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ABSTRACT Nonsynonymous mutations are well documented in TEM [-lactamases.
The resulting amino acid changes often alter the conferred phenotype from broad
spectrum (2b) conferred by TEM-1 to extended spectrum (2be), inhibitor resistant
(2br), or both extended spectrum and inhibitor resistant (2ber). The encoding bla;g,
genes also deviate in numerous synonymous mutations, which are not well under-
stood. blargy; (2be), blargy.ss (2br), and blargy 100 (2ber) were studied in comparison
to blagy 1. blaregy.ss was chosen for more detailed studies because it deviates from
blagy., by a single nonsynonymous mutation and three additional synonymous
mutations. Genes encoding the enzymes with only nonsynonymous or all (including
synonymous) mutations plus all permutations between bld,., and bldy,.s; were
expressed in Escherichia coli cells. In disc diffusion assays, genes encoding TEM-3,
TEM-33, and TEM-109 with all synonymous mutations resulted in higher resistance
levels than genes without synonymous mutations. Disc diffusion assays with the 16
genes carrying all possible nucleotide change combinations between blag,, and
blagy, 55 indicated different susceptibilities for different variants. Nucleotide BLAST
searches did not identify genes without synonymous mutations but did identify
some without nonsynonymous mutations. Energies of possible secondary mRNA
structures calculated with mfold are generally higher with synonymous mutations,
suggesting that their role could be to destabilize the mRNA and facilitate its unfold-
ing for efficient translation. In summary, our data indicate that transition from blagy.,
to other variant genes by simply acquiring the nonsynonymous mutations is not
favored. Instead, synonymous mutations seem to support the transition to other vari-
ant genes with nonsynonymous mutations leading to different phenotypes.
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affect protein synthesis efficiency and are, therefore, better described as synonymous
or, as recently suggested, “whisper mutations” (8). In contrast, nucleotide changes that
do result in the incorporation of different amino acids are referred to as nonsynony-
mous or missense mutations.

Since every codon, including those that code for the same amino acid, is recognized
by a specific aminoacyl-tRNA, which may be present at different concentrations, muta-
tions leading to the usage of synonymous codons can affect translation efficiency. For
instance, genes that are expressed at high levels will typically use codons that are rec-
ognized by abundant aminoacyl-tRNAs. This effect is referred to as codon bias and
may differ between different organisms (9). Synonymous mutations can also affect
folding and stability of mRNA. They could result in altered secondary structures of
mMRNA that are less efficiently recognized or unfolded by the ribosome or factors that
would normally process the mRNA, for instance, the spliceosome in eukaryotic cells.
More stable mRNA may increase protein synthesis if the mRNA has to persist for a pe-
riod of time and less stable mRNA is more prone to degradation. Duan et al. investi-
gated the role of known synonymous mutations in the human dopamine receptor D2
gene and found that some of them can compensate for detrimental effects caused by
others, that is, decreased mRNA stability (10). On the contrary, more stable mRNAs may
be harder to unfold for proper translation by the ribosome and may thus lead to
decreased protein synthesis. This may especially be the case in prokaryotic cells, where
mMRNAs are typically translated while transcription is still ongoing and extensive proc-
essing does not occur. Kudla et al. created a library of green fluorescence protein (GFP)
genes that varied randomly by synonymous mutations (11). They found that decreased
stability of the transcripts, especially at the 5’ end, resulted in increased GFP expression
in Escherichia coli.

Here, we study known synonymous mutations in genes coding for different variants
of the TEM B-lactamase family. These enzymes are serine B-lactamases and belong to
molecular class A according to Ambler (12). They are expressed by Gram-negative bac-
teria to break down and resist the antibacterial action of B-lactam antibiotics. Previous
studies have investigated synonymous mutations in bla, genes that were obtained
in directed evolution experiments under selective pressure (13-15). To our knowledge,
this is the first systematic study comparing bla;g, variant genes with and without syn-
onymous mutations relative to blag,, and, in the case of blag, 33, all possible permu-
tations of the mutations distinguishing blda;gy.s; from blargy,. ;.

When analyzing variants without or with (some) synonymous mutations, some devi-
ations were observed in disc diffusion (DD) assays, but few in MIC assays, which could
be due to the different formats (e.g., gradient versus serial dilutions of antibiotics).
Systematic analysis of simulated mRNA structures and stabilities using mfold (16)
revealed that the nonsynonymous mutations alone increased mRNA stability, which
led to lower resistance levels in DD assays, probably through decreased translation
rates, consistent with previous observations (11). The stabilizing nonsynonymous
mutations had to be combined with the synonymous mutations observed in the iso-
lated variant genes to yield full resistance in DD assays. mRNA stability calculated by
mfold decreased with synonymous mutations, which is hypothesized to allow for effi-
cient translation and high expression levels of these enzymes.

