn-
onymous mutation to the existing single synonymous
codon mutant library.



Bajaj et al. BMC Genomics (2023) 24:732

Results

Phenotypes of single synonymous codon mutant library

of ccdB in its operonic context

A single synonymous codon mutant library of the glob-
ular cytotoxin gene, ccdB was made in the ccd operon.
The ccd operon was cloned in pUC57 vector, a high copy
number vector in order to get an amplified phenotypic
response to distinguish mutant phenotype from WT
[32]. Each position of ccdB was mutated to all possible
degenerate codons via inverse PCR methodology [34]. All
mutants were placed in identical regulatory contexts. The
pooled synonymous mutant library was transformed in
the CcdB resistant strain, Top10Gyr. The DNA recovered
from this library was further transformed in the CcdB
sensitive strain and RelE reporter strain, the latter strain
is resistant to the action of CcdB and harbours a RelE
reporter gene downstream of the ccd promoter contain-
ing the consensus Shine Dalgarno (SD) sequence [32].
Following transformation and plating, DNA was recov-
ered from pooled transformants and subsequently deep
sequenced. The fractional representation of each mutant
in each condition was estimated and a good correla-
tion between the two biological replicates of the resist-
ant strain (r=0.99), sensitive strain (r=0.97), and RelE
reporter stain (r=0.99) was observed when a threshold of
a minimum of a 20 reads was taken in both replicates of
the resistant strain as described previously [35] (Fig. 1A).
Of 257 possible synonymous mutants, information
for ~200 CcdB mutants were available in the resistant
strain. Each synonymous mutant was assigned two vari-
ant scores, namely, Enrichment Score®®® (ES““4®) and
Enrichment Score®E (ES®E), based on their phenotypic
activity, i.e., cell growth versus cell death, which in turn
is based on CcdB toxicity in the sensitive strain and RelE
toxicity in the RelE reporter strain, respectively (Figs.
S2 and S3) (see methods) [32]. ESC“® scores reflect free
toxin protein levels in the cell. Higher levels of free toxin
will result in decreased cell growth. Based on K-means
clustering algorithm, a machine learning algorithm

(See figure on next page.)
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used for partitioning a dataset into distinct, non-over-
lapping groups or clusters because of certain similari-
ties, we classified synonymous mutations as hyperactive
if ES“4®<0.7, i.e., with a killing efficiency significantly
higher than the WT and inactive if ES“‘®> 1.8, i.e., with
a killing efficiency significantly lower than the WT (Fig.
S4). Throughout the manuscript we assume that ccdA
translational efficiency is unaffected by synonymous
mutations in ccdB and that [CcdA]qy is proportional
to the amount of ccdAB mRNA. This assumption can be
justified by other studies which showed that synonymous
mutations in a gene do not affect the expression levels of
the upstream reporter gene in an operon [36] and that
the secondary structures of mRNA in adjacent ORFs are
independent of each other [29]. Therefore, any change
in ES©“® directly reflects a change in translational effi-
ciency of the ccdB gene as we define the translational
efficiency as the amount of functional CcdB produced
per mRNA per unit time. Phenotypes for 15 synony-
mous ccdB mutants inferred from deep sequencing were
validated in a low-throughput manner by spotting cul-
ture dilutions of each mutant in both the resistant and
the sensitive strains. A good correlation of r=0.95 was
observed between the ESC“®® scores and normalised CFU
of mutants relative to W, thereby validating the deep
sequencing results (Fig. 1B). For instance, synonymous
mutants with distinct phenotypes like T7_ACT, R13_
AGG and R15_AGG having ESdB 100 fold lower than
the WT exhibit growth only in the undiluted fraction,
while mutations like P35 CCA, V33_GTC, R10_ AGG
and R10_CGA that have ES““® at least twofold higher
than the WT show visible growth even in the highest
diluted fraction, i.e., 10,000 fold diluted.

To measure how efficiently the CcdAB complex is
formed, the single synonymous codon mutant library was
also transformed in the RelE reporter strain from which
the mutants were screened based on RelE toxicity, indi-
cated by their ESReE scores [32] (see Methods). The ESRE
score for WT is 1 and due to the low dynamic range of

Fig. 1 Phenotypic effects of single synonymous codon mutants of CcdB in an operonic context. A Correlation between biological replicates.
Following deep sequencing, the fraction of each mutant normalised to the WT value is estimated for all mutants in resistant (extreme left panel),
sensitive (middle panel) and RelE reporter strains (extreme right panel). The (0,0) point represent the WT. B In vivo activity of CcdB mutants

in both resistant (Top10Gyr) and sensitive (Top10) strains validate deep sequencing results in a low-throughput manner (left panel). Mutants

are tenfold serially diluted and spotted on LB Agar plates. Corresponding ES®®® scores of individual mutants obtained from deep sequencing
are mentioned in grey in the bottom panel. The mutants are ordered according to the residue number from right to left. A correlation of r=0.96
(P<.001) is observed between the ES®“ scores and normalised CFU count of mutants relative to WT in the sensitive (Top10) strain obtained

in the spotting assay. Error bars for duplicate experiments are also shown (right panel). C Effects of synonymous mutations on ES®®® and ES"ef

scores as a function of location within the gene. Top panel shows position averaged E

SC<d® scores for synonymous mutants as a function of residue

number. The bottom panel shows position averaged ES™E scores for synonymous mutants as a function of residue number. The N-terminal
region shows the largest variation. Black dashed line represents the WT score. The entire data is divided into N-terminal (1-13), middle (14-86)
and C-terminal (87-101) region. The secondary structure of CcdB (from PDB id 3VUB) is shown at the bottom
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ESRE scores, we classify mutants with ESR'F>1 as hav-

ing a repressing phenotype and ES*E<1 as having a
derepressing phenotype [32]. The ESFE scores combined
with the ES®® scores provide insights into the molecu-
lar mechanisms responsible for the observed phenotypes
for the synonymous mutations in the sensitive strain
(Table 1). Based on these two screens, all synonymous
mutations are classified into four mutational categories,
namely, 1) Hyperactive and Derepressing denoted as
‘H+D’; 2) Hyperactive and Repressing denoted as ‘H+R’;
3) Inactive and Derepressing denoted as ‘I+D’; and 4)
Inactive and Repressing denoted as ‘I+R; throughout the
text.

