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ABSTRACT Methicillin-resistant Staphylococcus aureus (MRSA) strains pose major
treatment challenges due to their innate resistance to most b-lactams under stand-
ard in vitro antimicrobial susceptibility testing conditions. A novel phenotype among
MRSA, termed “NaHCO3 responsiveness,” where certain strains display increased sus-
ceptibility to b-lactams in the presence of NaHCO3, has been identified among a rel-
atively large proportion of MRSA isolates. One underlying mechanism of NaHCO3

responsiveness appears to be related to decreased expression and altered functional-
ity of several genes and proteins involved in cell wall synthesis and maturation.
Here, we studied the impact of NaHCO3 on wall teichoic acid (WTA) synthesis, a pro-
cess intimately linked to peptidoglycan (PG) synthesis and functionality, in NaHCO3-
responsive versus -nonresponsive MRSA isolates. NaHCO3 sensitized responsive MRSA
strains to cefuroxime, a specific penicillin-binding protein 2 (PBP2)-inhibitory b-lactam
known to synergize with early WTA synthesis inhibitors (e.g., ticlopidine). Combining
cefuroxime with ticlopidine with or without NaHCO3 suggested that these latter two
agents target the same step in WTA synthesis. Further, NaHCO3 decreased the abun-
dance and molecular weight of WTA only in responsive strains. Additionally, NaHCO3

stimulated increased autolysis and aberrant cell division in responsive strains, two phe-
notypes associated with disruption of WTA synthesis. Of note, studies of key genes
involved in the WTA biosynthetic pathway (e.g., tarO, tarG, dltA, and fmtA) indicated
that the inhibitory impact of NaHCO3 on WTA biosynthesis in responsive strains likely
occurred posttranslationally.

IMPORTANCE MRSA is generally viewed as resistant to standard b-lactam antibiotics.
However, a NaHCO3-responsive phenotype is observed in a substantial proportion of
clinical MRSA strains in vitro, i.e., isolates which demonstrate enhanced susceptibility
to standard b-lactam antibiotics (e.g., oxacillin) in the presence of NaHCO3. This phe-
notype correlates with increased MRSA clearance in vivo by standard b-lactam anti-
biotics, suggesting that patients with infections caused by such MRSA strains might
be amenable to treatment with b-lactams. The mechanism(s) behind this phenotype
is not fully understood but appears to involve mecA-PBP2a production and matura-
tion axes. Our study adds significantly to this body of knowledge in terms of
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additional mechanistic targets of NaHCO3 in selected MRSA strains. This investigation
demonstrates that NaHCO3 has direct impacts on S. aureus wall teichoic acid biosyn-
thesis in NaHCO3-responsive MRSA. These findings provide an additional target for
new agents being designed to synergistically kill MRSA using b-lactam antibiotics.

KEYWORDS methicillin-resistant Staphylococcus aureus (MRSA), sodium bicarbonate,
penicillin-binding proteins (PBPs), peptidoglycan (PG), wall teichoic acid (WTA),
b-lactams, methicillin resistance

Methicillin-resistant Staphylococcus aureus (MRSA) strains have posed major treat-
ment challenges since their first emergence in the 1960s (1, 2). As opposed to

methicillin-susceptible S. aureus (MSSA), MRSA strains display “resistance” via standard
in vitro testing conditions to most current b-lactam antibiotics (except for later-generation
b-lactam agents, such as ceftaroline). Standard treatment guidelines recommend avoiding
the use of early-generation b-lactams for MRSA infections, instead utilizing costlier, less
effective, and/or more toxic treatment options (e.g., vancomycin, daptomycin, or linezolid)
(3, 4). However, recent evidence suggests that a substantial proportion of MRSA strains
may, in fact, be effectively treated by standard b-lactams, denoted by their intrinsic
responsiveness to such agents in the presence of NaHCO3 (5–7).

This “NaHCO3-responsive” phenotype has been observed in a relatively large subset
of clinical MRSA strains (;36% of strains in a collection of American bloodstream iso-
lates) (8). Such strains display enhanced susceptibility to the early-generation b-lac-
tams, cefazolin (CFZ) and oxacillin (OXA), in the presence of NaHCO3-supplemented
media versus standard antimicrobial susceptibility testing (AST) media (5, 6, 8, 9).
Strains exhibiting this phenotype appeared to produce less membrane-localized peni-
cillin-binding protein 2a (PBP2a), the primary determinant of b-lactam resistance in
MRSA. In addition, in the presence of NaHCO3, such responsive strains displayed a
number of perturbations in genes involved in peptidoglycan (PG) synthesis and matu-
ration (9, 10). These included (i) reduced membrane-localized PrsA (a chaperone
required for proper PBP2a folding and functionality), (ii) reduced/altered expression of
pbp4, floA, and carotenoids (components that make up the scaffolding upon which
PBP2a matures and functions), and (iii) other genes involved in PG/cell wall synthesis
(e.g., ddh, pbp2, and sceD) (9, 10). Further, certain genotypic variants of mecA (the gene
encoding PBP2a) appeared to be associated with the NaHCO3-responsive phenotype
via impacts on mecA/PBP2a expression and/or binding of PBP2a to b-lactams in the
presence of NaHCO3 (11–13).