RESULTS

TEM variants expressed from genes without or with synonymous mutations
result in different inhibition zone diameters in disc diffusion assays. To test
whether or not differences in phenotype conferred by enzymes from different func-
tional classes (17) could be resolved experimentally, TEM-1 (2b), TEM-3 (2be), TEM-33
(2br), and TEM-109 (2ber) were selected and tested using disc diffusion (DD) assays. All
genes used in this study were purchased based on the sequence information found in
the Pathogen Detection Reference Gene Catalog of the National Center for
Biotechnology Information (NCBI) unless stated otherwise (e.g., without synonymous
mutations). Genes were subcloned into the pBC SK(+) phagemid vector and
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FIG 1 Results from disc diffusion assays using Escherichia coli DH10B cells expressing the various enzymes
encoded on pBC SK(+) phagemids and discs containing ampicillin (AMP), sulbactam and ampicillin (SAM),
ceftazidime (CAZ), or aztreonam (ATM). The values shown are averages = standard deviations of three
independent experiments. (A) Inhibition zone diameters of cells expressing TEM-1 indicating the 2br phenotype
in comparison to negative controls (cells harboring an empty or no phagemid). Susceptible (S), intermediate (1),
or resistant (R) interpretations are given above each column and were determined using interpretive criteria for
zone diameters according to the Clinical and Laboratory Standards Institute (53): AMP: S, =17 mm; |, 14 to
16 mm; R, =13mm; SAM: S, =15mm; |, 12 to 14mm; R, =11 mm; CAZ: S, =21 mm; |, 18 to 20mm; R, =17 mm;
ATM: S, =21 mm; |, 18 to 20mm; R=17 mm. (B) Cells expressing TEM-3, (C) TEM-33, and (D) TEM-109 expressed
from genes containing no (—sm) or all (+sm) synonymous mutations. *, (+sm) significantly different from
(—sm) as determined by t test pairwise comparison; P < 0.05.

Escherichia coli DH10B cells were transformed with the resulting vectors via electropo-
ration. Clinical strains expressing extended-spectrum p-lactamases are frequently
hypermutator strains (18). By using a well-characterized laboratory strain, DH10B, we
tried to eliminate the possibility of mutations during the experiment. Although DH10B
has been reported to have an increased mutation rate, this increase is mostly due to
IS50 transposition and not nucleotide changes (19). Thus, the likelihood that DH10B
would introduce additional synonymous mutations is small. However, the growth rate
of DH10B is low due to its high transposition rate (19).

TEM-1 (GenBank accession number J01749 [20, 21]) is a serine B-lactamase that
belongs to functional class 2b (17). It can inactivate penicillins and narrow-spectrum
(but not extended-spectrum) cephalosporins and is typically inactivated by the B-lac-
tamase inhibitor clavulanic acid (17). As expected, in DD assays, expression of TEM-1
resulted in no inhibition of E. coli cell growth around a disc with the penicillin ampicil-
lin (AMP), indicating resistance, but inhibition zones were observed around discs with
ceftazidime (CAZ), an extended-spectrum, third-generation cephalosporin, or aztreo-
nam (ATM), a monobactam, indicating susceptibility to those antibiotics (Fig. 1A).
Interestingly, TEM-1 expression also resulted in no inhibition zone around a disc with
sulbactam (a B-lactamase inhibitor similar to clavulanic acid) plus ampicillin (SAM),
indicating resistance. This behavior has been observed previously and was attributed
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to high expression levels of TEM-1 (22, 23). Negative controls (DH10B cells harboring
an empty pBC SK(+) phagemid or no phagemid) could not grow close to the discs
containing AMP, SAM, CAZ, or ATM, indicating susceptibility. TEM-3 (24) has three
amino acid changes (Q39K, E104K, and G238S) relative to TEM-1 and belongs to func-
tional class 2be, meaning that in addition to penicillins and narrow-spectrum cephalo-
sporins, it can also inactivate extended-spectrum cephalosporins and aztreonam (17).
In DD assays, TEM-3 expressed from a gene only harboring these nonsynonymous
mutations (i.e., without synonymous mutations, labeled —sm) was indistinguishable
from negative controls in terms of inhibition zone diameters (sensitive to AMP, SAM,
CAZ, and ATM) (Fig. 1B). TEM-33 (25) deviates from TEM-1 by the single amino acid
change M69L and belongs to functional class 2br, which means it is resistant to inhibi-
tion by clavulanic acid and similar B-lactamase inhibitors, such as sulbactam (17).
Again, TEM-33 expressed from a gene with nonsynonymous mutation only (—sm) was
indistinguishable from negative controls (Fig. 1C). TEM-109 (26) deviates from TEM-1
by the following three amino acid changes: M69L, which it has in common with TEM-
33; E104K, which it has in common with TEM-3; and R164H. This enzyme belongs to
functional class 2ber, which means it has an extended spectrum of activity, including
extended-spectrum cephalosporins and aztreonam, and resistance to B-lactamase
inhibitors. When expressed from a gene without synonymous mutations (—sm), this
enzyme allowed cells to grow close to the AMP disc, indicating resistance, and with
slightly lower inhibition diameters than the negative controls for SAM, CAZ, and ATM,
although still in the range associated with susceptibility (Fig. 1D).