Synonymous mutations in the N-terminal region of CcdB
display large and diverse phenotypic effects

While most synonymous mutants showed a near neutral
phenotype, i.e., similar to the WT, with ES®“® and ESReE
scores close to 1, a significant number show altered phe-
notypes (Fig. 1C). Ribosome profiling studies show that
ribosomes cover 20—-30 bases at a stretch [37]. We exam-
ined codon specific contributions to protein abundance
from three different parts of the gene, i.e., the N-terminal
(residues 1-13), middle (residues 14—86) and the C-ter-
minal (residues 87-100) regions of the ccdB gene. Values
of ES“® and ESFE averaged over synonymous muta-
tions for each position were plotted to understand the
overall trend. The most diverse ES““® phenotypes rela-
tive to WT are displayed by the mutants of N-terminal
region residues. The middle region shows the second
highest variation in phenotypic effects. C-terminal amino
acids show the least diverse phenotypic effects both
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in the context of CcdB toxicity as well as RelE toxicity
(Fig. 1C).

Estimating the importance of codon usage for N-terminal,
middle and C-terminal region

We next examined correlations of various codon usage
parameters, such as AGC content, RCU, CAI, RtrnaA,
tAl and RCUy, with ESS°dB, ESREE ESCedB  and ESREE,,
(see Methods section for parameter descriptions) for the
entire dataset (Fig. S5A). As expected, different codon
usage parameters (RCU, CAI, RtrnaA and tAl) are
well correlated with each other. A positive correlation
between ES®“® and codon usage parameters show that in
general, enhancement in translational efficiency of CcdB
is associated with decreased codon optimality (Fig. S5A).
To further understand how codon bias (RCU) impacts
protein abundance (ES®°®®) at different locations in the
gene, we plotted a moving average of the two parameters
over a sliding window of 5 mutants (Fig. 2A). The data
showed a clear trend, i.e., ES“®® increased with increased
RCU for N-terminal residues, indicating mutations to
more frequently used codons decreased CcdB levels in
the cell. However, for middle and C-terminal residues,
this was not the case. Effects of codon usage are larg-
est at the N-terminus, compared to the rest of the gene
(Fig. 2A).

63% (15/24) of the N-terminal region mutants belong
to the ‘H+D’ class. Amongst these, synonymous muta-
tions to rarer codons typically display extremely low
ESC® and ESRF scores. 21% (5/24) of the N-terminal
region mutants belong to the I+D’ class. Several of
these synonymous mutations are at the R10 residue.

Table 1 Possible molecular mechanisms for the observed phenotypes

Phenotypic category Notation Parameter values Inference

Inactive and Derepressing I+D ESC“® > 1.8 and ESFF <1 Misfolded protein

Inactive and Repressing I+R ESCd > 1.8 and ESTEE> 1 Reduced translational efficiency

Hyperactive and Derepressing H+D ESCd® < 0.7 and ES"eF <1 Well folded, increased translational efficiency
Hyperactive and Repressing H+R ESCd < 0.7 and ESTEE > 1 Faster folding kinetics in vivo or slightly

increased translational efficiency

(See figure on next page.)

Fig. 2 Synonymous codon usage plays an important role in regulating gene expression. A Altered CcdB levels (ES““®®) as a function of change

in codon usage (RCU) relative to WT upon synonymous substitution. Mutants in N-terminal, middle and C-terminal regions are shown in blue, green
and pink, respectively. B-C Left panel shows the corresponding values of ES® (x-axis), ST (y-axis) and RCU (color bar) for each mutant of the (B)
N-terminal region and (C) C-terminal region. WT score is represented by black lines. Right panel shows the correlation between experimentally
determined relative fitness values with various sequence-based parameters for the (B) N-terminal region and (C) C-terminal region. B-C The

right panel shows the Pearson’s correlation coefficient values and their corresponding P values. Gradation of white to red colour reflects positive
correlation whereas the gradation of white to blue color reflects negative correlation. Non-significant correlations, i.e., correlations with P>0.05 are
shown with a cross X" mark. Parameter definitions are in the Materials and Methods section
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Thus, in this case, it appears that a synonymous muta-  N-terminal region, a positive correlation of ES“® with
tion from a rarer to a more frequent codon might result RCU (r=0.54, P<0.01), CAI (r=0.64, P<0.001) and
in misfolding of the protein in vivo (Fig. 2B). In the RtrnaA (r=0.71, P<0.001), as well as ES¢“‘®,, with RCU
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qv (r=0.61, P<0.001), implies that introduction of rarer
codon mutants at the N-terminus increases in vivo trans-
lational efficiency of the protein (Fig. 2B). In the present
case, a positive correlation of AaSD with tAl (r=0.46,
P<0.05) and a negative correlation with RCU, (r=-0.5,
P<0.01) (Fig. S5B), indicate that the introduction of rarer
codons enhances the likelihood of formation of an aSD
sequence, that in turn leads to stalling of the ribosome at
the N-terminus. The data also might indicate that trans-
lational efficiency increases when the ribosome encoun-
ters a codon which has a significantly different codon
usage than the WT. It will be interesting to see if this is a
general feature across all genes.

In the middle region, ES“®® and ESRF show no cor-
relation with codon usage parameters, suggesting that
alterations in synonymous codon bias in the middle
region does not contribute to altering the translation effi-
ciency of CcdB (Fig. S5C).

In the C-terminal region, most mutants lie either in
the ‘H+D’ or ‘I+R’ categories, implying that the pheno-
types are primarily determined by translational efficiency
(Fig. 2C). ESC“d® is negatively correlated to codon usage
(RCU, r=-0.34, P=0.16; CAI, r=-0.33, P=0.06), indicat-
ing that in contrast to the N-terminus, optimal codons at
the C-terminus enhance translation efficiency of the gene
in vivo, thereby increasing its protein abundance (Fig. 2C,
Fig. S5D).

mRNA secondary structure dictates translation initiation
We next explored how predicted mRNA stability is cor-
related with observed phenotypes. For the prediction of
secondary structure, a stretch beginning 18 bases prior to
the start codon of the transcript was used. This included
the putative Shine-Dalgarno (SD) sequence and the com-
plete 306 base pair ccdB transcript for both the wild type
and all single-site synonymous mutants. However, given
that the entire ccd operon is 526 bp long, it is not possible
to accurately predict its secondary structure. Also, since
the same ccdA sequence is employed for all ccd B mutants,
it is unlikely that mutations near the start codon of ccdA
mRNA would exert distinct and differential effects on
the mRNA structures of different ccdB mutants. Addi-
tional support for this assertion comes from previous
work which suggests that structures of individual ORFs
in an operon are relatively insulated from each other [29].
In the operonic mRNA, the transcribed regions of ccdA
and ccdB that are most likely to interact are the 3’ end of
the ccdA that contains the ccdB RBS with the 5’ region of
ccdB. This region has been taken into consideration when
predicting the structure of the ccdB mutant transcript.