Wall teichoic acid (WTA) synthesis can have profound effects on MRSA susceptibility to
b-lactam antibiotics (14–18). WTAs are polymers attached to the S. aureus cell wall PG that
are involved in a variety of phenotypes, including virulence and pathogenesis, cell division,
PBP localization, autolysis, and biofilm formation (15, 19–21). Synthesis of WTA is initiated
by the enzyme TarO (also referred to as TagO) (22, 23) by catalyzing the transfer of N-ace-
tylglucosamine-1-phosphate to a membrane-anchored undecaprenyl-phosphate carrier
lipid (16, 21, 22). Further polymerization and glycosylation steps are carried out by the
enzymes TarA, TarL, TarS, and TarM (among others) before the molecule is exported across
the cell membrane by the translocator TarGH (19, 21). Once outside the cell, WTA is first
linked to PG and then decorated with D-alanine via the actions of DltABCD to help regulate
surface positive charge (19, 21, 24). Additionally, positively charged D-ala groups can be
removed from lipoteichoic acid (LTA) by FmtA and transferred to WTA, thereby further
modulating the cell surface charge and regulating various processes, including autolysis
and cell division (25, 26).

Interference with WTA synthesis, either via inhibition with compounds like tunicamycin,
ticlopidine, or targosil (14, 16, 17, 20) or through deletion of key WTA biosynthesis genes
such as tarO and fmtA, has been shown to sensitize MRSA to selected b-lactams (16, 27).
The principal mechanisms of b-lactam sensitization following WTA synthesis disruption
are felt to be 3-fold. First, WTA and PG are linked via their shared requirement for
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undecaprenol for synthesis of both molecules (22). Interference with WTA synthesis may
result in a buildup of undecaprenol-linked WTA intermediates, depleting undecaprenol
precursors for use in the generation of PG; this disruption of PG biosynthesis potentially
sensitizes cells to PG-inhibiting antibiotics, such as b-lactams (22). Second, glycosylated
WTAs act as a scaffold for PG synthetic enzymes (15, 17, 22, 28); therefore, disruption of
WTA synthesis could, in turn, also inhibit the function of crucial enzymes required to pro-
duce fully mature PG, also resulting in b-lactam sensitization. Third, D-ala-WTA inhibits
AltA in the presence of protons (29, 30), thereby regulating autolytic activity. This has been
linked to b-lactam activity (31).

The above-described intersecting pathways of PG and WTA synthesis and maturation
are summarized in Fig. 1, as well as specific genes and biosynthetic steps where NaHCO3

may be impacting PG-WTA functionality to yield the b-lactam-NaHCO3-responsive pheno-
type. Overall, our findings support the notion that in NaHCO3-responsive strains, NaHCO3

inhibits the production of WTA, which is evidenced by reduced WTA content and size,
enhanced autolysis, and aberrant cell division phenotypes in NaHCO3-responsive strains in
the presence of NaHCO3. Inhibition of WTA production is known to sensitize MRSA to
b-lactams and may be an integral part of the NaHCO3 responsiveness mechanism.

RESULTS
NaHCO3 synergy with PBP2-targeting b-lactams. Previous work has demonstrated

that inhibitors of early WTA synthesis, such as ticlopidine and tunicamycin, synergize with
PBP2-targeting b-lactams in selected MRSA strains (16, 17, 20). Similarly, our prior studies
demonstrated that NaHCO3 can sensitize selected MRSA strains to OXA and CFZ, b-lac-
tams that more broadly target a range of PBPs, including PBPs 1, 2, and 3 (5, 8, 9, 32, 33).
To assess whether NaHCO3 (like ticlopidine) synergizes with the specific PBP2-targeting

FIG 1 Model for potential points at which NaHCO3 may be impacting WTA synthesis, resulting in sensitization
to b-lactams in responsive strains. (1) NaHCO3 may be inhibiting early WTA synthesis or WTA translocation to
the outer cell layer. This could result in a buildup of WTA-linked undecaprenol precursors and a lack of
scaffolding to support PG synthesis enzymes. (2) FmtA removes D-ala from LTA and makes D-ala available to
WTA; inhibition of FmtA by NaHCO3 will reduce the amount of protonated D-ala on WTA, which is the
physiological inhibitor of AtlA. Thus, NaHCO3 “inhibits the inhibitor,” ultimately enhancing autolytic activity. (3)
A buildup of undecaprenol precursors, lack of PG enzyme scaffolding, and mislocalization of cell surface charge
will lead to inhibition of PG synthesis and dysregulation of autolysis and cell division, ultimately resulting in
b-lactam sensitization. This figure was created in BioRender.com.
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b-lactam, cefuroxime (16, 34), the MICs of cefuroxime were determined for NaHCO3-re-
sponsive and -nonresponsive MRSA strains in the presence and absence of 44 mM
NaHCO3. This concentration of NaHCO3 has been demonstrated to be the optimal concen-
tration for disclosing b-lactam-susceptible phenotypes in a previous dose-response study
(5). As expected, when exposed to cefuroxime in the absence of NaHCO3, all four strains
were highly resistant (Table 1). However, when exposed to cefuroxime in the presence of
NaHCO3, only the two previously defined NaHCO3-responsive strains (MRSA 11/11 and
MW2) were sensitized to cefuroxime, with 64-fold and 16-fold decreases in MICs, respec-
tively; the two NaHCO3-nonresponsive strains (COL and BMC1001) remained highly resist-
ant to cefuroxime under these conditions (Table 1).