We were wondering if this poor agreement with the expected phenotypes of the
encoded enzymes could be due to the missing synonymous mutations and did the
same experiments with the genes encoding the three variants with all synonymous
mutations in addition to the nonsynonymous mutations (+sm). This amounted to four
additional mutations in bla;gy.s(+sm) (GenBank accession number X64523 [27]),
namely a138g, c228t, t474c, and g717a, in addition to the nonsynonymous mutations
c109a, g304a, and g706a, which are responsible for the Q39K, E104K and G238S muta-
tions; three additional mutations in bldgy.s3(+sm) (GenBank accession number
GU371926 [28]), namely c18t, c228t, and g396t, in addition to the nonsynonymous
mutation a199c (M6é9L); and two additional mutations in bldgy.109(+sm) (GenBank
accession number AY628175 [26]), c18t and c228t, in addition to the nonsynonymous
mutations a199¢ (M69L), g304a (E104K), and g485a (R164H) relative to the —sm con-
structs. Note that lowercase letters are used for nucleotides to distinguish them from
amino acids in capital letters. There is a slight shift between expected and actual amino
acid numbering due to the class A standard numbering scheme (29) (e.g., M69L [30]
instead of the expected M67L [21, 31] based on the a199c nucleotide change).
Although the enzymes expressed from these constructs did not entirely reproduce
the published phenotypes, the results trended in that direction. Expression of the
blagy. s(+sm) gene resulted in no inhibition around the AMP disc, and the zone diame-
ters for SAM, CAZ, and ATM were significantly reduced, thus trending toward a 2be
phenotype (Fig. 1B). Expression of blaigy,.s5(+sm) resulted in significantly decreased
diameters with AMP and SAM and an increase of diameters with CAZ and ATZ, thus
trending toward the 2br phenotype (Fig. 1C). Expression of bla;gy.10o(+sm) maintained
growth around the AMP disc and significantly decreased diameters with SAM, CAZ,
and ATM, thus trending toward the 2ber phenotype (Fig. 1D). Incomplete resistance
may be due to the fact that we are expressing these enzymes in the model system
E. coli DH10B/pBC SK(+) rather than in the original clinical strains. In summary, adding
the synonymous mutations did have a significant impact on the DD assay results with
the three variant enzymes expressed from these constructs (+sm) versus the same
enzymes expressed from the constructs without synonymous mutations (—sm).

Genes encoding TEM variants without synonymous mutations have not been
isolated. We sought to investigate if our observations are consistent with TEM genes
that have been isolated. A Nucleotide BLAST (NCBI) search was carried out with the
blagy., gene, as well as the —sm and +sm constructs of the blagy.s, blargyss, and
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TABLE 1 Summary of the characteristics of the different bla;, gene constructs without (—sm) and with (+sm) synonymous mutations

MIC 1) (S/R/1)?
No. of nucleotide (sg/ml) /R

Relative

Gene BLAST hits AMP SAM CAZ ATM expression level (%)°
blaen., >100 >1,024 (R) >1,024 (R) 16 (R) 0.5 (S) 100

blagp.s(—sm) 0 >1,024 (R) 16 (1) 64 (R) 16 (R) 14 £2

blarep.s(+sm) 7 >1,024 (R) 8(S) 16 (R) 1,024 (R) 59+8
blagp.s3(—sm) 0 >1,024 (R) >1,024 (R) 0.5 (S) 2(S) 51+7
blarep.35(+sm) 2 >1,024 (R) 1,024 (R) 0.5 (S) 0.25(S) 51+10
blarepm.10o(—sm) 0 >1,024 (R) 64 (R) 128 (R) 64 (R) 17 £2
blaep.100(+5M) 2 >1,024 (R) 64 (R) 256 (R) >1,024 (R) 24+ 4

aSusceptible (S), intermediate (1), and resistant (R) interpretation of MICs in uwg/ml according to CLSI performance standards (53): AMP: S, =8; |, 16; R, =32; SAM: S, =8; |, 16; R,

=32; CAZ:S, =4;1,8;R, =16; ATM: S, =4; |, 8; R, =16.

bThree independent Western blot experiments were carried out per enzyme. Expression of TEM-1 was used as a reference (100%), and for the other enzymes, averages of

the relative expression levels *+ standard deviations are reported.

blagy 100 genes. Table 1 shows how many hits with 100% sequence identity and cover-
age were found.

Interestingly, none of the genes without synonymous mutations (—sm) had a
perfect match in public databases, whereas there were many (>100) for blagy.,, a few
(n = 7) for blagy.s(+sm) and a couple each for blagy.s3(+sm) and blargy10e(+sm).

From an evolutionary perspective, it would be much more efficient to accomplish a
desired result, such as extended spectrum or inhibitor resistance, with as few muta-
tions as possible, in particular, with only nonsynonymous mutations. The fact that no
such genes that encode TEM-3, TEM-33, and TEM-109 have been isolated suggests that
the synonymous mutations have a purpose, which is supported by our DD assay
results. Since the gene products are identical, whether expressed from a gene without
or with synonymous mutations, we hypothesize that the benefit is related to expres-
sion. To further corroborate our findings, we carried out MIC assays in a broth microdi-
lution format and investigated expression levels by Western blots under the same
conditions.