In the N-terminal region, a negative correlation of
AGC with AMFE (r=-0.61, P<0.001) indicates that as
expected, higher GC content is associated with increased
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mRNA stability (Fig. S5B). ES““® is positively correlated
with AGC (r=0.7, P<0.001) and negatively correlated
with AMFE (r=-0.59, P<0.001) (Fig. 2B), suggesting that
stable mRNA might reduce translation initiation, for
example by occluding the RBS, whereas absence of struc-
ture might enhance RBS binding to the anti-SD sequence
of the ribosome [3, 38] or alternatively, the start codon
may be more efficiently recognised by the initiator t-RNA
[8]. Another important feature is the accessibility of the
SD sequence for interaction with the anti-SD sequence
on the ribosome and how this might be modulated by
synonymous mutations. We therefore predicted the sec-
ondary structure of a 59 base stretch starting at a (U),
stretch, 16 bases upstream of the start of the SD sequence
and terminating at an (A);AGA sequence (residue R10)
for the various mutants in the N-terminal region (Fig.
S6). We observed an overall trend wherein occlusion of
the RBS was associated with a higher value of ES““?E,

Evolutionary pressure drives codon selection

We also estimated evolutionary conservation for the WT
ccdB gene both at the nucleotide and residue level. We
found 62% (63/101) of the WT ccdB gene codons were
the most conserved codons, 3% (3/101) were the least
conserved codons, while the remaining 35% (35/101)
have an intermediate conservation level (Fig. 3A). We
further evaluated the evolutionary conservation levels
of the synonymous mutant codons and compared it with
their fitness effects. Largely, synonymous mutations to
the most evolutionarily conserved synonymous codon
display a hyperactive phenotype (Fig. 3B), indicating
that synonymous codons are under selection pressure
and that these mutant codons were not selected during
the course of evolution in the context of the E.coli CcdB
gene, because they will cause an increase in toxin levels
leading to cell death.

We further investigated the impact of evolutionary
conservation at the residue level, where each residue is
assigned a conservation score. Interestingly, synonymous
mutations at conserved residues in the N-terminal region
are enriched in either the ‘H+D’ or I4+D’ categories,
implying that as mentioned above, these mutations either
increase ccdB translational efficiency and CcdB protein
levels, or result in a folding defect in the protein, respec-
tively (Fig. 3C).

In order to compare the codon usage between ccdA
and ccdB in the wild-type context, the ratio of the CAls,
i.e. CAl(ccdA):CAl(ccdB) was calculated for E. coli and a
few other bacterial species which contribute the bulk of
ccdAB sequence (Fig. 3D-G). The CAI ratio was found
to be higher than 1, consistent with a higher expressed
protein ratio (CcdA/CcdB), a result in concordance with
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Fig. 3 Codon selection is under evolutionary pressure. A Percent distribution of WT codons in context of evolutionary conservation
at the nucleotide level. B Some CcdB positions do not have the WT codon as the most conserved codon. Instead one of the synonymous

counterparts is the most conserved codon. Histogram represents the frequency distribution of E

SC<d® scores for synonmous mutants with the most

conserved codon for the corresponding WT amino acid. € Corresponding values of ES®® (x-axis), ES™'F (y-axis) and evolutionary conservation

at the residue level (color bar) for each mutant of the N-terminal region is plotted. Percent conservation is proportional to the conservation level

of the residue. Distribution of Codon Adaptation Index (CAl) ratios in wild-type (WT) ccdA and WT ccdB genes across different bacterial species:

D Escherichia coli, E Klebsiella pneumoniae, F Salmonella enterica, and G Shigella flexneri. The CAl ratio provides insights into the codon usage of these

genes within each respective species

experimental proteomics data for E. coli reported in a
previous study [35].

Another factor that determines protein expression lev-
els is the strength of the SD sequence. To characterize the
binding between the putative SD sequence in the respec-
tive ccdA and ccdB genes with the 16S rRNA 3’ ends

across different organisms, the interaction energies with
the ribosome anti-Shine Dalgarno (anti-SD) sequence
(5CACCUCCU 3’) were calculated. The results suggest a
stronger interaction of the anti-SD with the SD sequence
of the ccdA gene in E. coli, K. pneumoniae and S. enter-
ica, whereas in the case of S. flexneri the anti-SD interacts
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Table 2 Interaction energy values calculated using RNAsubopt between anti-SD sequence and SD sequence upstream of ccdA and

ccdB gene across different bacterial species

ccdA ccdB
Putative SD sequence MFE (kcal/mol) Putative SD sequence MFE (kcal/mol)
Escherichia coli AAAGAGGT -6.7 AGGGACTG -3.7
Klebsiella pneumoniae TCCGGAGT -6.1 AGGGACTG -3.7
Salmonella enterica AAAGAGGT -6.7 AGGAACTG -3.7
Shigella flexneri AGGTGTAA -5.8 CGGAGCCT -5.8
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Fig.4 Synonymous mutations enhancing translational efficiency of the ccdB gene. A ES“®® values of synonymous mutants belonging to’H+D’
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EScch

as a function of amino acid. Amino acid identity is shown at the circumference of the radar plot. Each circle represents the number

of mutants (shown on the vertical axis) obtained for each amino acid, showing a hyperactive (left panel) or inactive (right panel) phenotype

equally well with the putative SD’s of ccdA and ccdB
(Table 2). Stronger binding of the ribosome to the SD is
expected to lead to more efficient translation initiation.

Characteristics of synonymous mutations that enhance
translational efficiency

The ‘H+D’ class (ESC®<0.7, ESFF<1) of mutations
in this study are associated with an increase in the
[CcdB] o1/ [CecdA] oy ratio. These synonymous mutants
likely result in enhanced translational efficiency of ccdB.

Synonymous mutations in the N-terminal region, espe-
cially the 5-13 residue stretch showed the lowest ES““d®
scores, implying these synonymous mutations result in
the maximum fold increase in translational efficiency.
Altering the single synonymous codon in the N-terminal
region (R13_AGA) resulted in an~ 100-fold decrease in
ESC°d® (Fig. 4A).

