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ABSTRACT Methicillin-resistant Staphylococcus aureus (MRSA) is a multidrug-resist-
ant pathogen of acute clinical importance. Combination treatment with an FtsZ in-
hibitor potentiates the activity of penicillin binding protein (PBP)-targeting b-lactam
antibiotics against MRSA. To explore the mechanism underlying this synergistic
behavior, we examined the impact of treatment with the FtsZ inhibitor TXA707 on
the spatial localization of the five PBP proteins expressed in MRSA. In the absence of
drug treatment, PBP1, PBP2, PBP3, and PBP4 colocalize with FtsZ at the septum, con-
tributing to new cell wall formation. In contrast, PBP2a localizes to distinct foci along
the cell periphery. Upon treatment with TXA707, septum formation becomes dis-
rupted, and FtsZ relocalizes away from midcell. PBP1 and PBP3 remain significantly
colocalized with FtsZ, while PBP2, PBP4, and PBP2a localize away from FtsZ to spe-
cific sites along the periphery of the enlarged cells. We also examined the impact on
PBP2a and PBP2 localization of treatment with b-lactam antibiotic oxacillin alone
and in synergistic combination with TXA707. Significantly, PBP2a localizes to the sep-
tum in approximately 15% of the oxacillin-treated cells, a behavior that likely con-
tributes to the b-lactam resistance of MRSA. Combination treatment with TXA707
causes both PBP2a and PBP2 to localize in malformed septum-like structures. Our
collective results suggest that PBP2, PBP4, and PBP2a may function collaboratively in
peripheral cell wall repair and maintenance in response to FtsZ inhibition by
TXA707. Cotreatment with oxacillin appears to reduce the availability of PBP2a to
assist in this repair, thereby rendering the MRSA cells more susceptible to the
b-lactam.

IMPORTANCE MRSA is a multidrug-resistant bacterial pathogen of acute clinical im-
portance, infecting many thousands of individuals globally each year. The essential
cell division protein FtsZ has been identified as an appealing target for the develop-
ment of new drugs to combat MRSA infections. Through synergistic actions, FtsZ-tar-
geting agents can sensitize MRSA to antibiotics like the b-lactams that would other-
wise be ineffective. This study provides key insights into the mechanism underlying
this synergistic behavior as well as MRSA resistance to b-lactam drugs. The results of
this work will help guide the identification and optimization of combination drug
regimens that can effectively treat MRSA infections and reduce the potential for
future resistance.
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fluorescence microscopy, oxacillin, penicillin-binding proteins, protein localization,
transmission electron microscopy

Methicillin-resistant Staphylococcus aureus (MRSA) is a multidrug-resistant bacterial
pathogen that infects more than 120,000 individuals and causes nearly 20,000
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deaths each year in the United States (1). Growing resistance to current standard-of-
care antibiotics (2–4) has highlighted a critical need to develop new antibiotics that
can address the MRSA threat (5–7). Toward this goal, recent efforts have been focused
on the development of novel small-molecule chemotypes that target bacterial cell divi-
sion (8–12). These efforts have resulted in the identification and development of lead
compounds that target the essential cell division protein, FtsZ (11, 13–23). Treatment
of MRSA with such FtsZ inhibitors disrupts bacterial cell division and induces cell death
(14–18, 20, 23–26).

In almost all bacterial species, FtsZ plays a critical role in cell division by acting as a
scaffold for recruitment of other components of the cell division machinery (the divi-
some) (27–29). FtsZ forms this scaffold by polymerizing at midcell and adopting a
dynamic ring structure termed the Z-ring (30–32). Upon formation of the Z-ring, the
divisome machinery assembles with the penicillin binding proteins (PBPs) being
among the key proteins that are recruited. These proteins are involved in the synthesis
of new cell walls at the septum (33). Methicillin-sensitive S. aureus (MSSA) expresses a
total of four PBP proteins (PBP1, PBP2, PBP3, and PBP4), of which PBP1 and PBP2 have
been identified as essential proteins (34). The PBP proteins are targeted by b-lactam
antibiotics, which disable the transpeptidase domains of the proteins and thereby
interfere with PBP-induced cross-linking of the bacterial cell wall (35, 36). MRSA
expresses an additional PBP (PBP2a) that underlies the resistance of MRSA to most
b-lactam antibiotics (37). The affinity of PBP2a for these b-lactam antibiotics is signifi-
cantly reduced compared to the other PBPs (38, 39). Cotreatment with FtsZ inhibitors
can repurpose b-lactam antibiotics for use against MRSA (13, 15, 25, 40, 41), with such
combination treatments being associated with the greatest degree of synergy when
the b-lactam targets PBP2 with high affinity (41).

The mechanism underlying the potentiation of b-lactam activity against MRSA by
FtsZ inhibitors is unclear. Here, we examine the impact of treatment with the FtsZ in-
hibitor TXA707 (18) on the localization of the five PBPs expressed in MRSA. Toward this
goal, we generated a series of MRSA strains expressing fluorescent fusion forms of FtsZ
and either PBP1, PBP2, PBP3, or PBP4. We also developed an immunofluorescence
approach to monitoring the localization of PBP2a. Our results shed light on how FtsZ
inhibitors potentiate b-lactam antibiotic activity versus MRSA as well as on the mecha-
nism by which PBP2a facilitates MRSA survival in response to b-lactam antibiotic
exposure.

RESULTS
Impact of the genetic modifications on the growth and antibiotic sensitivity

profile of MRSA LAC. After constructing our genetically modified MRSA LAC strains, we
first sought to explore whether our genetic alterations affected cell fitness and antibiotic
sensitivity. To this end, we monitored the time-dependent growth of each genetically
modified strain and compared the resulting growth curves to that of the wild-type LAC
strain. Significantly, the growth rates of the genetically modified strains were similar to
that of the wild-type strain (see Fig. S1 in the supplemental material), confirming that our
genetic alterations did not alter the fitness of the MRSA cells. We also examined the sensi-
tivity of our genetically modified strains to treatment with TXA707, vancomycin, and oxa-
cillin, as well as with the cephalosporins ceftriaxone, cefotaxime, and cephalexin. All six
agents were associated with similar MICs against wild-type MRSA LAC and strains express-
ing FtsZ-mCherry (LAC-FCh) alone or both FtsZ-mCherry and either superfolder green
fluorescent protein (sfGFP)-PBP1 (LAC-FChP1GFP), sfGFP-PBP2 (LAC-FChP2GFP), sfGFP-PBP3
(LAC-FChP3GFP), or PBP4-sfGFP (LAC-FChP4GFP) (see Table S1), indicating that these genetic
alterations had no impact on antibiotic sensitivity. In contrast, MRSA LAC cells expressing
either PBP2a-mCherry (LAC-P2ACh-1) or mCherry-PBP2a (LAC-P2ACh-2) lost their resistance
to oxacillin, ceftriaxone, cefotaxime, and cephalexin, with the MICs for oxacillin, ceftriax-
one, cefotaxime, and cephalexin against these strains being 0.125, 4, 2, and 4mg/ml,
respectively (compared to corresponding MIC values of 64, 512, 128, and 128mg/ml,
respectively, against the wild-type strain). Significantly, the MIC values determined for
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oxacillin, ceftriaxone, cefotaxime, and cephalexin against the MRSA LAC-P2ACh-1 and LAC-
P2ACh-2 strains are comparable to those determined for the four b-lactam antibiotics
against the MSSA RN4220 strain (Table S1). Thus, the PBP2a-mCherry and mCherry-PBP2a
proteins were nonfunctional, transforming the MRSA strains expressing these conjugate
proteins into MSSA strains. These observations are consistent with previous studies by
the Pinho group indicating that appending amino acids to the C or N termini of PBP2a
was deleterious to the localization and function of the protein (42). We therefore used im-
munofluorescence for visualizing the localization of PBP2a (as detailed below).