MIC assays and Western blots corroborate some, but not all, trends observed
in DD assays. MIC assays were carried out in a broth microdilution format according to
Clinical and Laboratory Standards Institute (CLSI) guidelines (32). All constructs con-
ferred the same (very high) resistance level (MIC > 1,024 n.g/ml) against AMP (Table 1).
Thus, there is a discrepancy with blagy.s(—sm) and blaygy.s;(—sm), which were both
sensitive in DD assays. Except for blagy.s(—sm) and blargy, s(+sm), which resulted in
MIC values consistent with intermediate and susceptible phenotypes, respectively, all
other constructs resulted in the resistant phenotype with SAM. This is in contrast to DD
assays, where only blag,., conferred resistance. As would be expected for the 2br phe-
notype, both the bla;gy.s3(—sm) and blagy.s3(+sm) constructs resulted in very high
MICs of >1,024 and 1,024 ug/ml, respectively, comparable to that of blayy., at
>1,024 ng/ml. With CAZ, except for the blag,.s3 constructs, which clearly conferred a
sensitive phenotype, all other constructs conferred resistance, which is in agreement
with the 2be phenotype of TEM-3 and the 2ber phenotype of TEM-109. SAM and CAZ
resistance observed with TEM-1 can be explained by its high expression levels (Table 1)
(22, 23). With ATM, the MICs were exactly as would be expected from the functional
classes of the enzymes expressed; both bla,; constructs (2be) and both blagy.10e
constructs (2ber) conferred resistance to the extended-spectrum monobactam, while
blagy., (2b) and the two blarg, 53 constructs (2br) did not. It is of note that in a few
cases (the blargy,.; constructs with ATM and the bldgy 100 cOnstructs with CAZ and
ATM) the constructs with synonymous mutations (+sm) resulted in higher MICs than
the constructs without synonymous mutations (—sm).

Cells for Western blots were grown under the same conditions and harvested after
overnight incubation. Expression level analysis by Western blots indicated that all var-
iants, whether expressed from constructs without or with synonymous mutations, had
lower expression levels than TEM-1 (Table 1). An interesting trend that was observed is
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that for the blagy,.; and blarg, .00 genes the +sm constructs always resulted in signifi-
cantly higher enzyme expression levels than the —sm constructs (P < 0.05; t test pair-
wise comparison). For the blag,, 55 constructs no difference was observed.

When considering different aspects of gene expression that could result in deviat-
ing protein expression levels, we concluded that secondary structure and stability of
the mRNA transcripts was the most likely. We found it unlikely that nucleotide changes
in a relatively short stretch of DNA, which mostly exists as a double helix, would
significantly affect unwinding and strand separation of DNA during transcription.
The GC content of the different constructs was calculated with the web server
Genomics %G~C Content Calculator (https://www.sciencebuddies.org/science-fair-
projects/references/genomics-g-c-content-calculator). It deviated only slightly, between
49.0% and 49.5%, and there was no clear trend that adding synonymous muta-
tions increased or decreased GC content [blargy.,, 49.4%; blargy.s(—sm), 49.0%;
blarey.5(+sm), 49.0%; bld gy 33(—sm), 49.5%; blargp.33(+sm); 49.1%; blaep.100(—SM),
49.2%; blargp.10o(+sm), 49.0%]. Codon bias is also very unlikely to have any effect,
because (i) all genes investigated with synonymous mutations are found in closely
related Enterobacteriaceae (mainly E. coli and Klebsiella pneumoniae), and E. coli
DH10B was used in our experiments, and (ii) codons associated with no synony-
mous mutations, which lead to lower expression levels, correspond to the original
codons in the blagy., sequence, which is expressed very well (Table 1).

Posttranslational events, such as binding of the preprotein to chaperones, transport
across the periplasmic membrane, removal of the leader sequence, or protein folding
are also unlikely to have any effect, because at this stage the enzymes are identical,
whether expressed from —sm or +sm constructs.

Thus, we examined possible effects of the different mRNA sequences on mRNA
structure and stability using the program mfold.

mfold predicts different secondary structure stabilities for mRNA without and
with synonymous mutations. mRNA constructs starting immediately downstream of
the T3 promoter and 20 nucleotides upstream of the Shine-Dalgarno sequence on the
5’ terminus and ending with the 3’-terminal BamHlI restriction site, totaling 901 nucleo-
tides (full) and the 5’-terminal half of the transcript totaling 450 nucleotides (half) were
analyzed with mfold (16). The 5’-terminal half transcripts were considered, because
bacterial translation starts before transcription is completed, most of the mutations
occurred in the 5'-terminal halves, and it was observed that mRNA structures of the 5
terminus in particular are important for translation efficiency in E. coli (11). Shorter tran-
scripts were also considered, but because they eliminated some of the mutations,
some variants appeared identical, and they were not further investigated. mfold lists
computed secondary mRNA structures by the initial free energy difference (AG) relative
to the unfolded mRNA, with the most favorable structure (most negative) listed first.
“Initial” means that an efficient algorithm with slightly simpler rules is used.
Subsequently, the initial AG values are reevaluated using best rules. Since these refined
rules can change the initial ranking, an alternative ranking based on the refined ener-
gies is provided as well. We considered both the highest-ranked initial energy and the
highest-ranked refined energy for each transcript. The results for the full transcripts
and the 5’-terminal halves of the transcripts are shown in Fig. 2A and B, respectively.