Rare codons in E.coli generally end with A/T, and
rare codons ending with A/T are known to correlate
with increased expression compared to synonymous
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mutations ending with G/C [11]. This observation is
consistent with our results. This association also forms
a link to the mRNA transcript secondary structure. If
secondary structure is the dominant factor, we would
expect a disproportionate enrichment of A over T due
to G-U wobble base pairing. GU base pairing is known
to be negatively associated with translation efficiency
[39]. Indeed, nucleotide triplets with A in the wob-
ble positions are enriched in the ‘H+ D’ mutant class
(Fig. 4B). Disproportionate enrichment of A over T
is more prominent at the N-terminus (Fig. 4B). Rare
codons in the N-terminal region with increased A/T
content likely increase translation initiation, thereby
increasing the efficiency with which the gene is
translated.

Arginine displays the maximum phenotypic and codon
specific effects

We analysed synonymous mutants giving either a
hyperactive phenotype (ES““®<0.7) or an inactive
phenotype (ES“®>1.8). Synonymous mutations of R,
T, S and V are enriched in the former, while R alone
is enriched in the latter class (Fig. 4C). R and S are
encoded by six codons whereas V and T are encoded
by four codons.

We also measured the variation of mutational phe-
notypes amongst the synonymous mutants of the same
residue, by analysing the coefficient of variation of
ESC°dB scores for each CcdB residue. The coefficient of
variation is highest for mutations in arginine, serine,
and leucine, suggesting that amino acids with the max-
imum number of degenerate codons have the largest
codon specific effects (Fig. S7A). Of the three, arginine
showed the maximum phenotypic effects, depicted by
diverse ES““® scores (Fig. S7B), perhaps because it
encodes part of an anti-SD sequence (AGG) which in
turn will modulate the translational rate.

(See figure on next page.)
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Single synonymous codon substitutions combined

with an N-terminus hyperactive synonymous mutation
display enhanced mutational sensitivity

We further incorporated an N-terminal hyperactive syn-
onymous mutation (K4_AAG — K4_AAA) in the back-
ground of the existing single synonymous codon mutant
library, therefore, generating an exhaustive double-site
synonymous mutant library in the presence of a Parent
Hyperactive Mutation (PHM). The ES®® score of the
single K4_AAA codon mutation is 0.42 relative to the
K4_AAG WT sequence. The enhanced toxicity implies
that a larger amount of CcdB is produced with K4 _AAA
relative to K4 AAG. This double-site synonymous
mutant library was transformed in the three strains as
described previously. A good correlation was observed
between the two biological replicates in each of the
resistant (r=0.99), sensitive (r=0.72) and RelE reporter
strain (r=0.99) (Fig. 5A). The number of reads for most
mutants in the sensitive strain was very low because of
the enhanced toxicity displayed by the K4_AAA mutation
due to which the correlation between the two biological
replicates decreased. Of the ~257 possible mutants, we
obtained information for~160 mutants. Data analysis
and assignment of mutant score in the form of ES ¢
and ES"®E for each mutant was done as described pre-
viously [32] (Figs. S2 and S3). Here, ES "CedB gnd ES RelE
score for WT K4_AAA is 1. The ‘7 superscript indi-
cates the scores are associated with the K4_AAA mutant
library. There is an issue with the ES"*E scores because
ES®E of the K4_AAA mutation in the WT ccdB gene
background is 0.35 and is the minimum of the ESRE val-
ues (Fig. S3). Hence, in the double mutant library it is
hard to get ESReE scores lower than this, a plausible rea-
son why ES"®E scores for most mutants are generally ~ 1
or>1 (Fig. S3). Therefore, we do not interpret ES ‘RelE
values for the double mutant library. 15 mutants were
individually constructed, and ES "CedB geores obtained
for these mutants were validated by screening on plates.

Fig. 5 Phenotypic effects of single synonymous codon mutants in the background of an N-terminal hyperactive synonymous mutation,

inferred through deep sequencing. A Correlations between the biological replicates. The fraction of each mutant normalised to the ‘'WT'value

is estimated for all mutants in resistant (extreme left panel), sensitive (middle panel) and RelE reporter strains (extreme right panel). The (0,0) point
represent the WT B In vivo activities of a few individual mutants to validate deep sequencing inferred phenotypes in a low-throughput manner,
by transforming individual constructs in resistant (Top10Gyr) and sensitive (Top10) strains (left panel). These mutants are made in the background
of WT K4_AAA. Mutants are tenfold serially diluted and spotted on LB Agar plates. ES"““® scores for individual mutants obtained from deep
sequencing are mentioned in the bottom panel. Y6_TAA and WTF'are used as controls. Y6_TAA is a stop codon mutation at the sixth position

of CcdB, thereby making it non-functional. WTF'is the WT ccdAB operon sequence as present in the F plasmid. These two should grow equally

well in both resistant and sensitive strains. A correlation of r=0.95 (P<.001) is observed between the E

5 scores and normalised CFU count

of mutants relative to WT in the sensitive (Top10) strain obtained in the spotting assay. Error bars for the duplicate experiments are also shown

(right panel). C Effects of double-site synonymous mutations as a function of location in the gene. E

§°C scores averaged over all mutants for each

position. Black dashed line represents the WT K4_AAA score. As done previously, the entire data is divided into N-terminal (1-13), middle (14-86)

and C-terminal (87-101) region
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A good correlation of r=0.95 was observed between
ES’C“d® obtained from deep sequencing data and nor-
malised colony count of mutants relative to WT obtained
from individually spotting dilutions of mutants trans-
formed in the sensitive strain on plate (Fig. 5B).

We plotted avgES “® scores for each position, that
are obtained after taking an average of all the mutant

Middle

C-term

> —Ep-SH-p Hump- SRR

scores for each position (Fig. 5C).~82% (127/155) of
the mutants displayed ES’““®® scores less than 0.2,
i.e., ~ eightfold higher toxicity than the WT. We observed
that synonymous mutations in specific stretches such
as residues 52-57 and 72-77 showed higher val-
ues of ES’“® than synonymous mutations in other
locations. Here, in contrast to what was seen for the
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single synonymous codon mutant library, we observe
that mutants lying in the middle region of the gene show
the most diverse phenotypes (Fig. 5C).