Impact of TXA707 treatment on MRSA cell morphology and the localization of
FtsZ. We sought to determine the impact of TXA707 treatment on FtsZ localization in
MRSA LAC-FCh cells expressing FtsZ-mCherry. For this purpose, cells were treated with
either vehicle (dimethyl sulfoxide [DMSO]) or 4mg/ml TXA707 (4� MIC) for 3 h prior to
visualization by total internal reflection fluorescence (TIRF) microscopy. Vehicle-treated
cells (n=641) maintained a normal average diameter of approximately 0.846 0.07mm
(Fig. 1A and H). Among the 641 vehicle-treated cells analyzed, FtsZ is localized to the
septum at midcell in 44% of them (Fig. 1I). In 16% of the analyzed cells, FtsZ forms visi-
ble Z-rings (as shown in Fig. 1B and C and schematically depicted in Fig. 1G). The re-
mainder of the analyzed cells have FtsZ localized to the cell periphery (25%) or in a dif-
fuse pattern throughout the cell (14%).

In marked contrast to vehicle-treated cells, cells treated with TXA707 (n=349)
almost double in size, with an average diameter of 1.506 0.24mm (Fig. 1D and H).
Moreover, FtsZ is no longer predominantly localized to the septum at midcell, with
only 6% of the analyzed cells exhibiting this phenotype compared to 44% of vehicle-
treated cells (Fig. 1I). Instead, 43% of the TXA707-treated cells have FtsZ localized in a
diffuse pattern throughout the cell (compared to only 14% of vehicle-treated cells with
this phenotype). In addition, 39% of the 349 TXA707-treated cells analyzed exhibit a
phenotype in which FtsZ adopts multiple ring-shaped structures inside the cell (shown
in Fig. 1E and F and schematically depicted in Fig. 1G), with an average diameter of
0.526 0.12mm. Thus, treatment with TXA707 increases the percentage of cells in
which FtsZ has formed visible ring-shaped structures by 2.4-fold (from 16% to 39%) rel-
ative to vehicle treatment (Fig. 1I). Relative to vehicle, treatment with TXA707 does not
induce a significant change in the percentage of cells in which FtsZ is localized to the
cell periphery (from 25% to 27%).

Impact of TXA707 treatment on the localization of FtsZ relative to that of PBP1,
PBP2, PBP3, PBP4, or PBP2a in MRSA. To understand the impact of FtsZ inhibition on
the localization of the five PBPs in MRSA, we generated MRSA LAC strains expressing
both FtsZ-mCherry as well as sfGFP fusion proteins of PBP1, PBP2, PBP3, and PBP4
(LAC-FChP1GFP, LAC-FChP2GFP, LAC-FChP3GFP, and LAC-FChP4GFP, respectively). In addition,
we also developed an immunofluorescence approach to monitoring the impact of FtsZ
inhibition on the localization of PBP2a in the LAC-FCh strain. The sections that follow
describe our resulting characterizations.

(i) PBP1. Our initial characterizations explored the impact of TXA707 treatment on
MRSA LAC cells expressing FtsZ-mCherry and sfGFP-PBP1 (LAC-FChP1GFP) at its native
locus. In vehicle-treated LAC-FChP1GFP cells (n=919), PBP1 and FtsZ are localized to the
septum at midcell in 42% and 59% of the cells, respectively (see Fig. 2B, D, and I to J).
Most of the nonseptally localized PBP1 and FtsZ are localized to the cell periphery,
with these phenotypes occurring in 49% and 29% of the analyzed cells, respectively
(Fig. 2J). The remainder of the vehicle-treated cells have PBP1 and FtsZ localized in a
more diffuse pattern (9% of the cells in the case of PBP1 and 13% of cells in the case of
FtsZ). Significantly, PBP1 and FtsZ colocalize in the majority (70%) of the vehicle-
treated LAC-FChP1GFP cells (Fig. 2J), with much of this colocalization occurring at the
septum and FtsZ Z-ring structures (as depicted in Fig. 2D and I).

Upon treatment of LAC-FChP1GFP cells (n=535) with TXA707, the average cell diame-
ter increases approximately 2.1-fold from 0.846 0.09 to 1.776 0.27mm (Fig. 2A and E
and Fig. S2), consistent with our observations described above for LAC-FCh cells.
Moreover, TXA707 treatment markedly reduces the percentage of LAC-FChP1GFP cells
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exhibiting septally localized PBP1 from 49% to 2% (Fig. 2J). Instead, PBP1 localizes to
distinct foci across the cell periphery in the majority (59%) of the TXA707-treated cells
analyzed (Fig. 2F and J). Interestingly, FtsZ appears to colocalize to those same periph-
eral foci (Fig. 2G to I). Relative to vehicle, TXA707 treatment is also associated with a
significant increase in the percentage of cells exhibiting a diffuse localization pheno-
type for both PBP1 (from 9% to 39%) and FtsZ (from 13% to 45%) (Fig. 2J). In all, PBP1
and FtsZ colocalize in 65% of the TXA707-treated cells, a behavior consistent with the
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FIG 1 Differential interference contrast (DIC) and fluorescence micrographs of
MRSA LAC-FCh cells treated for 3 h with either DMSO vehicle (A to C) or 4mg/ml
(4� MIC) TXA707 (D to F) just prior to visualization. (C and F) Enlargements of the
regions enclosed by the green and cyan boxes in panels B and E, respectively. (G)
Localization of FtsZ (red) is schematically depicted, with the numbered arrows in
the schematic depiction reflecting the correspondingly numbered arrows in the
fluorescence micrographs. The scale bars for panels A to B and D to E represent
2mm, while those for panels C and F represent 0.5mm. (H) Bar graph showing
the average diameter of the vehicle-treated cells (n= 641) as well as the TXA707-
treated cells (n= 349). (I) Bar graph showing the prevalence of the various FtsZ
phenotypes observed in both vehicle- and TXA707-treated cells. Each percentage
reflects an average of 5 different fields of view, with the number of cells in each
field of view ranging from 56 to 171. In both panels H and I, the indicated error
bars reflect the standard deviation from the mean. The statistical significance of
differences in cell diameter and FtsZ phenotype were analyzed using a one-way
analysis of variance (ANOVA) test. For all figures: ****, P, 0.0001; ***,
0.0001, P, 0.001; **, 0.001, P, 0.01; *, 0.01, P, 0.1.; n.s., not significant, as
reflected by a P value of .0.1.
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two proteins undergoing a similar pattern of mislocalization in response to the FtsZ

inhibitor.
(ii) PBP3. We next explored the impact of TXA707 treatment on MRSA LAC cells