For the full transcripts, the +sm constructs always (whether initial or refined ener-
gies were used) resulted in a less stable mMRNA secondary structure than the respective
—sm constructs, consistent with the notion that these constructs could be more easily
unfolded for efficient translation. For the 5’-terminal half transcripts, the same is true
only for the refined energies for the blagy.s; and blarey,.100 CONstructs, but not for the
blagy,. 5 constructs. This discrepancy may be explained by mutations in the 3’-terminal
portion of the transcript, which is not considered in these calculations. In that part of
the transcript, blag, ;(+sm) deviates by two synonymous mutations (t474c and g717a)
from blagys(—sm), while blagys3(+sm) and blagy.q00(+sm) have no synonymous
mutations compared to their —sm counterpart constructs. Thus, secondary structure
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FIG 2 mRNA secondary structure folding energies of the highest-ranked (lowest-energy) structures of the full transcripts (A) and
the 5'-terminal halves of the transcripts (B). “Initial” indicates energies calculated with simpler, more efficient rules. “Refined”

indicates that these energies are then reevaluated with best rules and reranked.

and stability provides a possible explanation for different expression levels of the same
gene products from different genes (without or with synonymous mutations).

In this study, individual mRNA secondary structures were not further interpreted,
because the conformations in different ranks for each construct deviated just as much
as the highest-ranked conformations between constructs, and we believe that mRNA
secondary structures have to be seen as an ensemble rather than as individual
conformations.

Certain combinations of synonymous and nonsynonymous mutations in the
blaigy,., to blag, ;;(+sm) mutational pathway are observed in nature, while
others are not. Encouraged by these observations on the pairwise comparison of
genes with no synonymous (—sm) or all (+sm) synonymous mutations, we next asked
whether our investigations can be extended to different combinations of synonymous
and nonsynonymous mutations. In order to minimize complexity, we selected the
mutational pathways separating the two constructs blagy.; and blagy.ss(+sm), which
deviate in total by four mutations (one nonsynonymous and three synonymous).
There are 2% = 16 possible combinations of these four mutations, including blagy, .,
blareps3(—sm), and blagy.s3(+sm), and 4! = 24 possible mutational pathways (Fig. 3).
Again, we performed Nucleotide BLAST searches for all 16 possible constructs. The
number of hits (perfect matches) for each construct is shown in Table 2. Constructs
that have been isolated (at least one Nucleotide BLAST hit) are shown in solid circles
in Fig. 3, while those that have not been isolated are shown in dashed circles.
Constructs that encode TEM-1 and TEM-33 are colored blue and red, respectively.
Interestingly, the nonsynonymous a199c mutation did not exist by itself or in combi-
nation with only one or two synonymous mutations in any of the isolated constructs.
This mutation was only found in combination with all three synonymous mutations,
suggesting that this combination is biologically important. All of the mutational
pathways shown with solid circles and solid arrows seem to be viable, while those
with dashed circles and dashed arrows are not. Until the final nonsynonymous muta-
tion is introduced, the enzyme encoded remains TEM-1 (blue).

Most of the gene variants result in viable enzymes, even the ones not isolated
in nature. The absence of some blag, constructs in isolates suggests that those con-
structs do not yield functional enzymes and do not confer resistance. To test this hy-
pothesis, all constructs were expressed from the pBC SK(+) vector in E. coli DH10B.

Western blot results varied between replicates, as reported in a previous study (15),
resulting in no significantly different expression levels between the 16 variants. This
result was not too surprising, given that no difference in expression level could be
detected between bldgy.33(—sm) and bldgy.s5(+sm) (Table 1). However, all variants
were expressed at sufficient levels (intervariant deviations within a factor of 4; data not
shown) to result in resistance against AMP and SAM in MIC assays (see below).
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FIG 3 All possible mutational pathways from bla;., to bla;g, s5(+sm). Each circle is labeled with the encoded gene product (blue, TEM-1; red, TEM-33), as
well as all mutations, where the nonsynonymous mutation that changes the gene product from TEM-1 to TEM-33 through the M69L amino acid change is
indicated in boldface. Variants that have been isolated in nature are shown by solid circles, while hypothetical variants not isolated in nature are shown by
dashed circles. Possible pathways that proceed through variants that have been isolated are indicated by solid arrows and those through hypothetical

variants by dashed arrows.