As NaHCO3 appeared to selectively sensitize MRSA strains to cefuroxime, we next
assessed whether the known early WTA synthesis inhibitor, ticlopidine (16), exerted broad
or selective synergy with cefuroxime in the four prototype MRSA strains. Interestingly, MIC
testing revealed that ticlopidine, as seen with NaHCO3 alone, only sensitized NaHCO3-re-
sponsive (but not NaHCO3-nonresponsive) MRSA strains to cefuroxime (Table 1). Of note,
combined exposures to ticlopidine and NaHCO3 did not further enhance sensitization to
cefuroxime (Table 1), suggesting that both agents may be targeting the tarO-mediated
early WTA biosynthetic step.

Impacts of NaHCO3 on WTA expression. To assess the direct impact of NaHCO3 on
WTA expression, extracts of total WTA from the two NaHCO3-responsive and the two
NaHCO3-nonresponsive MRSA strains grown in the presence and absence of NaHCO3 were
compared by gel electrophoresis. Cells grown in plain media or media supplemented with
1/2� MIC of OXA displayed large quantities of WTA of similar molecular size; WTA from
the NaHCO3-responsive strains (11/11 and MW2), when exposed to OXA, appears to have
a slightly higher molecular weight than when grown in plain medium, a behavior not
observed for the NaHCO3-nonresponsive strains (Fig. 2). Interestingly, when exposed to

TABLE 1MICs of cefuroxime in CA-MHB with and without NaHCO3 and ticlopidine

Strain

Cefuroxime MICs (mg/mL) Cefuroxime with 32 mg/mL ticlopidine MICs (mg/mL)

CA-MHB CA-MHB-Tris CA-MHB-Tris with 44 mM NaHCO3 CA-MHB CA-MHB-Tris CA-MHB-Tris with 44 mM NaHCO3

MRSA 11/11 32 256 4 8 8 8
MW2 16 128 8 8 8 8
COL .512 .512 512 .512 .512 .512
BMC1001 .512 .512 .512 .512 .512 .512

FIG 2 WTA profile of S. aureus MRSA11/11, MW2, COL, and BM1001 analyzed by SDS-PAGE. 1, CA-
MHB; 2, CA-MHB plus OXA; 3, CA-MHB plus 44 mM NaHCO3. OXA exposures are equivalent to 1/2�
the MIC under the indicated condition. These studies were designed to compare the impacts of OXA
alone versus NaHCO3 alone on WTA production.
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NaHCO3, all strains produced WTAs of a slightly smaller molecular weight; however, only
the NaHCO3-responsive strains MRSA 11/11 and MW2 showed an obvious decrease in
both molecular weight and quantity of WTA being produced (Fig. 2), with the effect being
most striking in the MRSA 11/11 strain.

Effects of NaHCO3 on cell division and autolysis. The WTA synthesis pathway
begins with the TarO enzyme, which catalyzes the formation of C55-PP-GlcNAc from P-
GlcNAc (14, 16, 21, 22). Deletion of tarO results in cells that are deficient in WTA and
are defective in several cell division-associated phenotypes (e.g., division-septation), as
well as in autolysis (16, 17, 19, 20). Given the data described above, suggesting that
NaHCO3 can target the tarO-mediated WTA biosynthetic step, our MRSA strains were
assessed for septal division patterns by transmission electron microscopy (TEM), as
well as extents of Triton-X-induced autolysis following exposure to NaHCO3.

Previously, TEM analysis revealed that DtarO deletion MRSA strains display aberrant
division septa, where new septa form at nonorthogonal angles to previously formed
septa, and newly divided cells fail to properly separate, resulting in multicellular clus-
ters (15, 17). TEM was performed on a NaHCO3-responsive strain, MRSA 11/11, and non-
responsive strain, COL, grown in the presence of 1/2� MIC of OXA, with or without
NaHCO3. In the presence of OXA alone, no aberrant septal patterns were observed in
MRSA 11/11 (Fig. 3A). However, in the presence of NaHCO3 and OXA, MRSA 11/11 cells
began to display septal formation at nonorthogonal angles, and multicellular cluster-
ing was observed in ;18% of cells within selected visual fields (out of 71 cells
observed undergoing active division) (Fig. 3B); this is similar to patterns previously
observed in DtarO strains (15, 17). In contrast, fewer COL cells exposed to OXA alone or
in combination with NaHCO3 displayed such aberrant septal patterns and multicellular
clustering (;12% and 5%, respectively, out of ;60 cells observed undergoing active
division under each condition) (Fig. 3C and D). Also, a significantly higher number of

FIG 3 Impact of NaHCO3 on cell division in NaHCO3-responsive and -nonresponsive strains.
Representative images of division septa at 8 h in the presence of OXA (MRSA 11/11) (A), NaHCO3 and
OXA (MRSA 11/11), OXA (COL) (C), and NaHCO3 and OXA (COL) (D). OXA exposures are equivalent to
1/2� the MIC under the indicated condition. Red arrows point to cell clusters with septa at
nonorthogonal division planes.
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cell clusters in active separation were observed in MRSA 11/11 than in COL in the pres-
ence of NaHCO3 and OXA (*, P = 0.01).