expressing FtsZ-mCherry and sfGFP-PBP3 (LAC-FChP3GFP) at its native locus. A total of
545 vehicle-treated and 326 TXA707-treated LAC-FChP3GFP cells were analyzed. This
analysis revealed similar effects on cell diameter (Fig. S2) as well as on PBP3 and FtsZ
localization phenotype (Fig. 3) to those observed in response to TXA707 treatment of
LAC-FChP1GFP cells. This behavior included marked TXA707-induced reductions in the
septal localization of both PBP3 (from 44% to 3% of cells) and FtsZ (from 58% to 3% of
cells), coupled with significant colocalization (in 60% of TXA707-treated cells) of both
PBP3 and FtsZ present in diffuse and peripheral localization phenotypes (Fig. 3H to J).
These collective results suggest that the FtsZ inhibitor induces a similar pattern of mis-
localization between FtsZ and not only PBP1 but also PBP3.
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FIG 2 (A to H) DIC and fluorescence micrographs of MRSA LAC-FChP1GFP cells
treated for 3 h with either DMSO vehicle (A to D) or 4mg/ml (4� MIC) TXA707 (E
to H) just prior to visualization. (B to D) Insets depict enlargements of the regions
enclosed by the small cyan boxes. (I) Localization of PBP1 (green) and FtsZ (red)
is schematically depicted, with the numbered arrows in the scheme reflecting the
correspondingly numbered arrows in the florescence micrographs. Scale bars for
panels A to H represent 2mm, while those for the insets in panels Bto D
represent 0.5mm. (J) Bar graph showing the prevalence of the various FtsZ and
PBP1 phenotypes observed in both vehicle-treated cells (n= 919) and TXA707-
treated cells (n= 535). Each percentage reflects an average of 5 different fields of
view, with the number of cells in each field of view ranging from 98 to 256. The
indicated error bars reflect the standard deviation from the mean. The statistical
significance of differences in the FtsZ and PBP1 phenotypes were analyzed as
described in the legend to Fig. 1. n.s., not significant.
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(iii) PBP2. We also examined the impact of TXA707 treatment on MRSA LAC cells
expressing FtsZ-mCherry and sfGFP-PBP2 (LAC-FChP2GFP) at its native locus, with a total
of 1,071 vehicle-treated cells and 368 TXA707-treated cells being analyzed. The pat-
terns of observed changes in cell diameter (Fig. 4A and E and Fig. S2) and FtsZ localiza-
tion (Fig. 4C, G, I, and J) in response to TXA707 treatment were similar to those
described above in our studies of LAC-FChP1GFP and LAC-FChP3GFP cells. In vehicle-
treated LAC-FChP2GFP cells, PBP2 localizes to the septum at midcell in 38% of the ana-
lyzed cells and the cell periphery in 57% of the cells (Fig. 4B, F, and J). Very few (2%) of
the vehicle-treated cells analyzed exhibit a phenotype in which PBP2 localizes in a dif-
fuse pattern (Fig. 4J). PBP2 colocalizes with FtsZ in just over 2/3 (69%) of the vehicle-
treated cells (Fig. 4D, I, and J). Treatment with TXA707 induces a significant decrease
(from 38% to 0.2%) in cells exhibiting septally localized PBP2 and a concomitant
increase (from 2% to 45%) in cells exhibiting a diffuse PBP2 phenotype in which multi-
ple foci of PBP2 are distributed throughout large regions of the cell (Fig. 4F, I, and J).
The percentage of cells in which PBP2 is localized to foci along the cell periphery does
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FIG 3 (A to H) DIC and fluorescence micrographs of MRSA LAC-FChP3GFP cells
treated as described in the legend for panels A to H in Fig. 2. (I) Localization of
PBP3 (green) and FtsZ (red) is schematically depicted, with the numbered arrows
in the scheme reflecting the correspondingly numbered arrows in the florescence
micrographs. Scale bars for panels A to H represent 2mm. (J) Bar graph showing
the prevalence of the various FtsZ and PBP3 phenotypes observed in both
vehicle-treated cells (n=545) and TXA707-treated cells (n= 326). Each percentage
reflects an average of 5 different fields of view, with the number of cells in each
field of view ranging from 48 to 136. The indicated error bars reflect the standard
deviation from the mean. The statistical significance of differences in the FtsZ
and PBP3 phenotypes were analyzed as described in the legend to Fig. 1.
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not change significantly upon TXA707 treatment (Fig. 4J). While PBP2 and FtsZ colocal-
ize in a significant percentage (69%) of vehicle-treated cells, the two proteins colocalize
in only 35% of TXA707-treated cells (Fig. 4D, H, to J). Thus, contrary to our observations
described above for PBP1 and PBP3, the mislocalization of PBP2 in response to TXA707
treatment appears independent of FtsZ mislocalization. A similar behavior for PBP2
was previously reported by Tan et al. upon treatment with the FtsZ inhibitor PC190723
(25).

(iv) PBP4.We next characterized the effects of vehicle relative to TXA707 treatment
on MRSA LAC cells (n=300 and 326, respectively) expressing FtsZ-mCherry and sfGFP-
PBP4 (LAC-FChP4GFP) at its native locus. The overall impact of TXA707 treatment on
LAC-FChP4GFP cell diameter (Fig. 5A and E and Fig. S2) and FtsZ localization (Fig. 5C, G, I,
and J) was similar to that observed in LAC-FChP1GFP, LAC-FChP2GFP, and LAC-FChP3GFP
cells. Like PBP1, PBP2, and PBP3, PBP4 localizes to the septum in a significant percent-
age (55%) of vehicle-treated cells while localizing in a more diffuse pattern in a much
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FIG 4 (A to H) DIC and fluorescence micrographs of MRSA LAC-FChP2GFP cells
treated as described in the legend for panels A to H in Fig. 2. (I) Localization of
PBP2 (green) and FtsZ (red) is schematically depicted, with the numbered arrows
in the scheme reflecting the correspondingly numbered arrows in the florescence
micrographs. Scale bars for panels A to H represent 2mm. (J) Bar graph showing
the prevalence of the various FtsZ and PBP2 phenotypes observed in both
vehicle-treated cells (n= 1,071) and TXA707-treated cells (n= 368). Each
percentage reflects an average of 5 different fields of view, with the number of
cells in each field of view ranging from 44 to 247. The indicated error bars reflect
the standard deviation from the mean. The statistical significance of differences in
the FtsZ and PBP2 phenotypes were analyzed as described in the legend to Fig.
1. n.s., not significant.
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smaller percentage (11%) of cells (Fig. 5B, I, and J). PBP4 localizes to the cell periphery
in approximately 1/3 (33%) of the vehicle-treated cells (Fig. 5J). The extent to which
PBP4 colocalizes with FtsZ in vehicle-treated cells is significant, with 75% of the ana-
lyzed cells exhibiting this phenotype (Fig. 5D, I, and J).