Reduced translational rate affects folding kinetics

A possible way by which such synonymous changes can
lead either to different final structures or more likely
enhanced yield, is by perturbing the protein folding path-
way [40, 41]. This could occur for example, by a change
in translation kinetics, which varies as a function of
translation pause sites [26]. To probe if the synonymous
mutations in CcdB could generate such potential ribo-
somal pause sites, the difference in interaction energies
of the ribosome with the anti-SD (aSD) sequence asso-
ciated with the synonymous mutations relative to WT,
were calculated for a window of 10 nucleotides using the
RNAsubopt program in the Vienna RNA package [42]. A
correlation study was conducted separately for the N-ter-
minal (Fig. S5A) and the remaining (middle and C-ter-
minal) region (Fig. S5B). Consistent with the previous
observation of the K4 _AAG synonymous mutant library,
reduced mRNA structure in the N-terminal region
increases CcdB translational efficiency, depicted by posi-
tive correlation of ES'“®® with AGC (r=0.3, P=0.14)
and negative correlation with AMFE (r=-0.4, P=0.07).
A slower progression of the ribosome at the beginning of
the gene is shown by the negative correlation of ES"“*4®
with AaSD (r=-0.4, P=0.11). In the middle and the
C-terminal region, in contrast, a weak positive correla-
tion of ES"““d® with AaSD (r=0.1, P=0.35) suggests that
translational pausing is accompanied by increased.

Gyrase binding activity, implying increased yield of
properly folded protein likely by a process involving
cotranslational folding. Negative correlation of ES"¢°dB
(r=-0.2, P<0.05) with AGC and positive correlation with
AMFE (r=0.2, P<0.05) suggest that unstable mRNA
results in diminished CcdB activity, possibly because
loss of mRNA structure might lead to enhanced ccdAB
mRNA degradation (Fig. 6A, S8).

Synonymous mutations in residue stretches 52-57
and 72-77 show a more inactive phenotype com-
pared to the rest of the mutants (Fig. 5C), but do not
result in formation of predicted translational pause
sites (52—57: avgAaSD=0.96, avgRtrnaA=1.23; 72-77:
avgAaSD =0.55, avgRtrnaA=1.4) (Table S2). From the
positive AaSD values, it appears that the WT codons
introduced translational pause sites which were abro-
gated upon synonymous mutation. These residues are
part of a B-strand (52-57)and a short helical turn fol-
lowed by a loop (72-77) respectively (Fig. 6B). The data
suggest that the absence of predicted translational pause
sites in these regions may cause the protein to misfold
inside the cell.
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We observed that the generation of aSD sequences
and rarer codons due to mutations of residues lying
in the a-helical regions (65-67, 73-75 and 84-99)
[43] increased CcdB activity (angS’CCdB=O.25,
avgRCU=0.86, avgAaSD =-0.33) (Table S3). It is pos-
sible that mutations which reduce translation rate in
fast folding structural elements like an a-helix, promote
either a more stable protein conformation or a higher
yield of properly folded protein. On analysing ES"“4®
and Hydropathy Index values for each CcdB residue
as a function of position, we observed stretches 52-57
and 72-77 show positive HI values (Fig. 6C), suggesting
that hydrophobic regions seem to have special transla-
tion kinetic requirements that ensure proper folding of
the protein. These analyses suggest lack of translational
pausing (high AaSD) due to synonymous mutations of
hydrophobic residues (HI>0) decreases the amount of
properly folded CcdB protein (high ES’C°d®), Therefore,
occurrence of non-optimal codons and internal SD-like
sequences in specific regions of the sequence as well as
enhanced mRNA stability due to synonymous substitu-
tions reduce the translation rate of the gene, that in turn
enhances the yield of folded protein. These analysis are
in agreement with a whole genome analysis of E.coli that
shows an over-representation of non-optimal codons in
alpha-helical signal peptides [44], Another study dem-
onstrated that changing rare codons to optimal codons
in signal peptides resulted in decreased protein expres-
sion [45].

Discussion

In its operonic context, single synonymous codon muta-
tions in ccdB toxin display a wide variety of fitness effects.
The consistency of our findings with other reports [46—
49] validates our approach to measure the effects of syn-
onymous substitutions. In most prior studies, multiple
individual synonymous mutants need to be introduced
to see an observable phenotypic effect [11, 20], compli-
cating interpretation of the data. In contrast, in the pre-
sent ccd system, we observe strong phenotypic effects
with single synonymous substitutions. Here, we employ
two different phenotypic readouts. In the CcdB sensitive
Top10 strain, we measure ES®®® which is a measure of
the amount of free CcdB toxin (uncomplexed to CcdA),
a higher value of ES®® implies a lower amount of free
CcdB toxin. In the CcdB resistant strain, Top1l0GyrA, we
measure ESRE, which is a measure of the amount of the
CcdA:CcdB complex. A higher value of ES*E implies a
higher amount of complex. Mutational effects are ampli-
fied because of the transcriptional autoregulation of the
operon and use of a high copy number pUC plasmid. It
is challenging to directly measure the extremely low lev-
els of CcdA and CcdB proteins that are present upon
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Fig. 6 Molecular bases for observed phenotypes. A Correlations between experimentally derived mutational scores and sequence-based
parameters for the double-site synonymous mutants. Top panel shows these correlations for the N-terminal region. Bottom panel shows these
correlations for the middle and C-terminal region. White to red color gradation reflects positive correlation whereas white to blue color gradation
reflects negative correlation. Non-significant correlations, i.e., correlations with P> 0.05 are shown with a cross ‘X' mark. B Elucidating structural
properties associated with distinct phenotypic effects. One monomer of CcdB is shown in light grey while residue stretches 52-57 (cyan) and 72-77
(orange) are mapped on the other monomer (tan) of the 3VUB crystal structure. The stretches are part of a B-strand and loop regions. C Comparison
of the Hydropathy Index (green) and average ES"“®® score (grey) as a function of CcdB position. Hydrophobic residues shown with positive HI
values tend to have a higher avgES ““®® score than the majority of the mutants

expression in the operon in vivo, using classical methods
like SDS-PAGE or Western Blotting. We have previously
used mass spectrometric methods to measure relative
levels of CcdA and CcdB in a study where we explored
the phenotypic effects of synonymous mutations in ccdA
[35]. In that study, the results from a similar genetic
screen were consistent with loss of function phenotypes
being associated with a decreased CcdA:CcdB ratio
in vivo measured through quantitative proteomics ([35]
Fig. 5). However, this approach is quite laborious and can
only be applied to a limited number of mutants. In previ-
ous studies where we examined phenotypic expression of
a ccdB mutant library under control of the Py, promoter
we showed that for non-synonymous mutants, mutant
activity phenotype was correlated with the amount of
soluble protein, which in turn was correlated with the
decrease in stability associated with the mutation ([50]

Fig. 3, [32] Figs. 2, and 5). Given these two prior valida-
tions, we are confident of the reliability of our inferences
in the present study, which used two different phenotypic
readouts to ascertain the molecular basis of the observed
phenotypes associated with ccdB synonymous mutations
in the CcdB sensitive strain Top 10.