WTAs play a critical role in regulating the activity of autolysins, likely by governing the
local pH at the cell surface with the formation of proton-dense regions, which can interfere
with autolytic function (30, 35). In the absence of WTA, these proton-dense pockets are
missing, resulting in higher activity of the major autolysins and increased rates of Triton-X-
induced autolysis (15, 17, 20, 30). To assess the impact of NaHCO3 on autolysis, NaHCO3-re-
sponsive and -nonresponsive MRSA strains were grown in the presence or absence of
NaHCO3 and then exposed to Triton-X and quantified for the extent of autolysis over time.
Following exposure to NaHCO3, responsive MRSA strains demonstrated significantly
increased extents of autolysis (as assessed by area under the curve [AUC] calculations) ver-
sus cells that were not preexposed to NaHCO3 (Fig. 4A and B). This observation is in ac-
cordance with the higher rate of daughter cell separation previously observed by TEM
analysis. The presence of WTA is known to exclude the presence of the major autolysin,
Atl, targeting this peptidoglycan hydrolase exclusively to the cross-wall region (35). Thus, a
lower content of WTA (as observed for MRSA 11/11 in the presence of NaHCO3) may
explain the higher rate of cell separation than COL. Comparatively, NaHCO3 exposure had
no impact on autolysis profiles in nonresponsive MRSA strains (Fig. 4C and D).

Both WTA and PG can contribute to alterations in cell division and autolysis (17, 36–38),
and their assembly pathways are known to be interconnected. We thus determined the
impacts of NaHCO3 on PG composition in our NaHCO3-responsive and -nonresponsive
strains; this allowed assessment of whether the observed cell division and autolysis pheno-
types described above were more likely due to the NaHCO3 impact observed on WTA or if
alterations also occurred on PG. High-performance liquid chromatography (HPLC) analysis
revealed that exposure to NaHCO3 stimulated a modest increase in O-acetylation, while ex-
posure to OXA resulted in approximately twice the O-acetylation level, as measured by
release of acetic acid, in all four strains (see Fig. S1 and Table S1 in the supplemental mate-
rial). In the presence of OXA and NaHCO3, no consistent patterns of alterations to O-acetyla-
tion were observed among the four strains compared to O-acetylation levels obtained in the
presence of OXA (Fig. S1; Table S1). HPLC analysis of PG muropeptide species revealed

FIG 4 Impact of NaHCO3 on Triton-X-induced autolysis in NaHCO3-responsive strains MRSA 11/11 (A)
and MW2 (B) and nonresponsive strains COL (C) and BMC1001 (D). Cells were grown in CA-MHB-Tris
with or without 44 mM NaHCO3 prior to exposure to Triton-X. COL DmgrA DsarA was used as a
control. Statistics calculated on area under the curve (AUC) by Student’s t test; **, P , 0.01. Data are
the result of six independent replicates for each strain or condition.
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identical profiles for all four strains in standard media (Fig. S2). While exposure to NaHCO3

did not result in any alteration to the elution profile, exposure to OXA or NaHCO3 in combi-
nation with OXA resulted in a similar reduction in PG cross-linking for all four strains (Fig. S2).
Collectively, these data indicated that differential NaHCO3-stimulated impacts on cell division
are unlikely to be due to changes in PG composition but, rather, a WTA-specific effect.

Role of NaHCO3 in modulating transcription and translation of genes involved
in early WTA synthesis, translocation, and maturation. The effect of NaHCO3 on
transcription of tarO, tarG, and dltA (23) was assessed by reverse transcription-quantita-
tive PCR (qRT-PCR). Interestingly, NaHCO3 did not selectively repress expression of any
of the genes tested in NaHCO3-responsive versus -nonresponsive strains in the pres-
ence of OXA (Fig. 5A to C). Next, green fluorescent protein (GFP) fusions for the same
three genes were assessed via flow cytometry for translational profiles following
growth in media with or without NaHCO3. As was observed with the transcriptional
data, NaHCO3 did not significantly and selectively repress translation of any gene at

FIG 5 Expression of WTA synthesis, translocation, and modification genes in the presence and
absence of NaHCO3 in NaHCO3-responsive and -nonresponsive strains. (A) tarO (early WTA synthesis);
(B) tarG (WTA translocation); (C) dltA (WTA modification). OXA exposures are equivalent to 1/2� the
MIC under the indicated condition. Statistics calculated by a Student's t test; *, P , 0.05; **, P , 0.01;
***, P , 0.001; ****, P , 0.0001. Data are the result of two biological replicates performed in
technical triplicates in at least two independent assays for each strain or condition.
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either the 3-h or 6-h growth time point in any strain tested (Fig. 6A to C; Fig. S3A to C).
Similar results were obtained for cells grown in the absence of OXA (data not shown).

In addition to the impacts of NaHCO3 on genes known to be involved directly in
WTA synthesis and modification, we also assessed the impact of NaHCO3 on expression
of fmtA, a gene involved in regulating WTA equilibrium by acting as a carboxypepti-
dase in the transfer of D-ala groups between WTA and LTA molecules (25, 26).
Inactivation of fmtA has also been demonstrated to enhance b-lactam susceptibility
and autolysis rates (26, 27). Analysis of fmtA transcription in the presence and absence
of NaHCO3 revealed that among responsive strains, fmtA expression was substantially
and significantly enhanced in MRSA 11/11 while being repressed in MW2 (Fig. 7).