Upon TXA707 treatment, PBP4 relocalizes away from the septum to distinct foci
along the cell periphery (Fig. 5F, I, and J). In this connection, the percentage of cells
exhibiting the septal PBP4 phenotype decreases from 55% to 0.9%, while the percent-
age of cells exhibiting the peripheral PBP4 phenotype increases from 33% to 89% (Fig.
5J). TXA707 treatment is also associated with a marked reduction in the observed
colocalization of PBP4 and FtsZ, with the percentage of cells exhibiting this phenotype
decreasing from 75% in vehicle-treated cells to 15% in TXA707-treated cells. Viewed as
a whole, our characterizations of LAC-FChP1GFP, LAC-FChP2GFP, LAC-FChP3GFP, and LAC-
FChP4GFP suggest that the mislocalization of FtsZ in response to treatment with the FtsZ
inhibitor coincides with the mislocalization of PBP1 and PBP3 but appears independent
of the mislocalization of PBP2 and PBP4.
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FIG 5 (A to H) DIC and fluorescence micrographs of MRSA LAC-FChP4GFP cells
treated as described in the legend for panels A to H in Fig. 2. (I) Localization of
PBP4 (green) and FtsZ (red) is schematically depicted, with the numbered arrows
in the scheme reflecting the correspondingly numbered arrows in the florescence
micrographs. Scale bars for panels A to H represent 2mm. (J) Bar graph showing
the prevalence of the various FtsZ and PBP4 phenotypes observed in both
vehicle-treated cells (n= 300) and TXA707-treated cells (n= 326). Each percentage
reflects an average of 3 to 5 different fields of view, with the number of cells in
each field of view ranging from 56 to 162. The indicated error bars reflect the
standard deviation from the mean. The statistical significance of differences in
the FtsZ and PBP4 phenotypes were analyzed as described in the legend to Fig. 1.
n.s., not significant.
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(v) PBP2a. We next explored the impact of TXA707 treatment on the relative local-
ization of PBP2a and FtsZ in MRSA LAC cells expressing FtsZ-mCherry (LAC-FCh). We
used an anti-MRSA monoclonal antibody and immunofluorescence to visualize PBP2a
in these studies since fluorescent fusion forms of PBP2a were nonfunctional. Prior to
utilizing the antibody in our immunofluorescence microscopy experiments, we verified
its selectivity for PBP2a by Western blotting using purified PBP2a as well as cell lysates
of MRSA LAC, MSSA RN4220, and Escherichia coli BL21(DE3) engineered to express S.
aureus PBP1, PBP2, PBP3, PBP4, or PBP2a. Significantly, this analysis (the results of
which are shown in Fig. S3) confirmed the selectivity of the anti-MRSA antibody for
PBP2a, with no observed cross-reactivity with PBP1, PBP2, PBP3, or PBP4.

Figure 6 shows the results of our immunofluorescence microscopy studies probing
the impact of TXA707 on the localization of PBP2a and FtsZ in LAC-FCh cells (n=536 for
vehicle treatment and 315 for TXA707 treatment). In marked contrast to the behavior
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FIG 6 (A to H) DIC and fluorescence micrographs of MRSA LAC-FCh cells treated
for 3 h with either DMSO vehicle (A to D) or 4mg/ml (4� MIC) TXA707 (E to H),
followed by immunostaining using a PBP2a-specific monoclonal mouse antibody
and a goat anti-mouse Alexa Fluor 488-conjugated secondary antibody prior to
visualization. (I) Localization of PBP2a (green) and FtsZ (red) is schematically
depicted, with the numbered arrows in the scheme reflecting the correspondingly
numbered arrows in the florescence micrographs. Scale bars for panels A to H
represent 2mm. (J) Bar graph showing the prevalence of the various FtsZ and
PBP2a phenotypes observed in both vehicle-treated cells (n= 536) and TXA707-
treated cells (n= 315). Each percentage reflects an average of 5 different fields of
view, with the number of cells in each field of view ranging from 29 to 116. The
indicated error bars reflect the standard deviation from the mean. The statistical
significance of differences in the FtsZ and PBP2a phenotypes were analyzed as
described in the legend to Fig. 1. n.s., not significant; n.o., none observed.
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of PBP1, PBP2, PBP3, and PBP4 in vehicle-treated cells, PBP2a does not localize to the
septum at midcell, with none of the analyzed cells exhibiting this phenotype (Fig. 6B, I,
and J). Instead, PBP2a localizes to distinct foci across the cell periphery in the vast ma-
jority (85%) of vehicle-treated cells and in a more diffuse pattern in the remaining cells.
As expected, FtsZ localizes to the septum in a significant percentage (48%) of vehicle-
treated cells while localizing to foci in the cell periphery or in a diffuse pattern in 22%
and 30% of the cells, respectively (Fig. 6C, I, and J). Significantly, none of the 536 vehi-
cle-treated cells analyzed exhibit a phenotype in which FtsZ and PBP2a are colocalized
(Fig. 6D, I, and J).

In response to TXA707 treatment, PBP2a localizes to an increased number of
foci along the periphery of the enlarged cell (Fig. 6F and I), with the overall per-
centage of cells exhibiting peripherally localized PBP2a (81%) being similar to the
85% observed with vehicle treatment (Fig. 6J). As expected, the prevalence of cells
in which FtsZ is localized to the septum decreases markedly (from 48% to 8%) with
TXA707 treatment (Fig. 6C, G, I, and J). TXA707 treatment is also associated with
FtsZ localization to foci in the cell periphery in 62% of the cells (Fig. 6J). As
observed with vehicle treatment, none of the 315 TXA707-treated cells analyzed
exhibit a phenotype in which FtsZ and PBP2a are colocalized (Fig. 6H to J). Even
when both proteins are localized to the cell periphery, FtsZ and PBP2a appear to
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FIG 7 (A to L) DIC and fluorescence micrographs of MRSA LAC-FCh cells treated for 3 h with
either 2mg/ml (1/32� MIC) oxacillin (A to D), 0.5mg/ml (1/2� MIC) TXA707 (E to H), or a
combination of 2mg/ml oxacillin and 0.5mg/ml TXA707 (I to L), followed by immunostaining
of PBP2a as described in the legend to Fig. 6. (M) Localization of PBP2a (green) and FtsZ
(red) is schematically depicted, with the numbered arrows in the scheme reflecting the
correspondingly numbered arrows in the florescence micrographs. Scale bars for panels A to
L represent 2mm.

Ferrer-González et al. Journal of Bacteriology

August 2021 Volume 203 Issue 16 e00204-21 jb.asm.org 10

https://jb.asm.org


form foci distinct from one another (as exemplified by the cell denoted with arrow
2 in Fig. 6F to I). Like the behavior noted above for PBP2 and PBP4, the relocaliza-
tion of PBP2a resulting from TXA707 treatment appears to be independent of the
corresponding relocalization of FtsZ.

Impact of treatment with the synergistic combination of TXA707 and oxacillin
on cell morphology as well as on the localization of FtsZ, PBP2a, and PBP2. FtsZ
inhibitors have been shown to sensitize MRSA to b-lactam antibiotics, resulting in a
synergistic antibacterial effect (13, 15, 25, 40, 41). We sought to examine how treat-
ment of MRSA LAC-FCh cells with a sub-MIC of TXA707 alone, oxacillin alone, or a com-
bination of both TXA707 and oxacillin impacts cell morphology as well as the localiza-
tion of FtsZ and PBP2a.

We first compared cells treated with 2mg/ml (1/32� MIC) oxacillin alone (n=835)
relative to cells treated with vehicle (n=535). Oxacillin-treated cells are associated with
an average diameter of 1.306 0.17mm, a 1.5-fold increase relative to that associated
with vehicle-treated cells (0.866 0.13mm) (Fig. 7A and Fig. 8A). In response to oxacillin
treatment, PBP2a localizes to the septum at midcell (as exemplified by the cell denoted
with arrow 2 in Fig. 7B and M) in 15% of the 835 cells analyzed (Fig. 8B). Significantly,
this behavior markedly contrasts that associated with vehicle treatment, where none
of the 535 analyzed cells exhibit septally localized PBP2a (Fig. 8B). Thus, treatment with
oxacillin appears to induce the relocalization of PBP2a to the septum in a statistically
significant percentage of cells. In addition, we observe oxacillin-treated cells in which
PBP2a is localized to specific sites around the cell periphery (as indicated by the cell
denoted with arrow 1 in Fig. 7B and M), although the prevalence of this PBP2a pheno-
type is markedly reduced (from 85% to 25%) relative to vehicle-treated cells (Fig. 8B).
PBP2a localizes in a more diffuse pattern in 60% of oxacillin-treated cells, a rise of 45%
over the vehicle treatment condition (Fig. 8B). FtsZ localization to the septum is
reduced in response to oxacillin treatment, with a concomitant increase in the diffuse
FtsZ phenotype (Fig. 7C and M and Fig. 8B). Significantly, in striking contrast to the ab-
sence of colocalization in vehicle-treated cells, FtsZ colocalizes with PBP2a in 10% of
the 835 oxacillin-treated cells analyzed (Fig. 8B), with this colocalization occurring