A thorough understanding of effects of codon bias is
central to fields as diverse as biotechnology and molecu-
lar evolution. Our results agree with other studies indi-
cating that the initiation phase is the major contributing
factor to translational efficiency. Several mutations in the
N-terminal region result either in significantly decreased
(residues 2, 4, 5, 6) or increased (residues 3, 8,9, 10)
values of ES““®® (Fig. S2) corresponding to increased
or decreased levels of CcdB protein. Modeling stud-
ies (Fig. S6) indicate that synonymous mutations in the
N-terminal stretch likely affect the accessibility of the
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ccdB Shine-Dalgarno sequence to ribosomes, however
this needs to be confirmed by ribosome profiling experi-
ments. Of note, an earlier (54-57)study found that the
codon selection at the second position of the LacZ gene
is determined by factors governing gene regulation at the
initiation step of translation [51]. Stenstrom and Isaksson
updated this study by measuring the effect of synony-
mous mutations from position 2 to 5 and reported that
the mRNA base sequence in the early coding region of
LacZ is the major determinant for the apparent efficiency
of translation initiation and/or early elongation [52].

Analysis of [3] evolutionary conservation also pro-
vides insights into factors controlling gene expression
and translation [53-55], especially at the N-terminus,
likely because translation initiation plays a major role in
modulating the rate and efficiency with which the gene
will be translated. Although mutations in the N-terminal
region show the largest diversity of phenotypes, several
synonymous mutations in other regions, result in sig-
nificant changes in fitness. This suggests that changes in
elongation rate can also influence protein yield, although
there was no clear pattern of association between relative
codon preference and ES®® values in the middle and
C-terminal regions (Table S4).

The single synonymous codon mutant library when
generated in the presence of an N-terminus hyperactive
synonymous mutation enhanced mutational sensitivity.
It is likely that the N-terminus hyperactive synonymous
mutation sufficiently increased translational initiation
rate, such that mutational effects in the elongation and
termination phase can be more easily observed in this
background. We did not observe large phenotypic effects
for synonymous mutations in the C-terminal region of
CcdB in this library also (low values of ES"““®E, Fig, S2)
suggesting that synonymous mutations do not signifi-
cantly affect termination. In future studies it would be
interesting to examine effects of synonymous mutations
at the C-terminal residue, 101 to see if these have a larger
effect than synonymous mutations at other C-terminal
proximal residues.

The choice of codons affects translation velocity, which
in turn might affect the final conformation or amount
of properly folded protein [56, 57]. In silico analyses
revealed that introduction of potential pause sites in
the middle of the gene through synonymous mutations,
resulted in increased CcdB activity, likely by a process
involving co-translational (sequential) folding. Our data
suggest that synonymous mutations at different sec-
ondary structural elements likely alter translational rate
which in turn alters the folding kinetics of the protein.
From the results obtained through comparative studies
of the mutational scores with Hydropathy Index param-
eters of the WT gene, we speculate that synonymous
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mutations at hydrophobic residues in the 52-57 and
72-77 stretches (eg: 73V_GTT, ES"““®=1.82, RCU=1.4,
RtrnaA =4.05, HI=1.11) disrupt the highly synchronised
protein folding process, thereby exposing hydrophobic
patches that lead to misfolding, aggregation and lower
levels of protein synthesis.

Changes in protein structure and function due to
change in translation kinetics and cotranslational fold-
ing pathway have been observed for other proteins as
well, such as chloramphenicol acetyltransferase [20, 40],
sufl [58], and Echinococcus granulosus fatty acid binding
proteinl (EgFABP1) [41]. Another study reported that
a silent mutation of the Ile codon AUC to a rare AUU
in the coding sequence of the human MDRI1 protein
changes translation velocity and affects cotranslational
folding. This results in a protein with altered conforma-
tion and affinity to its substrates [23]. Other studies show
slowly translating codon clusters frequently occur at
domain boundaries [59, 60], suggesting that translational
pausing at rare codons may provide a time delay for opti-
mal sequential folding at defined locations of the nascent
polypeptide emerging from the ribosome. A systematic
study on protein folding shows that cotranslational fold-
ing takes place under quasi-equilibrium conditions, pro-
vided translation is slower than folding [61].

We have earlier reported the effects of single synony-
mous codon mutations on the ccdA gene in its native
operonic context [35]. In that study, synonymous muta-
tions to rarer codons decreased translational efficiency of
CcdA eventually leading to more cell death than the WT
[35]. On the contrary, in the present study we observed
synonymous mutations to rarer codons increase CcdB
translational efficiency, prominently for the N-termi-
nal region. In both cases variable effects were observed
especially at the N-terminus. Due to the smaller length
of ccdA gene (72 amino acids), it was not divided into
three segments to study the effects of synonymous muta-
tions on initiation, elongation and termination phases
separately. The study, only examined effects of synony-
mous mutations in CcdA in an operonic context on cell
survival. It was not possible to measure the effects of
synonymous mutations on CcdA folding as CcdA is an
intrinsically disordered protein. However, in the pre-
sent study, in addition to CcdB toxicity assay, use of the
RelE reporter assay helps clarify molecular mechanisms
responsible for phenotypic effects seen for synonymous
mutations in CcdB. In addition to highlighting molecular
correlates of phenotypic changes associated with synony-
mous mutations, this study also outlines a novel approach
to probe changes in co-translational folding and assembly
associated with such single synonymous codon muta-
tions. Such studies help to understand the molecular
bases of alteration in gene expression and protein activity
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arising due to synonymous mutations. It will be inter-
esting to see if such phenotypic effects are observed in
other systems. The challenge is to design sensitive read-
outs wherein small changes in protein activity, result in
observable phenotypes. Further focus on development of
strategies that can provide direct evidence of transient or
permanent perturbations in protein structure arising due
to synonymous mutations is also needed.

Conclusion

Synonymous mutations which do not change amino-acid
identity, typically have only minor or no effects on gene
function. Using sensitive genetic screens in the context
of the ccdAB bacterial toxin-antitoxin operon, we dem-
onstrate that many single synonymous codon mutations
of the ccdB toxin gene display significant phenotypic
effects in an operonic context. The largest effects were
seen for synonymous mutations in the N-terminal region
involved in translation initiation. Synonymous mutations
that affected either folding or translation termination
were also identified. Lack of translational pausing due to
synonymous mutations in hydrophobic residue stretches,
was found to decrease the amount of properly folded
CcdB protein. Exploring the molecular determinants of
these synonymous mutant phenotypes provides inter-
esting insights into protein activity, folding, evolution as
well as regulation of gene expression in bacteria.