DD assays yielded mixed results. All constructs except the one with the nonsynony-
mous mutation yielded no or only small inhibition zones with AMP. Several constructs
that encoded TEM-1 or TEM-33 resulted in no or small inhibition zones with SAM. All
constructs gave rise to large inhibition zones with CAZ. Interestingly, several con-
structs, but not blargy.,, blarepy.s3(—sm), or blargy.s3(+sm), yielded no or small inhibition
zones with ATM, consistent with a resistant phenotype. The bldg,.33(—sm) construct
was the only one that resulted in large inhibition zones with all antibiotics tested.
Results from MIC assays were less mixed; all constructs conferred resistance to AMP
and SAM, and none of the constructs conferred resistance to CAZ or ATM.

Next, we resorted to mfold analysis of mRNA constructs to see if differences could
be resolved with this computational approach.

mfold suggest that mutational pathways through some gene variants are
disfavored by the stability of the resulting mRNA constructs. As described above
for the —sm and +sm constructs, all possible mRNA transcripts resulting from combi-
nations of the three synonymous mutations and the one nonsynonymous mutation
separating bla;gy,.35(+sm) from blarg,., were subjected to RNA folding by mfold. When
comparing the transcripts of blargy.s3(—sm) and blagyss(+sm), using the lowest-
energy structures after refinement yielded the biggest differences in AG (Fig. 2).
Therefore, we used the refined energies here. Furthermore, because translation starts
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FIG 4 Energy differences of secondary structures of the 5'-terminal halves of transcripts of different bla.,, constructs relative to that of bla,,, , are shown
for different mutational pathways starting with the nonsynonymous mutation a199c (A) or with the synonymous mutations c18t (B), c228t (C), or g396t (D).
Pathways that go through variants that have been isolated in nature (see Fig. 3) are colored in blue, while those that go through variants that have not
been isolated are colored in red. The a199c mutation is shown in boldface to indicate that it leads to the M69L amino acid change that distinguished TEM-
33 from TEM-1.

before transcription is complete and all four mutations investigated are in the 5'-termi-
nal portion of the transcript, we focused on the 5’ terminal half of the transcripts.

Figure 4 illustrates the results of these secondary structure and energy determina-
tions along different possible mutational pathways. Interestingly, an initial a199c muta-
tion results in a stabilization of the 5'-terminal portion of the transcript by 4.82 kcal/
mol relative to blarg,., (Fig. 4A). After all four mutations have been introduced, the
transcript is destabilized by 0.94 kcal/mol. None of these pathways seem to be viable,
because blagy,33(@199¢), which equals blagy.53(—sm), has not been isolated. Note that
some of our experimental results contradict that notion, as the enzyme was success-
fully expressed from the blagy.ss(—sm) construct (Table 1) and yielded resistance
against AMP and SAM at least in MIC assays (Tables 1 and 2). Among the other path-
ways, only those in which a199c is introduced last seem to be viable, i.e., proceed
through variants that actually exist in nature (Fig. 3), and those pathways (colored
blue) are also the ones that go through the highest-energy (least-stabilized) pathways
(Fig. 4B to D).

The more stable a transcript is, the harder it could be to form the translation initia-
tion complex consisting of the unfolded mRNA (at least locally around the Shine-
Dalgarno sequence), the 30S ribosomal subunit, initiation factors 1 and 2, the initiator
tRNA loaded with formyl methionine, and GTP. Thus, this analysis provides a possible
explanation why the expression of constructs with certain combinations of mutations
is less efficient than that of others. In this particular case, introduction of the nonsynon-
ymous a199c mutation seems to be so unfavorable that the mRNA needs to be desta-
bilized first by three synonymous mutations in order to allow the introduction of
al199c.

DISCUSSION

A controversy persists about whether selective pressure can increase the mutation
rate or lead to more efficient adaptation through other mechanisms, such as amplifica-
tion of mutated genes (33). Whether synonymous mutations need to be considered in
the investigation of evolution and protein engineering efforts is another fundamental
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question. They have been the subject of several excellent reviews (8, 9, 34-36), most of
them focusing on eukaryotic organisms and the role of “accidental” synonymous muta-
tions in human disease. Some of these mutations have been characterized intensively,
for instance, the AF508 CFTR mutation involved in cystic fibrosis (37). It has been pro-
posed that this mutation, as well as a synonymous mutation in the P-glycoprotein
gene (also known as the multidrug resistance 1 gene) (38), alter translation kinetics,
which in turn can affect protein folding and function (39).

The role of synonymous mutations in the evolution of biological function is not
well understood, and while many studies have focused on nonsynonymous mutations
in blayy, variants (reviewed, e.g., in references 40-43), to our knowledge there have
only been a few reports focusing on synonymous mutations (13-15, 44). Using random
mutagenesis, Schenk et al. (13) identified 48 mutations in blag, , that were beneficial
against cefotaxime (a third-generation cephalosporin), out of which 10 were synony-
mous mutations and included the c18t mutation, also found in blag, s5(+sm) and
blargy.109(+sm). An epidemiological study in South Korea also found this synonymous
mutation in clinical isolates of Neisseria gonorrhoeae expressing TEM-135 (44). From a
laboratory evolution study, Bratulic et al. concluded, among other things, that TEM-1
does not evolve translational accuracy through synonymous mutations toward high-fi-
delity codons (14), which also did not seem to play a role in our study. In a follow-up
study to Schenk et al. (13), Zwart et al. compared those 10 synonymous mutations to a
selection of 10 nonsynonymous mutations (15). They did not find a significant differ-
ence in mRNA levels or mRNA stability assessed by mfold, although they used a differ-
ent approach from us, i.e., analysis of a moving 45-nucleotide window surrounding the
mutation in question. They did, however, see an increase in total and functional pro-
tein levels with both synonymous and nonsynonymous mutations relative to bla gy, ;-
In their case, that result was expected, because the mutants were generated and
selected under cefotaxime selective pressure. For synonymous mutations, but not non-
synonymous mutations, they also found a good correlation between total and func-
tional TEM levels, suggesting that these mutations alter protein expression levels with-
out altering the intrinsic protein properties.