FIG 8 Quantification of the cell diameter, FtsZ phenotype, and PBP2a phenotype
results of the microscopy experiments depicted in Fig. 7. (A) Bar graph showing
the average diameter of the vehicle-treated cells (n= 535), oxacillin-treated cells
(n= 835), TXA707-treated cells (n= 270), and the cells treated with a combination
of both oxacillin and TXA707 (n= 239). (B) Bar graph showing the prevalence of
the various FtsZ and PBP2a phenotypes observed in the different treatment
groups. Each percentage reflects an average of 5 to 6 different fields of view,
with the number of cells in each field of view ranging from 28 to 325. In both
panels A and B, the indicated error bars reflect the standard deviation from the
mean. The statistical significance of differences in cell diameter, FtsZ phenotype,
and PBP2a phenotype were analyzed as described in the legend to Fig. 1. n.s.,
not significant; n.o., none observed.
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almost exclusively in cells where both PBP2a and FtsZ are septally localized (as indi-
cated by the cell denoted with arrow 2 in Fig. 7D and M).

Treatment with 0.5mg/ml (1/2� MIC) TXA707 alone results in enlarged cells (aver-
age diameter, 1.526 0.34mm) (Fig. 8A), some with oblong shapes (Fig. 7E and M), a
behavior similar to that observed upon treatment with 4mg/ml TXA707 (Fig. 6E and
M). Interestingly, Pinho and coworkers observed a similar oblong-shaped morphology
in untreated MRSA cells expressing an FtsZ variant containing the G193D mutation
(43). The localization patterns for FtsZ and PBP2a observed upon treatment with
0.5mg/ml TXA707 (Fig. 7F to H) were comparable to those observed with 4mg/ml
TXA707 treatment, with very few cells exhibiting a septal PBP2a phenotype or colocali-
zation between PBP2a and FtsZ (Fig. 8B).

Remarkably, cotreatment with a combination of both 2mg/ml oxacillin and 0.5mg/
ml TXA707 yields unique morphological changes and localization patterns for both
FtsZ and PBP2a relative to those observed upon treatment with either agent alone.
Specifically, the combination treatment causes many cells to adopt oblong shapes (Fig.
7I to M), though smaller in size (average diameter, 1.176 0.24mm) than those
observed with TXA707 treatment alone (Fig. 8A). The smaller size of the combination-
treated cells relative to the cells treated with 0.5mg/ml TXA707 alone may reflect the
synergistic bactericidal activity of oxacillin in combination with TXA707, with this com-
bination inducing a greater rate of kill than either agent alone (41). This enhanced bac-
tericidal activity may preclude the combination-treated cells from ever attaining the
size induced by treatment with TXA707 alone. In 52% of the 239 combination-treated
cells analyzed (Fig. 8B), PBP2a appears to localize into distinct curved structures across
the cell periphery (as indicated by the cells denoted with arrows 5 and 6 in Fig. 7J and
M) while also localizing to the septum in 24% of the combination-treated cells. FtsZ
colocalizes with PBP2a in many (38%) of these cells (Fig. 7L and M and Fig. 8B).

To gain further insight into the behavior of MRSA LAC-FCh cells in response to
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C
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D

Vehicle TXA707 (0.5 µg/mL)

Oxacillin (2 µg/mL) Combination

FIG 9 Transmission electron micrographs of MRSA LAC-FCh cells treated
for 3 h with either vehicle (A), 0.5mg/ml TXA707 alone (B), 2mg/ml
oxacillin alone (C), or 0.5mg/ml TXA707 in combination with 2mg/ml
oxacillin (D). Scale bars for represent 0.2mm. The white arrows in panels
A and C highlight septa in dividing cells, while the white arrows in panels
B and D highlight incomplete or aberrant septal structures. The yellow
arrow in panel B highlights a bleb resulting from an aberrant attempt at
division.
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cotreatment with the synergistic combination of oxacillin and TXA707, we sought to
correlate our DIC and fluorescence microscopy results shown in Fig. 7 with correspond-
ing transmission electron microscopy (TEM) studies. In these studies, the total number
of cells analyzed in each treatment condition were 55 for DMSO vehicle, 42 for TXA707
alone at 0.5mg/ml (1/2� MIC), 56 for oxacillin alone at 2mg/ml (1/32� MIC), and 53 for
the combination of 2mg/ml oxacillin and 0.5mg/ml TXA707. Cells treated with vehicle
are round and divide normally, forming well-defined straight septa at midcell averag-
ing approximately 40.5 nm in width (Fig. 9A and 10). Treatment with TXA707 alone
causes the cells to enlarge significantly and disrupts the ability of the cells to generate
a normal septum (Fig. 9B). Approximately 48% of the TXA707-treated cells analyzed
appear to undergo multiple attempts at generating a septal structure but are unable
to complete the fully formed septum. The incomplete septal structures induced by
TXA707 treatment (highlighted by the white arrows in Fig. 9B) are similar in width
(averaging 41.2 nm) to the septa formed in the presence of vehicle (Fig. 10A), with 76%
of these structures being straight and 24% being curved (Fig. 10B). Aberrant attempts
at division in TXA707-treated cells can also result in the formation of blebs (as high-
lighted by the yellow arrow in Fig. 9B) and a significant percentage (66%) of oblong-
shaped cells (Fig. 10C). Eighty-six percent of the cells treated with oxacillin alone were
round (Fig. 9C and 10C), though they appear larger in size than vehicle-treated cells.
The oxacillin-treated cells are still able to form complete straight septa 96% of the time
(Fig. 9C and 10B). However, the septa in oxacillin-treated cells are approximately 2.5
times thicker than those in vehicle-treated cells (compare Fig. 9A and C), averaging
100.4 nm in width (Fig. 10A). Cotreatment with the combination of TXA707 and oxa-
cillin yields a significant percentage (73%) of blebbed and oblong-shaped cells (Fig.
9D and 10C), with 66% of the cells exhibiting multiple thick septum-like structures
(as highlighted by the arrows in Fig. 9D) averaging 128.7 nm in width (Fig. 10A).
Seventy-two percent of these septum-like structures are highly curved and irregular
(Fig. 9D and 10B), similar in nature to the curved PBP2a structures observed in our

FIG 10 Quantification of septal structure width (A), septal structure phenotype
(B), and cell shape (C) for the results of the TEM experiments depicted in Fig. 9.
(A) Bar graph showing the average septal structure width with vehicle treatment
(n= 55), oxacillin treatment (n= 72), TXA707 treatment (n= 78), or treatment with
a combination of both oxacillin and TXA707 (n= 106). (B) Bar graph showing the
prevalence of the septal structure phenotype (straight versus curved) observed in
the different treatment groups. (C) Bar graph showing the prevalence of the cell
shape (round versus oblong) observed in the different treatment groups (n= 55
for vehicle, n= 56 for oxacillin alone, n= 42 for TXA707 alone, and n= 53 for the
combination). In both panels B and C, each percentage reflects an average of 14
to 18 different fields of view, with the indicated error bars reflecting the standard
deviation from the mean. The statistical significance of differences in septal
structure width, septal structure phenotype, and cell shape were analyzed as
described in the legend to Fig. 1. n.s., not significant; n.o., none observed.
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immunofluorescence micrographs of MRSA LAC-FCh cells treated with the same com-
bination of agents (Fig. 7J and M).