Materials and methods

Plasmids and host strains

WT ccdAB operon cloned in pUC57 vector (pUCccd)
is used as the starting plasmid for making the library of
mutants. Two E. coli host strains were used, Top10Gyr,
containing the GyrA462 mutation resistant to the activ-
ity of the CcdB toxin [32], and Top10 which is sensitive
to the action of CcdB. These were used for phenotypic
screening of CcdB synonymous mutants [32]. A third
strain is a RelE reporter strain, namely Topl10Gyr har-
bouring the pBT vector containing a RelE reporter gene
downstream of the ccd promoter with a strong Ribo-
some Binding Site (RBS) formed by introducing a con-
sensus SD sequence. The RelE reporter strain is sensitive
to the level of the RelE toxin expressed from the ccd
operon [32].

Generation of a ccdB single synonymous codon mutant
library in its native operon

Mutagenic primers for all 100 positions (residues 2 to
101) of ccdB were designed such that the degenerate
codons were at the 5" end of each 21 bp forward primer.
The entire pUCccd vector backbone was amplified using
non-overlapping adjacent 21 bp primers by inverse PCR
methodology [34]. The primers were obtained in 96-well
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format from the PAN Oligo facility at Stanford Univer-
sity. A master-mix containing Phusion DNA Polymerase
was made for carrying out PCR for all positions in a 96
well format. Following densitometric quantification, an
equal amount of PCR product (~ 200 ng) of each position
was pooled. Gel-band purification of the pooled PCR
product at the required size (~3.6 Kb) was done using a
Fermentas GeneJET " Gel Extraction Kit according to the
manufacturer’s instructions. After purification, pooled
PCR product was phosphorylated by T4 PNK, followed
by ligation with T4 DNA Ligase. The ligated product was
transformed into high efficiency (10° CFU/ug of pUC57
plasmid DNA) electro-competent E. coli Top10Gyr cells,
and subsequently plated on LB agar plates containing
100 pg/mL ampicillin for selection of transformants.
Topl0Gyr is referred to as the resistant strain in this
study as it is resistant to the toxic activity of the CcdB
toxin. Plates were incubated for 12-16 h at 37°C.~100
fold higher number of colonies than the expected library
diversity (~200 mutants) were obtained. Pooled plasmid
was purified using a Qiagen plasmid maxiprep kit.

Growth assay to screen mutants followed by preparation
and isolation of barcoded PCR products for multiplexed
deep sequencing

The single-synonymous codon master library was puri-
fied from ToplOGyr (resistant strain). The library was
subsequently transformed and subjected to selection in
both Top10 (sensitive strain) and Top10-Gyr harbouring
the RelE reporter gene (RelE reporter strain) in two bio-
logical replicates. Pooled, purified plasmid samples from
each condition were PCR amplified with primers con-
taining a unique six base long Multiplex Identifier (MID)
tag. 370-bp long PCR products containing the barcoded
ccdB gene, were pooled, gel-band purified, and sequenced
using Illumina Sequencing, on the Hi-seq 2500 plat-
form at Macrogen, Korea. The WT ccdAB operon used
in this study has a mutation in the putative SD sequence
of ccdA, which in turn decreases ccdA expression, there-
fore allowing us to screen for both hyperactive and inac-
tive mutants arising from CcdB mutations that confer
increased or decreased toxicity relative to W'T, respec-
tively. 15 synonymous mutants were individually made
in the same vector, followed by transformation in Top-
10Gyr and Top10 for low-throughput validation of deep
sequencing inferred phenotypes [32].

Data normalisation

The raw read numbers for the ccdB synonymous mutant
library in pUC57 vector were normalised to the total
number of reads in each condition. This gave an estimate
of the fraction of each mutant represented in that con-
dition. Read numbers for all mutants at all 101 positions
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(1-101) in CcdB were analysed. Mutants having less than
20 reads in the resistant strain were filtered out prior to
subsequent analysis. The rationale for using this read
cut-off has been provided previously [35]. Two types of
variant scores were assigned to each mutant in this study,
one is Enrichment Score“?® (ES®“®) based on the CcdB
toxicity readout while the other is Enrichment Score®!®
(ESReE) based on the RelE toxicity readout [32].

Xi

F(x;) = S %+ xwr (1)
N Yi

Fl) = Syi+ywr @)
zZj

F(z) = S ot zwr (3)

Here, a given mutant is represented by ‘i’ whereas WT
is represented by “WT’ Number of reads in Topl0Gyr
resistant strain, Top10 sensitive strain and RelE reporter
strain is represented by ‘x; ‘y’ and ‘z, respectively. F(x;),
F(y;) and F(z;) are the fraction representation of a
mutant in resistant, sensitive and RelE reporter strain,
respectively.

F(y:)

D LiOgen, = 4

eepseq ratiogep, Fon) (4)
F .

Deepseq ratiogeg, = % (5)
i

ESCedB _ Deepseq ratiogen, ©
' Deepseq ratioge

FRelE _ Deepseq ratiog,, 7
! Deepseq ratiogeir,,, @

For simplicity, these mutational scores are represented
as ES®® and ES®E for each mutant throughout the text.
ESCed® and ESRE scores for the two biological replicates
were estimated. An average of the scores from the two
replicates for ES®®® and ESRE is taken for downstream
analysis. The two variant scores are generally indicated
in linear scale throughout the text. WT scores for ES©°d8
and ESRE are 1.

Defining codon usage parameters

AGCcontent; = GCcontent; — GCcontentwr (8)
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where GC content is the number of Guanine ‘G’ and
Cytosine ‘C’ bases present in the mutant codon (GC
content;) and WT codon (GC contenty, ), respectively.

Codon Usage F ;
Reltaive Codon Usage(RCU ;) = odon sage Trequency;

Codon Usage Frequency
)

Codon usage frequency values used in this study was
taken from Genscript website. These values correlate
well (r=0.98) with the codon usage frequency values of
E.coli K12 strain reported in a study [62]. Codon usage
frequency is taken from the Bioinformatics tool of Gen-
script  [63] (https://www.genscript.com/tools/codon-
frequency-table). These codon usage values are also
mentioned in Table S1. The term "rare” and "optimal"
codons used in the text are based on the E.coli codon
usage frequency table taken from the Genscript web-
site (see also Table S1) which indicates how frequently
the codon is used for an amino acid in the entire E.coli
genome.