FIG 6 Translation of WTA synthesis, translocation, and modification genes. Flow cytometry was used
to detect GFP expression in tarO (A), tarG (B), and dltA (C) translational fusions grown in the presence
and absence of NaHCO3, as measured by the percentage of cells expressing GFP in a population of
10,000 cells. Flow readings were taken after 3 h of incubation under the indicated condition. OXA
exposures are equivalent to 1/2� the MIC under the indicated condition. Statistics calculated by
Student’s t test; *, P , 0.05; **, P , 0.01; ***, P , 0.001. Data are the result of six independent
replicates for each strain or condition.
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NaHCO3 had no impact on expression of fmtA in nonresponsive strain BMC1001 and
significantly enhanced expression of fmtA in nonresponsive strain COL (Fig. 7).

DISCUSSION

The ability of NaHCO3 to sensitize MRSA to cell wall/cell membrane-active antimi-
crobials is now a well-established phenomenon (5, 6, 39). Of note, previous work by
Dorschner et al. found that the carbonate ion was the key factor in tissue culture media
capable of sensitizing MRSA to the membrane-targeting antimicrobial peptide LL-37
(39). This effect was found to be independent of the specific carbonate salt, as well as
of the medium pH (39). As the mechanism of action of positively charged LL-37 is via
membrane disruption (40), it is possible that one pathway by which NaHCO3 may sen-
sitize cells to LL-37 is via alterations to surface charge and/or cell wall content, allowing
better access of LL-37 to the cell membrane. Therefore, it is likely that the one consen-
sus mechanism of sensitization to both membrane-disrupting agents such as LL-37
and PG synthesis-disrupting b-lactams occurs via impacts of NaHCO3 on specific steps
in PG and WTA synthesis.

NaHCO3 has previously been demonstrated to impact multiple aspects of PG syn-
thesis (5, 9, 12), which may contribute to the overall b-lactam-sensitizing effect exhib-
ited by selected MRSA strains in the presence of NaHCO3. PG and WTA syntheses are
intimately coupled, and disruptions in WTA synthesis can lead to dysfunction in PG
synthesis and, ultimately, b-lactam sensitization (15–17, 22). In the present study, we
investigated the impact of NaHCO3 on WTA synthesis as a potential contributing mech-
anism to the NaHCO3 responsiveness phenotype.

Several interesting observations emerged from these studies. We demonstrated
that NaHCO3 selectively sensitized NaHCO3-responsive MRSA to cefuroxime, a PBP2-tar-
geting b-lactam known to synergize with specific WTA synthesis inhibitors (16). These
data suggested that the ability of NaHCO3 to impact WTA synthesis involved specific
genetic targets in responsive strains rather than global biochemical impacts on this
pathway. Further, we demonstrated that strains displaying selective sensitization to
OXA in the presence of NaHCO3 were also selectively sensitized to cefuroxime when
combined with NaHCO3. This finding likely points to a common underlying mechanism
of NaHCO3 sensitization for both of these b-lactams. Indeed, a recent screen of 28
NaHCO3-responsive and -nonresponsive MRSA isolates revealed that 21 out of 28
strains displayed concordant cefuroxime-OXA-responsive and -nonresponsive pheno-
types, with 13/16 OXA-responsive strains also being responsive to cefuroxime (S. C.
Ersoy and A. S. Bayer, unpublished data; not shown). Moreover, in the present study,
the TarO inhibitor ticlopidine also selectively sensitized NaHCO3-responsive MRSA to
cefuroxime, indicating that NaHCO3 may have a similar target and/or mechanism of

FIG 7 Expression of WTA equilibrium gene, fmtA, in the presence and absence of NaHCO3 in NaHCO3-
responsive and -nonresponsive strains. OXA exposures are equivalent to 1/2� the MIC under the
indicated condition. Statistics calculated by Student’s t test; ****, P , 0.0001. Data are the result of two
biological replicates performed in technical triplicates in at least two independent assays for each strain
or condition.
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action as ticlopidine. The deletion of the tarO gene is described to have an impact on
the cooperative function of PBP2 and PBP4 (16), while WTAs are suggested to have an
important role in localizing PBP4. In fact, our recent data sets demonstrated a selective
repression in pbp4 expression in NaHCO3-responsive versus -nonresponsive strains (9).
However, we did not observe any alterations in the cross-linking level of the PG when
comparing NaHCO3-responsive versus -nonresponsive strains in the presence of
NaHCO3, as would be expected from the impairment of PBP4 activity. In this way, it is
possible that the impact of NaHCO3 on WTA synthesis occurs at a later stage. This
hypothesis does not exclude the possibility that NaHCO3 also targets TarO and that the
PG cross-linking is maintained by a compensatory mechanism. Of note, in the presence
of NaHCO3, the quantity of WTA produced is lower only for the responsive strains,
while the molecular size of WTA is lower for both responsive and nonresponsive
strains, suggesting that NaHCO3 may target multiple steps of WTA biosynthesis.