We also examined the impact of treatment with 2mg/ml oxacillin alone or in
combination with 0.5mg/ml TXA707 on the relative localization of PBP2 and FtsZ in
MRSA LAC-FChP2GFP cells. Both treatment conditions result in FtsZ localization pat-
terns (Fig. S4) similar to those observed in our immunofluorescence studies of
MRSA LAC-FCh cells (Fig. 7 and 8). PBP2 localizes to the septum in 33% of the cells
(n = 406) treated with oxacillin alone (Fig. S4B, I, and K). This behavior is consistent
with that previously observed by Pinho and Errington, who demonstrated that
b-lactam treatment yields septal localization of PBP2 in MRSA but not MSSA cells
(44). PBP2 also localizes to foci in the cell periphery in 54% of the oxacillin-treated
cells analyzed, with the prevalence of both peripheral and septal PBP2 being simi-
lar in oxacillin-treated relative vehicle-treated cells (Fig. S4). PBP2 colocalizes with
FtsZ in 51% of the oxacillin-treated cells (Fig. S4D and K), compared to 69% in the
vehicle treatment condition. Relative to treatment with oxacillin alone, treatment
of MRSA LAC-FChP2GFP cells (n = 432) with a combination of both 2mg/ml oxacillin
and 0.5mg/ml TXA707 results in a significant reduction (from 33% to 11%) in the
prevalence of PBP2 localized to the septum coupled with an increase (from 54% to
72%) in the prevalence of PBP2 localized to foci in the cell periphery (Fig. S4).
Colocalization of PBP2 and FtsZ is also markedly reduced (from 51% to 28%) with
combination relative to oxacillin treatment (Fig. S4D, H, I, and K).

DISCUSSION

FtsZ and the PBPs are key components of the divisome machinery that play impor-
tant roles in septum formation and cell division (32, 33, 45). FtsZ inhibitors have been
shown to act synergistically with PBP-targeting b-lactam antibiotics against MRSA,
effectively resensitizing MRSA to the b-lactams (13, 15, 25, 40, 41). To further our
understanding of the basis for this behavior, we examined the impact of the FtsZ inhib-
itor TXA707 on the relative localization of FtsZ and the five PBPs in MRSA (PBP1, PBP2,
PBP3, PBP4, and PBP2a). To this end, we genetically engineered MRSA LAC to express
an FtsZ-mCherry fusion protein and an sfGFP fusion form of PBP1, PBP2, PBP3, or PBP4.
We also developed an immunofluorescence approach for monitoring the localization
of PBP2a in MRSA LAC expressing FtsZ-mCherry.

In MRSA cells treated with DMSO vehicle, PBP1, PBP2, PBP3, and PBP4 are recruited
to FtsZ Z-rings formed at the midcell septum (Fig. 2 and 5), consistent with previous
reports suggesting that all four PBPs are involved in cell wall synthesis at the septum
during cell division (46–51). In striking contrast, PBP2a does not localize to the septum
but, rather, to distinct foci around the cell periphery (Fig. 6). This observation suggests
that under vehicle-treated conditions, PBP2a is not involved in new cell wall synthesis
at the septa of MRSA cells. Instead, it may be functioning in cell wall maintenance and
repair around the cell periphery. García-Fernández et al. have demonstrated that
PBP2a is localized in lipid rafts in MRSA cell membranes (52). This observation, coupled
with our results, suggests that the PBP2a may be localized in depots around the cell
periphery where it is available to act in response to conditions encountered by the cell
that compromise the cell wall.

Upon treatment with TXA707, septum formation and cell division are disrupted,
with FtsZ and PBP1, PBP2, PBP3, and PBP4 being mislocalized away from midcell (Fig. 2
and 5). PBP1 and PBP3 relocalize to distinct foci across the cell periphery, with FtsZ
colocalizing to these same foci in 60% to 65% of the cells analyzed (Fig. 2 and 3). This
colocalization suggests that PBP1 and PBP3 may function in maintaining septal integ-
rity through direct or indirect linkage with FtsZ. In contrast to the behavior of PBP1
and PBP3, PBP2 and PBP4 do not significantly colocalize with FtsZ in response to FtsZ
inhibition with TXA707, exhibiting a colocalization phenotype in only 15% to 35% of
the analyzed cells. Instead, PBP2 and PBP4 appear to localize in foci across the cell pe-
riphery that are distinct from those in which FtsZ has localized (Fig. 4 and 5). Pinho and
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Errington observed a similar behavior for PBP2 in methicillin-sensitive S. aureus (MSSA)
cells in which cell division had been disrupted through depletion of FtsZ (53). The
authors speculated that PBP2 plays a major role in the cell wall remodeling and repair
necessitated by the enlarged cell resulting from the block of cell division. Our results
suggest that both PBP2 and PBP4 are involved in such a cell wall remodeling and
repair process induced by FtsZ inhibition with TXA707. Interestingly, this process does
not appear to be coordinated by FtsZ.

In response to TXA707 treatment, PBP2a localizes to an increased number of foci
around the periphery of the enlarged cell (Fig. 6). This behavior suggests that PBP2a
may play a similar role to PBP2 and PBP4 in response to FtsZ inhibition, a function
geared toward cell wall remodeling, maintenance, and repair necessitated by a disrup-
tion of cell division. Łęski and Tomasz have previously demonstrated that PBP2, PBP4,
and PBP2a act cooperatively during cell wall synthesis in MRSA (47). The similar behav-
iors we observe for PBP2, PBP4, and PBP2a upon FtsZ inhibition with TXA707 are con-
sistent with the three PBPs having cooperative roles in cell wall maintenance and
repair in the enlarged cells.

To further explore the mechanism of synergy between FtsZ inhibitors and b-lactam
antibiotics against MRSA, we investigated the impact of treatment with sub-MICs of
TXA707 alone, oxacillin alone, or a combination of both agents on the localization of
FtsZ and PBP2a. Upon treatment with oxacillin alone at 1/32� MIC, PBP2a relocalizes
to the septum at midcell (Fig. 7 and 8), suggesting that PBP2a can indeed participate
in new cell wall formation at the septum, but only in the presence of a b-lactam antibi-
otic. Although this behavior was observed in only 15% of the cells analyzed, its preva-
lence would be more than sufficient to confer MRSA with resistance to b-lactams. In
addition to this localization phenotype, PBP2a also localizes to multiple locations
across the cell periphery, suggesting that it is also involved in peripheral cell wall main-
tenance in response to b-lactam treatment.