As pointed out in the mentioned reviews, especially in eukaryotic cells, there are
many layers at which synonymous mutations can impact gene expression, namely
mRNA stability, splicing, interaction with small interfering RNAs (siRNAs), degradation,
transport to its destination (cytosolic or endoplasmic reticulum-bound ribosomes),
interaction with the ribosome and translation factors, and the effect on cotranslational
protein folding. In prokaryotes, the situation is less complex, as all ribosomes are cyto-
solic and ribosomes typically bind to mRNAs and initiate translation while the mRNA is
still being synthesized by transcription. This decreases possible layers, at which synony-
mous mutations could affect protein expression in our system to the following:

(i) Codon bias (or codon usage bias). As pointed out throughout this study, we find
codon bias to be unlikely to have a major impact, because transcripts with certain co-
dons are expressed very well in the absence, but not in the presence, of other codons
in different parts of the mRNA and because all organisms from which the different
bla,, gene variants have been isolated are phylogenetically closely related, i.e., all
Enterobacteriaceae.

(ii) mRNA secondary structure and stability. In vivo, mMRNAs probably exist as an en-
semble of different secondary structures with slightly different free energies. Since
MRNAs are typically translated cotranscriptionally, these secondary structures and
energies of the mRNA (in particular the 5’ terminus) are likely to have an impact on
translation efficiency.

In some early studies on TEM B-lactamase variants, e.g., reviewed previously (40), it
is not always clear whether synonymous mutations were considered or not. When
genes are isolated from clinical strains, it is expected that any synonymous mutations
are included, although in some cases the isolated gene only had nonsynonymous
mutations (31). When mutations are introduced for the purpose of investigating amino
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acid changes, synonymous mutations are typically not considered. For instance,
Blazquez et al. studied individual nonsynonymous mutations frequently observed in
early TEM variants by site-directed mutagenesis (45) and generated TEM-1 variants
with single nonsynonymous mutations by exposing cells to antibiotics (46). To our
knowledge, nonsynonymous mutations observed in wild-type variants have typically
not been combined without including synonymous mutations (as in our blagy, ;(—sm)
and bld gp.q100(—SM) constructs), so it is hard to compare our —sm variants with litera-
ture data.

Since no gene encoding TEM-33 without synonymous mutations relative to TEM-1
was found in Nucleotide BLAST searches, we hypothesize that the synonymous muta-
tions “prepare” the gene to tolerate the nonsynonymous mutation. Assuming that in
each evolutionary round of mutation and selection only one mutation is established,
this would mean that in order to acquire one nonsynonymous mutation that confers a
selective benefit to bacteria (in this case, inhibitor resistance), three rounds of synony-
mous mutation and selection would have to be completed first. Such synonymous
mutations could provide a benefit that is too small to be detected in DD or MIC assays
but might be advantageous enough to allow the mutants to persist in a population of
bacteria. In the future, we plan on testing this hypothesis in competition experiments
(47), which are more sensitive. Such studies will also allow us to test fitness of different
variants at different time points and at very low antibiotic concentrations, which is not
done in DD or MIC assays. At any rate, evolution under consideration of all synony-
mous mutations might be much more complex than generally appreciated based on
nonsynonymous mutations alone.

The following two observations were made in the course of this study:

(i) There was a significant discrepancy between DD assay and MIC assay results. For
instance, blag,.s(—sm) expression did not refer resistance to any of the antibiotics
tested in DD assays (Fig. 1B), but in MIC assays it conferred resistance to AMP, CAZ,
ATM, and an intermediate phenotype to SAM (Table 1). This phenomenon will have to
be investigated in more detail. Inconsistencies between DD assays and MIC assays in
an agar dilution method have been reported previously for Haemophilus influenzae
(48), Pseudomonas aeruginosa (49), Enterobacteriaceae, Acinetobacter spp., pseudomo-
nads, staphylococci and enterococci (50), and various Gram-positive cocci and rods
(51). MIC assays use serial dilutions with fixed antibiotic concentrations, while in DD
assays a continuous antibiotic gradient is established. In our case, MIC assays were car-
ried out in a broth microdilution format. Therefore, the different growth media (solid
state agar versus liquid medium) could additionally skew results by deviating growth
kinetics of cells growing in a colony on a surface versus single cells growing in suspen-
sion. In the future, we plan to explore other assay formats that might be more reliable,
e.g., the Epsilometer test (Etest) (52).