As mentioned above, direct measurement of the impact of NaHCO3 on WTA production
demonstrated notable effects on both the molecular size and apparent quantity of WTA
produced by NaHCO3-responsive MRSA strains. Interestingly, the most pronounced out-
comes of NaHCO3 on WTA content appeared in the CC8/ST8/USA300 strain background
(MRSA 11/11). Previous work has demonstrated that strains of this genetic background are
more likely than other common genotype strains to display a NaHCO3-responsive pheno-
type and tend to show higher degrees of sensitization to b-lactams than other clonotypes
(5, 8, 11). This correlation implies that strains of the CC8 genotype may be more susceptible
to the impacts of NaHCO3 on WTA synthesis, resulting in increased rates of NaHCO3 respon-
siveness and higher degrees of b-lactam sensitization.

Disruption of WTA synthesis can have profound impacts on cell division by altering the
scaffolding necessary for the function of PG synthetic enzymes, as well as perturbing the
surface charge profiles required to regulate the activity of autolysins. Thus, cells that are
disrupted in WTA synthesis, either through mutation of key WTA synthesis genes or expo-
sure to WTA synthesis-inhibiting compounds, tend to display aberrant division septa and
increased rates of autolysis (17, 20). In this study, we observed that NaHCO3-responsive
strain MRSA 11/11 demonstrated both these phenotypes in the presence of NaHCO3, two
hallmarks of WTA synthesis disruption. In contrast, TEM analysis of the nonresponsive
strain, COL, revealed a notable decrease in such aberrant division septa in the presence
versus absence of NaHCO3 and no enhancement of autolysis. We recognize that inhibition
of the PG biosynthesis enzymes PBP1 and PBP4 usually results in changes to the PG cross-
linking level (36, 38) and that these alterations can, in turn, impact cell division and autoly-
sis. However, in the current study, NaHCO3 did not appear to have any differential impacts
on two major metrics of PG composition (O-acetylation and muropeptide species profiles)
between NaHCO3-responsive and -nonresponsive strains. These data suggested that the
observed and selective impacts of NaHCO3 on cell division by TEM and autolysis in
NaHCO3-responsive strains can plausibly be attributed to differential and selective impacts
of NaHCO3 on WTA content and/or structure, rather than alterations to PG composition.
Verification of these outcomes will require additional MRSA strains to be assessed similarly.

We quantified the impacts of NaHCO3 on both transcriptional and translational profiles
of several key genes involved in WTA synthesis, modification, and equilibrium (tarO, tarG,
dltA, and fmtA). These studies revealed that exposure to NaHCO3 did not selectively repress
expression or translation of any of these genes in NaHCO3-responsive versus -nonrespon-
sive MRSA. This raises two possibilities, (i) NaHCO3 may be acting to repress transcription
and/or translation of other gene(s) involved in the regulation of WTA synthesis, or (ii)
NaHCO3 is impacting one of the genes assessed here at the posttranslational or enzymatic
functional level. Our recent RNA sequencing comparisons of NaHCO3 exposures in
NaHCO3-responsive versus NaHCO3-nonresponsive MRSA were concordant with the above
transcriptional data by qRT-PCR (10). None of the WTA biosynthetic genes that were eval-
uated in this current investigation were differentially expressed in the presence of NaHCO3

exposures in these two phenotype groups. Interestingly, the mechanism of ticlopidine, a
compound which appears to closely mimic the impacts of NaHCO3 on the early tarO-
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dependent step in WTA biosynthesis, is posttranscriptional/translational at the protein
functionality level; this involves directly inhibiting the enzymatic activity of TarO in catalyz-
ing the conversion of GlcNAc and undecaprenyl-P into undecaprenyl-P-P-GlcNAc (16).
Further work is needed to understand what precise posttranslational effects that NaHCO3

may be exerting are in play in terms of impacting the functionality of specific WTA syn-
thetic enzymes.

Previously, NaHCO3 was shown to selectively reduce the amount of membrane-
localized PBP2a and PrsA in NaHCO3-responsive strains (9), as well as selectively reduce
expression of pbp4, which is required for highly cross-linked PG in certain MRSA strains
(41–43). Further, NaHCO3 was capable of altering expression of components required
for the formation of functional membrane microdomains (FMMs) (9), an integral part of
the scaffolding upon which PG synthetic proteins function (44). In addition to FMMs,
WTAs provide additional scaffolding to stabilize PG synthetic proteins, including PBP4
(19, 22, 28). Our current data suggest a more refined spatial model of potential
NaHCO3 impacts on PG synthetic machinery, whereby NaHCO3 disrupts WTA produc-
tion in NaHCO3-responsive strains, reducing the formation of the scaffolding required
for PG synthesis. The proposed cumulative outcomes of selective WTA disruption in
NaHCO3-responsive MRSA would be a reduction in membrane-localized PBPs, aberrant
cell division, increased autolysis, and enhanced susceptibility to multiple b-lactams
(e.g., CFZ, OXA, and cefuroxime). The precise mechanism(s) by which NaHCO3 is inter-
fering with WTA production and how specific genetic backgrounds influence this phe-
notype are currently under study.