Codon adaptation index (CAI) is the similarity of
codon usage to a reference set of highly expressed genes
[64]. We calculated CAI for the synonymous mutants of
the ccdB gene considering Escherichia coli (strain K12)
as the selected target organism using the Java codon
adaptation tool (JCat) [65].

Fraction of tRNA out of total tRNA(%);
Fraction of tRNA out of total tRNA(%) v

(10)
‘Fraction of tRNA out of total tRNA (%) for each
codon of E.coli is the fraction of tRNA out of the total
tRNA population in E. coli [66]. A few degenerate
codons are decoded by multiple tRNAs, for simplic-
ity we assume each tRNA binds to its cognate codon
with equal probability. Therefore, for such codons we
summed the ‘Fraction of tRNA out of total tRNA (%)’
for its corresponding tRNAs and accordingly calculated
the RtrnaA;.
tRNA Adaptation Index (tAl) is defined as the simi-
larity of codon usage to the relative copy numbers of
tRNA genes. tAl computes a weight for each codon,
based on the number of tRNAs available in the cell that
recognize the codon, and the efficiency of the interac-
tion between the different tRNAs and different codons
[67]. The score of a coding region is the geometric
mean of the weights of all its codons. In order to study
the interaction efficiency between a tRNA and a spe-
cific codon for the CcdB synonymous mutants, the
species-specific tAl (stAl) was calculated using stAl
[68].

Relative tRNA abundance(RtrnaA;) =

calc
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Defining parameters to estimate the extent to which CcdB
levels and codon usage vary relative to WT
Let the CcdB synonymous mutant be denoted by 1" and
position
If ESCB, < 1, then x;= 1/ES<“®E,
If ESCB, > 1, then x; = ESC*48,,
Let x,,;,; be minimum value of x; for a given position .
For a given mutant ‘1’ at a particular position ’

Degree of Variation of [ESCedB (ESg‘de),-j = Logy (i /%minj) ~ (11)

where x; is the value of x for mutant ‘1" at position .
Similarly, if ESRE, < 1, then y,= 1/ESReEE,.
If ESRE > 1, then y, = ESReEE,
Let yipj be minimum value of y; for a given position .
For a given mutant ‘i’ at a particular position ’

Degree of Variation of ESRelE(EszZE)ij = Logy(¥ij/Yminj) (12)

where y; is the value of y for mutant 7’ at position !
Similarly, if RCU < 1, then z;=1/RCU,.
If RCU;> 1, then z,=RCU,.
Let z,,; be the minimum value of z; for a given position
lji
For a given mutant ‘i’ at a particular position §’

minj

Degree of Variation of RCU (RCU g);; = Log(zij /Zmin) (13)

where z; is the value of z for mutant 7’ at position !

Calculation of interaction energies with ribosomal RNA

for synonymous mutants in ccd mRNA

The interaction energies with the ribosome anti-Shine
Dalgarno sequence (5CACCUCCU 3’) were calculated
in the ccd mRNA to examine whether the synonymous
mutations in the ccdB gene region led to generation
of SD-like sequences. The difference in the interaction
energy with the consensus anti-Shine Dalgarno (aSD)
sequence between single synonymous mutants in CcdB
and the WT sequence, was calculated for a window of
ten nucleotides using the RNAsubopt program from the
RNA Vienna package 2.4.18 [42].

AaSD; = avg(aSD; — aSDwr) (14)

Since aSD values are negative, a positive value of AaSD;
indicates that the mutant shows lower translational paus-
ing than WT.

Computational prediction of mRNA secondary structure

A stretch starting 18 bases upstream of the start codon
of the transcript, consisting of the putative SD sequence
along with the full length 306 bp ccdB transcript for WT
and all single synonymous codon mutants was used for
prediction of secondary structure by the RNAfold pro-
gram of RNA Vienna package 2.4.18 [42]. The entire gene
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was divided into several segments based on a sliding
window of 30 bases. Minimum free energy (MFE) values
were computed for each segment, and further averaged
over the sliding windows for each mutant. The program
calculates the minimum free energy (MFE) structure
and outputs the MFE structure and its free energy. We
assume the mRNA structure of the toxin is unaffected by
the mRNA structure of the preceding antitoxin [29].

AMFE; = avgMFE; — avgMFE (15)

Nucleotide and protein sequence conservation analysis

of ccdB

A BlastN search was performed for WT ccdB sequence,
excluding the E. coli K12 strain (taxid:83,333) and other
vector sequences with discontiguous megablast pro-
gram optimized for more dissimilar sequences. The hits
were filtered based on<95% identity. Query coverage
was taken between 90 and 100. Sequences were trimmed
from the ends such that they were in-frame with the
WT sequence. This resulted in 1554 sequences which
were aligned with CcdB WT sequence using Clustal
Omega. This alignment was used as an input for find-
ing the degree of conservation for each position in the
CcdB nucleotide sequence. The nucleotide preference
at each position was further transformed to the prefer-
ence of codons at the amino acid level. The term ‘con-
served codons’ throughout the text is is used based on
the nucleotide conservation analysis done specifically
for ccdB across different bacterial strains.

For protein sequences, BlastP was performed, exclud-
ing the E. coli K12 strain (taxid:83,333). The sequences
were filtered based on their identity and query coverage
using the same cut-offs as for nucleotide sequences. This
resulted in 2883 sequences which were further aligned
using Clustal Omega. This alignment was further used to
find the residue conservation in the protein sequences.

Generation of a double site-synonymous mutant library

of CcdB in its native operon

Primers were designed to mutate AAG to AAA at the 4%
position in the single synonymous codon mutant library
via 3-fragment recombination [69] in pUC57 vector. The
K4_AAA mutant is considered as the WT gene for this
part of the study, which we named as “WT K4_AAA’ In this
process, other mutations at the first ten positions were lost.
Synonymous mutations to all possible degenerate codons
were individually generated for these 10 positions via
3-fragment recombination using a Gibson assembly mix.
Primers used for amplification of the fragments had 24 bp
homology with the gene, and the mutation was present in
the middle of the forward primer. These mutants were fur-
ther pooled with the entire synonymous mutant library in
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the same ratio as they would be expected to be represented
in the library. After synthesising this library and isolating
it following transformation in the resistant strain, it was
transformed in the sensitive strain and the RelE reporter
strain as described previously [32]. Following plating, plas-
mids from each library were isolated, deep sequenced, and
assigned variant scores as ES"“““® and ES"*F a5 described
previously [32]. After analysis of the data 14 individual
mutants were selected, synthesised and individually trans-
formed in ToplOGyr and ToplO for low-throughput
validation.
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