Treatment with a synergistic combination of TXA707 and oxacillin yields a unique
phenotype in which PBP2a now forms discrete curved structures across the cell periph-
ery that colocalize with FtsZ in 38% of the cells analyzed (Fig. 7J to M and Fig. 8B). This
behavior differs from that observed upon treatment with vehicle, TXA707 alone, or
oxacillin alone. We further explored this behavior using TEM. TEM micrographs of
MRSA cells treated with oxacillin alone revealed a substantial thickening of the septa
(Fig. 9C and Fig. 10A). Recent studies by Müller et al. have indicated that PBP2a is asso-
ciated with weak transpeptidase activity, making it a poor cross-linker of peptidogly-
cans in the bacterial cell wall (54). The thickening of the septa we observe in response
to oxacillin treatment may reflect the poor cross-linking activity of PBP2a, which would
result in a septal cell wall with reduced structural density. Additional layers of peptido-
glycan would have to be incorporated into the septal cell wall to compensate for the
reduced structural integrity, thereby resulting in a thickening of the septum. As both
PBP2 and PBP2a are recruited to the septum upon treatment with oxacillin (Fig. 7 and
8; see Fig. S4 in the supplemental material), it is likely that the two proteins act collabo-
ratively in the synthesis of new septal cell wall. This hypothesis is supported by

TABLE 1 List of genetically modified MRSA LAC strains expressing fluorescence fusion forms
of FtsZ and different PBPs

Strain Relevant characteristicsa

LAC-FCh LAC attB::[pLL39 Pspac-ftsZ-mCherry lacI Tetr] pCM11-lacI Ermr

LAC-FChP1GFP LAC-FCh DpbpA::sfgfp-pbpA
LAC-FChP2GFP LAC-FCh DpbpB::sfgfp-pbpB
LAC-FChP3GFP LAC-FCh DpbpC::sfgfp-pbpC
LAC-FChP4GFP LAC-FCh DpbpD::pbpD-sfgfp
LAC-P2ACh-1 LAC DmecA::mecA-mCherry
LAC-P2ACh-2 LAC DmecA::mCherry-mecA
aErm, erythromycin; Tet, tetracycline.
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previous studies suggesting that PBP2a complements the loss of PBP2 transpeptidase
activity upon acylation by a b-lactam antibiotic (39, 44, 47).

TEM micrographs of MRSA cells treated with a synergistic combination of oxacillin
and TXA707 (Fig. 9 and 10) reveal a similar pattern to that observed in our immunoflu-
orescence studies (Fig. 7). In these TEM micrographs, we observe the formation of pre-
dominantly oblong-shaped cells with thick, curved, septum-like structures (Fig. 9D and
Fig. 10) that are largely absent in cells treated with either vehicle, oxacillin alone, or
TXA707 alone (Fig. 10B). As noted above, the thick septa observed in the presence of
oxacillin may reflect a cell wall with reduced structural density resulting from the poor
cross-linking activity of PBP2a. Such septal structures may thus be predisposed to
adopt curvature in response to combination treatment with both oxacillin and
TXA707.

The unique behavior associated with the response to the combination treatment
provides insight into how FtsZ inhibitors can sensitize MRSA to b-lactam antibiotics.
With PBP2a now localizing in the curved septal-like structures that arise in response to
the combination treatment, it is less available to function in peripheral cell wall mainte-
nance and repair in cooperation with PBP2, which can be targeted, to at least some
degree, by the b-lactam itself. As a result, the cell would become sensitive to the b-lac-
tam, particularly b-lactams that target PBP2 with a high affinity. This hypothesis is con-
sistent with that previously suggested by Tan et al. (25), as well as with our previous
studies demonstrating that FtsZ inhibitors synergize to the greatest extent with b-lac-
tams like oxacillin that target PBP2 with a high affinity (41). By simultaneously interfer-
ing with the ability of critical PBPs (like PBP2 and PBP2a) to function in cell wall mainte-
nance and repair in response to disrupted cell division, combinations of b-lactams and
FtsZ inhibitors render MRSA cells more susceptible to the bactericidal effects of the
b-lactams (25).

MATERIALS ANDMETHODS
Bacterial strains and other reagents. S. aureus RN4220 (MSSA) and MRSA LAC were provided by

the Network on Antimicrobial Resistance in Staphylococcus aureus (NARSA) for distribution by BEI
Resources, NIAID, and NIH. E. coli NEB5a was obtained from New England Biolabs. All the MRSA LAC
strains expressing fluorescent fusion forms of FtsZ and different PBPs (listed in Table 1) were generated
as described below. The PBP2a-specific monoclonal antibody mouse anti-MRSA was obtained from
RayBiotech (product code 130-10096-20), and the goat anti-mouse Alexa Fluor 488-conjugated antibody
was from Thermo Fisher. Tryptic soy broth (TSB), tryptic soy agar (TSA), cation-adjusted Mueller-Hinton
(CAMH) medium, and Luria-Bertani (LB) medium were obtained from Becton, Dickinson. Ampicillin so-
dium salt, oxacillin sodium salt, cephalexin monohydrate, erythromycin, chloramphenicol, isopropyl-
b-D-1-thiogalactopyranoside (IPTG), Tween 20, bovine serum albumin (BSA), and high-resolution agarose
were from Sigma. Cefotaxime and ceftriaxone sodium salts were from Toku-E. Phosphate-buffered saline
(PBS) was obtained from Lonza. TXA707 was synthesized as previously described (18).

Generation of MRSA LAC strains expressing fluorescent fusion forms of FtsZ and different
PBPs. Fluorescent fusion proteins were cloned in MRSA LAC using the general strategy outlined below.
The plasmids listed in Table S2 in the supplemental material were propagated in E. coli NEB5a in the
presence of the appropriate antibiotic for each given plasmid. The plasmids were then isolated and puri-
fied using the Monarch plasmid miniprep kit (New England Biolabs) and subsequently introduced into
electrocompetent S. aureus RN4220 cells as previously described (55). Bacteriophage 80a was used to
transduce (56) the plasmids from S. aureus RN4220 into MRSA LAC-FCh, an MRSA strain that we previ-
ously generated (57) containing an ectopic ftsZ-mCherry fusion gene under the control of an IPTG-induc-
ible promoter. The MRSA LAC-FCh strains expressing the fluorescent fusion form of sfGFP-PBP1, sfGFP-
PBP2, sfGFP-PBP3, or PBP4-sfGFP (LAC-FChP1GFP, LAC-FChP2GFP, LAC-FChP3GFP, and LAC-FChP4GFP, respec-
tively) were constructed by allelic replacement utilizing the pJB38 vector (58). In each case, DNA frag-
ments P1, P2, and P3 (see Table S3) that contain complementary overhangs were PCR amplified using
Q5 High-Fidelity DNA polymerase (New England Biolabs). The resulting amplified fragments were then
combined in equimolar quantities with the pJB38 vector, previously linearized by PCR using primers
pJB38-F and pJB38-R (Table S4). All four DNA fragments were then joined using the NEBuilder HiFi DNA
assembly kit (New England Biolabs), with each resulting construct being verified by sequencing.

The integration of the pJB38 constructs into the MRSA LAC-FCh chromosome and subsequent exci-
sion were achieved through a double recombination process, leading to an allelic exchange (58, 59).
Briefly, transductants containing the pJB38-derived constructs were maintained at the replication-per-
missive temperature of 30°C for plasmid maintenance and confirmation and then frozen down. To initi-
ate recombination, frozen stocks of the transductants were streaked onto TSA plates supplemented with
30mg/ml chloramphenicol and 10mg/ml erythromycin and then incubated overnight at 44°C. Large col-
onies reflecting clones that had undergone a single recombination event were restreaked onto TSA
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plates supplemented with 30mg/ml chloramphenicol and 10mg/ml erythromycin and then incubated
overnight at 44°C. These single recombinants were then inoculated into 5ml of TSB and incubated at
30°C in the absence of chloramphenicol to promote a second round of recombination and subsequent
plasmid loss. After consecutive passages over 5 days at 30°C, the cultures were then serially diluted and
plated onto TSA plates supplemented with 100 ng/ml anhydrotetracycline and 10mg/ml erythromycin.
To identify cells that had undergone a second recombination event and subsequent loss of the plasmid,
the resulting colonies were replica patched onto TSA plates supplemented with 10mg/ml erythromycin
alone, as well as onto TSA plates supplemented with both 10mg/ml erythromycin and 30mg/ml chlor-
amphenicol. Chloramphenicol-sensitive colonies were screened by PCR to verify the presence of the
appropriate allele utilizing the forward primer for the P1 DNA fragment and the reverse primer for the
P3 DNA fragment (listed in Table S3 for each denoted strain). The MRSA LAC strains expressing the fluo-
rescent fusion form of PBP2a-mCherry or mCherry-PBP2a (LAC-P2ACh-1 and LAC-P2ACh-2, respectively)
were generated using a similar strategy to that described above, with the exception that wild-type
MRSA LAC was used as the recipient strain instead of MRSA LAC-FCh.