Our investigation had several limitations. As noted above, our conclusions are based
on study of only four prototype MRSA strains and need to be verified in larger strain sets
of both NaHCO3-responsive and -nonresponsive strains. Also, we only examined the selec-
tive impacts of NaHCO3 on two metrics of PG functionality; a more detailed analysis of
NaHCO3’s effects on other PG biosynthetic parameters are required. Moreover, total WTA
was only semiquantified by gel assay in comparing the NaHCO3-responsive versus -nonres-
ponsive strains; a more systematic, quantitative, and structural assessment of the WTA
components will be necessary (e.g., by mass spectrometry-nuclear magnetic resonance
(MS-NMR] techniques [45]). Further, an investigation into the effects of NaHCO3 on the
function of WTA biosynthetic enzymes selectively impacted in NaHCO3-responsive strains
(e.g., TarO) would be important. Finally, a more in-depth investigation into the effect of
NaHCO3 on other genes involved in cell wall division (e.g., ftsZ, pbp1, and ezrA [36, 46, 47])
is also warranted.

Overall, this study provides the first evidence for implicating disruptions of WTA
synthesis as a contributing mechanism of NaHCO3 sensitization to b-lactams; i.e., via
reductions in WTA content, enhanced autolysis, and alterations in cell division dynam-
ics. In combination with previous data sets, a potential model is emerging where
NaHCO3 inhibits WTA synthesis, resulting in reduced localization/functionality of essen-
tial PG biosynthetic enzymes, ultimately sensitizing NaHCO3-responsive MRSA strains
to b-lactams.

MATERIALS ANDMETHODS
Bacterial strains and growth conditions. The following strains used in the study are four well-char-

acterized prototype MRSA strains derived from patients with clinical infections: MRSA 11/11 (USA300),
MW2 (USA400), COL (USA100), and BMC1001 (USA500), previously classified as either NaHCO3 respon-
sive (MRSA 11/11 and MW2) or nonresponsive (COL and BMC1001) based on prior in vitro MIC testing
with the standard b-lactams, CFZ and OXA (5). Strains were stored at 280°C until they were thawed for
use and isolated on tryptic soy agar (TSA). For all assays, unless otherwise indicated, strains were grown
in cation-adjusted Mueller-Hinton Broth (CA-MHB; Difco) with or without 100 mM Tris buffer (pH
7.3 6 0.1) and with or without 44 mM NaHCO3. The Tris buffer was added to maintain a stable pH in am-
bient air upon addition of NaHCO3. To minimize buffering between HCO3

2 and CO2 present in ambient
air, NaHCO3 was added fresh to an aliquot of CA-MHB-Tris on the day of the experiment, and the pH was
readjusted with HCl. This 44 mM NaHCO3 is the concentration present in the tissue culture medium
DMEM and, importantly, has been found to be the optimal concentration for disclosing the NaHCO3-re-
sponsive phenotype to CFZ and OXA in vitro (5). Further, this concentration of HCO3

2 is reflective of
those observed in visceral tissues (48). For assays in which cells were exposed to OXA, a concentration
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equivalent to 1/2� the MIC of OXA under the indicated condition was used (Table S2). Also, 2% NaCl
was added to all media containing OXA.

Determination of MICs.MICs were determined as previously described (5). Briefly, cells were grown
overnight in the indicated testing condition and then diluted to 5 � 106 CFU/mL with 2-fold serial dilu-
tions of cefuroxime (Sigma-Aldrich) in the same medium and incubated overnight without aeration at
37°C. For ticlopidine synergy assays, a final concentration of 32 mg/mL ticlopidine (Sigma-Aldrich) was
included in media with 2-fold serial dilutions of cefuroxime. This ticlopidine concentration was estab-
lished as optimum for these MIC assays based on extensive pilot testing. The MIC was scored as the first
well in which visual turbidity was decreased compared to the no-drug control well.

WTA isolation and gel electrophoresis. Cells were grown overnight in CA-MHB with and without
NaHCO3. These cultures were used to inoculate CA-MHB with and without NaHCO3 and CA-MHB plus 2%
NaCl with 1/2� MIC of OXA to an initial optical density at 620 nm (OD620) of 0.0006. These three expo-
sure groups were designed to look at the impact of NaHCO3 exposure alone (in the absence of OXA) on
WTA production. The cells were harvested by centrifugation to the final OD620 of 1, washed once with
30 mL of buffer 1 (50 mM 2-N-morpholinoethanesulfonic acid [MES], pH 6.5), and suspended in 30 mL of
buffer 2 (4% [wt/vol] sodium dodecyl sulfate [SDS], and 50 mM MES, pH 6.5). Samples were placed in a
boiling water bath for 1 h, and the cells were collected by centrifugation (7,000 � g, 15 min). The pellet
was suspended in 2 mL of buffer 2, transferred to a microcentrifuge tube, and centrifuged (13,000 � g,
10 min). Next, the pellet was washed once with 2 mL of buffer 2, once with 2 mL of buffer 3 (2% NaCl
and 50 mM MES, pH 6.5), and finally with 2 mL of buffer 1. After the last wash, samples were treated
with proteinase K solution (20 mM Tris-HCl [pH 8.0], 0.5% [wt/vol] SDS, and 20 mg/mL of proteinase K)
and incubated at 50°C for 4 h with agitation. Following digestion, samples were washed once with
buffer 3 and at least three times with distilled H2O to remove the SDS. Samples were thoroughly resus-
pended in 0.1 M NaOH and incubated at 25°C with agitation for 16 h to hydrolyze the WTA. Insoluble
cell wall debris was removed by centrifugation (13,000 � g, 10 min), and the supernatant containing the
hydrolyzed WTA was directly analyzed by polyacrylamide gel electrophoresis (PAGE).