(i) There was a large interreplicate deviation in protein expression levels as deter-
mined by Western blotting, making intervariant differences statistically insignificant, an
issue reported previously (15). We attempted to minimize deviations by using DnaK as
an internal standard. However, DnaK is chromosomally encoded versus the plasmid-
encoded blay, variants. Thus, plasmid copy numbers could be a source of uncertainty.
We did not induce expression. However, expression could be affected by endogenous
factors of the E. coli cells harboring the plasmids, and these could deviate with altering
physiological states of the cells. This is also an area that will have to be investigated
more carefully.

Conclusion. In response to the question of whether synonymous mutations are
silent or noisy or “whisper” (8), our data clearly indicate that they are not silent. It was
suggested that they are also not “synonymous” (8). We have kept the term “synony-
mous,” as in analogy to language, synonyms have largely, but not exactly, the same
meaning. However, we do agree that the term “silent” is a poor choice, because it
implies no effect whatsoever. Our results support the notion that synonymous muta-
tions are a prerequisite for the viability of nonsynonymous mutations. The exact
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mechanism by which this occurs needs to be further elucidated. However, our data
point to mRNA secondary structure and stability playing an important role. While we
only considered one resistance mechanism, the expression of B-lactamases, the role of
synonymous mutations is also expected to play an important role in various other re-
sistance mechanisms and, more generally, in any evolutionary adaptation.

MATERIALS AND METHODS

Generation of expression systems. Genes encoding the various blag,, genes were purchased from
Gen9, Inc. (Cambridge, MA) or Biomatik (Kitchener, ON, Canada); genes had a Sacl restriction site fol-
lowed by a ribosome binding site (5'-GAGCTCAAGAAGGAGATATACAT-3') on the 5’ terminus and a
BamHI restriction site (5'-GGATCC-3’) immediately following the 3’ terminal stop codon. These restric-
tion sites were used to excise the genes from the vectors provided by the suppliers and to insert them
into the pBC SK(+) phagemid (Invitrogen, La Jolla, CA), which contains a chloramphenicol resistance
gene. This gave rise to pBC SK(+) phagemids with the bla;,, genes under the control of the T3 pro-
moter. Max Efficiency DH10B competent cells (Invitrogen, La Jolla, CA) were transformed with the result-
ing phagemids and selected on Mueller-Hinton broth Il (MHB) agar plates containing 34 wg/ml chloram-
phenicol. Several colonies were picked and grown in MHB with chloramphenicol, adjusted to an optical
density at 600 nm of 0.08 (6.4 x 107 cells/ml), and then used for the disc diffusion and MIC assays. It is
assumed that the chloramphenicol acetyltransferase expressed from the pBC SK(+) vector sufficiently
inactivates chloramphenicol, so that bla;,, expression is not significantly affected. Cells transformed
with an empty phagemid (no bla,,, gene) and cells not transformed served as negative controls.

Disc diffusion assay. Sterile cotton swabs were soaked into the cultures described above and
swabbed onto individual MHB agar plates for disc diffusion (DD) assay. Antibiotic discs of ampicillin
(AMP), sulbactam and ampicillin (SAM), ceftazidime (CAZ), and aztreonam (ATM) (Thermo Fisher
Scientific Oxoid) were placed onto the agar plates. The plates were incubated for 16 h at 37°C, and the
zone of inhibition diameters were measured. Although a clinical application is not the focus of this
study, the results were also interpreted as susceptible (S), intermediate (1), or resistant (R) according the
CLSI performance standards (53).
MIC assays. MIC assays were carried out using the broth microdilution method following CLSI guide-
lines (32), and S/R/l interpretations were assigned according to CLSI performance standards (53).

Western blotting. The procedure to quantify in-cell expression levels of TEM enzymes from the vari-
ous bla, constructs was carried out as previously described (54) except that anti-TEM-1 antibody

(ABIN2754695; antibodies-online, Inc.) was used instead of anti-IMP-1 antibody.

Nucleotide BLAST searches. The Nucleotide BLAST (blastn) program was accessed at https://blast
.ncbi.nlm.nih.gov. The complete coding sequences (861 nucleotides) of the studied bla,, genes were
used as queries, and default parameters (standard databases, highly similar sequences [megablast])
were used to find matching/similar sequences. The numbers of perfect matches (query coverage =
identity = 100%) were recorded.
mfold studies. The RNA Folding Form of mfold (16) was accessed on the mfold web server (www
.unafold.org/RNA_form.php). mRNA constructs starting immediately downstream of the T3 promoter
and 20 nucleotides upstream of the Shine-Dalgarno sequence on the 5’ terminus and ending with the
3’-terminal BamHI restriction site, totaling 901 nucleotides, were considered the full transcripts. In addi-
tion, 5’'-terminal portions of the transcript (half=450 nucleotides, one-third=300 nucleotides, etc.,
down to one-ninth =100 nucleotides) were analyzed. The binding energies of the highest-ranked con-
formations after initial folding and energy calculation and after refined energy calculation were recorded
and compared between bla,,, variants.
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