To visualize the WTA by gel electrophoresis, the samples were neutralized with 0.15 M Tris base, pH
7.8, and were analyzed in an acrylamide gel (separating gel, 30% total acrylamide [T], 6% bisacrylamide
[C]; stacking gel, 3% T, 0.26% C) using a Bio-Rad Protean II xi cell. Gels were run at 4°C for 21 h at a con-
stant current (20 mA with two gels) in Tris-Tricine running buffer (0.1 M Tris base and 0.1 M Tricine, pH
8.2). WTA bands were visualized using the alcian blue-silver staining procedure.

TEM. To prepare cells for TEM, MRSA 11/11 and COL were grown overnight in 1 mL of CA-MHB-Tris
or CA-MHB-Tris plus NaHCO3 at 37°C with aeration. Fifty microliters of each overnight culture was diluted
into 1 mL of the same overnight growth medium (CA-MHB-Tris or CA-MHB-Tris plus NaHCO3) containing
2% NaCl and 1/2� MIC of OXA and incubated for 8 h at 37°C with aeration. Cells were washed twice
with phosphate-buffered saline (PBS) and pelleted. We added 500 mL of 2.5% glutaraldehyde on top of
each pellet to fix samples prior to TEM. Cells were imaged at a magnification of �8,000 (model 100CX;
Jeol, Tokyo, Japan) using digital image capture.

Triton X-100-induced autolysis. Cells were grown overnight in either CA-MHB-Tris or CA-MHB-Tris
plus NaHCO3 and then diluted into 30 mL of the same medium and grown at 37°C with aeration to an
OD580 of 0.5. Cells were washed twice in PBS and then resuspended in 50 mM Tris-HCl buffer, pH 7.2, to
a final OD580 of 0.7. For determination of the extent of autolysis, 10 mL of washed and diluted cells were
mixed with 5 mL of Triton X-100 and incubated at 30°C with aeration. Cell lysis was determined by meas-
uring the OD580 at 0-, 1-, 2-, 3-, 4-, and 5-h time points. The area under the curve (AUC) was calculated by
linear approximation, and the AUCs for individual curves were compared by Student’s t test.

RNA isolation and qRT-PCR. RNA was isolated as previously described (5). Briefly, cells were grown
to log phase (OD600 = 0.5) in the indicated medium. Cells were pelleted and disrupted by mechanical dis-
ruption (FastPrep Lysing Matrix B; MP Bio) with 1% b-mercaptoethanol. RNA was isolated with the
RNeasy kit (Qiagen), then DNA was removed with Turbo DNase (Invitrogen), and final RNA was concen-
trated with the RNA cleanup and concentrator kit (Genesee). RNA was reversed transcribed to cDNA
with SuperScript reverse transcriptase (Invitrogen). For qRT-PCR, gyrB was used as a housekeeping gene
to normalize transcript quantifications, and relative quantification was normalized using the threshold
cycle (DDCT) method. Sequences for tarO, tarG, dltA, fmtA, and gyrB primers can be found in Table S3 in
the supplemental material. All qRT-PCR gene expression data were determined from two biological rep-
licates per strain per condition, performed in technical triplicates. For each strain, gene expression was
normalized to expression obtained in CA-MHB-Tris, with this value set equal to 1.

Construction of tarO, tarG, and dltA translational fusions and flow cytometry. To determine
translational activities of the tarO, tarG, and dltA genes using a reporter gene, gfp, the upstream region,
including the promoter, was cloned from the respective genes before the translational start code (ATG) of
the gfp reporter gene in a shuttle plasmid pALC1484 (49). First, the pALC1484 vector was modified by remov-
ing the ribosome-binding site (RBS), along with the spacing region between the RBS and start codon ATG of
the gfp gene and replaced with the RBS and spacing of the respective genes (e.g., tarO, tarG, and dltA) using
pairwise primers (Fig. S4; Table S4) flanking with EcoRI and XbaI sites and template DNA as pALC1484 by
PCR. The 194-bp, 204-bp, and 221-bp promoter fragments flanking with EcoRI and XbaI sites of the tarO,
tarG, and dltA genes without the RBS, respectively, were PCR amplified and cloned into the respective modi-
fied pALC1484 vector fragments in the Escherichia coli IM08B strain (50). Final constructs were verified by en-
zymatic digestion and DNA sequencing and mobilized into various strains (e.g., MW2, MBC1001, MRSA11/11,
and COL [Table S5]) by electroporation and selected on TSA with chloramphenicol (10mg/mL).

For flow cytometry, strains were grown overnight in the indicated medium (CA-MHB-Tris 6 44 mM
NaHCO3) at 37°C with aeration and then diluted 1:10 into the same medium with or without 2% NaCl
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and 1/2� MIC of OXA. Cells were incubated at 37°C with aeration, and aliquots were taken at 3 h and
6 h to be assessed by flow cytometry. At the indicated time points, 100 mL of cells was diluted into 2 mL
of PBS, and 10,000 cells were then analyzed by flow cytometry on FACSCalibur (Becton Dickinson). The
percentage of cells expressing GFP in each sample was analyzed with FlowJo software (version 10.8)
using data obtained from the FL1-H channel. Each strain was run in biological triplicate per condition on
two separate occasions.

SUPPLEMENTAL MATERIAL

Supplemental material is available online only.
SUPPLEMENTAL FILE 1, PDF file, 1.4 MB.
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