Time-dependent growth assay. An exponentially growing culture of each MRSA strain was diluted
in CAMH broth to a final count of 5� 105 CFU/ml. The CFU/ml of each culture at time zero was verified
by plating serial dilutions in duplicate on TSA plates. The cultures were then incubated at 37°C with
shaking in the presence of 100 nM IPTG to induce expression of the ftsZ-mCherry gene when present.
The CFU/ml in each culture was determined over time by withdrawing samples at time points ranging
from 3 to 24 h and then plating appropriate serial dilutions onto TSA plates. All TSA plates were incu-
bated at 37°C for 24 h and the CFU/ml at each time point determined.

MIC assay. MIC assays were conducted in accordance with Clinical and Laboratory Standards
Institute (CLSI) guidelines for broth microdilution (60). Briefly, log-phase MRSA cells were added to 96-
well microtiter plates (at 5� 105 CFU/ml) containing 2-fold serial dilutions of TXA707, oxacillin, ceftriax-
one, cefotaxime, cephalexin, or vancomycin in CAMH broth, with each concentration of antibacterial
agent being present in duplicate. The final volume in each well was 0.1ml, and the microtiter plates
were incubated aerobically for 18 h at 37°C. Bacterial growth was monitored by measuring the optical
density at 600 nm (OD600) using a SpectraMax M2 plate reader (Molecular Devices, Inc.), with the MIC
being defined as the lowest compound concentration at which growth was $90% inhibited.

Differential interference contrast and fluorescence microscopy. Each MRSA strain was grown to
log phase in 5ml of TSB supplemented with 10mg/ml erythromycin and then diluted to an OD600 of 0.1 in
5ml of TSB supplemented with 10mg/ml erythromycin. The log-phase cultures were then treated with
DMSO vehicle, 4mg/ml TXA707 (4� MIC), and 10nM IPTG for 3h at 37°C. Each culture was then centri-
fuged at 15,000� g for 1 min and washed twice with 1ml of PBS. Cells were then resuspended in 200 ml
of PBS. Eight microliters of this final cell suspension were spread on a 0.25-mm layer of 1.5% high-resolu-
tion agarose in PBS, which was mounted on a petrographic 27- by 46- by 1.2-mmmicroscope slide (Ward’s
Natural Science) using a 1.7- by 2.8- by 0.025-cm gene frame (Thermo Fisher). A 24- by 40-mm coverslip
(Azer Scientific) was then applied to the agarose pad in preparation for microscopic visualization.

All differential interference contrast (DIC) and fluorescence microscopy experiments were conducted
using a total internal reflection fluorescence (TIRF) microscope that was custom-built on the basis of a
commercial inverted microscope (Ti-E; Nikon) (61). The microscope was equipped with a high-numeri-
cal-aperture (NA) lens objective (chrome-free infinity [CFI] Apo 100�; NA, 1.49; Nikon), a scientific com-
plementary metal oxide semiconductor (sCMOS) camera (Zyla 4.2; Andor), and the 488-nm Genesis
MX488-1000 STM and 561 nm Genesis MX561-1000 STM excitation lasers (Coherent). For DIC imaging, a
white light LED (LDB101F; Prior) was used along with Nikon’s DIC modules. sfGFP was imaged using 48-
nm laser excitation and a green emission band-pass filter (ET525/50m; Chroma), while mCherry was
imaged using 561-nm laser excitation and an orange emission band-pass filter (ET605/52m; Chroma).
Multichannel images were obtained by triggered acquisition schemes, using acousto-optic tunable filter
(AOTF) (AOTFnC-400.650-TN; Quanta-Tech), transistor-transistor logic signal out of the sCMOS camera, a
data acquisition card (PCIe-7852R; NI), and the Nikon NIS-Elements software. Extra magnification was
achieved using a built-in �1.5 intermediate magnification changer on the microscope. MRSA samples
were first inspected in the DIC channel and then switched to the fluorescence channel to adjust the
focus as well as the excitation laser tilt angle to the optimal TIRF imaging condition. For imaging sfGFP,
the 48-nm laser was used at power settings in the range of 2 to 15 mW, coupled with exposure times
ranging from 80 to 400ms. For imaging mCherry, the 561-nm laser was used at power settings in the
range of 20 to 40mW, coupled with exposure times ranging from 200 to 700ms. The Perfect Focus sys-
tem (Nikon) was used to actively stabilize focus drift while acquiring images.

Characterization of the specificity of the mouse anti-MRSA monoclonal antibody. E. coli BL21
(DE3) strains expressing recombinant forms of PBP1, PBP2, PBP3, or PBP4 from S. aureus (SaPBP1,
SaPBP2, SaPBP3, and SaPBP4, respectively) were generated as described previously (41). S. aureus PBP2a
(SaPBP2a) was cloned and expressed in E. coli BL21(DE3) as detailed in the supplemental material. For
the expression of recombinant SaPBP1, SaPBP2, SaPBP3, SaPBP4, and SaPBP2a, each E. coli strain was cul-
tured overnight at 37°C in LB broth and then diluted 1:100 into 10ml of LB broth. These cultures were
then grown at 37°C to an OD600 of 0.3, whereupon PBP expression was induced by the addition of 1mM
IPTG and subsequent incubation for 3 h at 37°C. Overnight cultures of MRSA LAC and MSSA RN4220 cells
were diluted 1:10 into in TSB and grown for 3h at 37°C. The MRSA and MSSA cells were then lysed by addi-
tion of lysostaphin (Sigma) at a concentration of 1mg/ml and subsequent incubation for 1 h at 37°C.

All the E. coli, MRSA, and MSSA samples were then washed twice with 500 ml of PBS and resus-
pended in 2ml of PBS. The cells were sonicated for 5 min at 0°C using a Qsonica Q500 sonicator
(equipped with a 1/8-inch probe) with an on/off cycle of 10 s and amplitude set at 10%. The total protein
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concentration in each cell lysate was then quantified using a Pierce bicinchoninic acid (BCA) protein
assay kit (Thermo Fisher). A 12% SDS-PAGE gel (Bio-Rad) was loaded with 5ml of 0.5mg/ml purified
recombinant SaPBP2a and 5ml of 500mg total protein/ml from each cell lysate. Western blotting was
conducted using standard procedures, followed by incubation with the mouse anti-MRSA antibody
(RayBiotech) at a 1:1,000 dilution. Secondary antibody treatment was performed with goat anti-mouse
IgG–horseradish peroxidase (HRP) (Thermo Fisher) at a 1:100,000 dilution. The Western blotting was
developed using SuperSignal West Pico Plus (Thermo Fisher) solutions and visualized by chemilumines-
cence using an Amersham Imager 680.

Immunofluorescence microscopy. MRSA LAC-FCh cells were grown to log phase in 5ml of TSB sup-
plemented with 10mg/ml erythromycin and then diluted to an OD600 of 0.1 in 5ml of TSB supplemented
with 10mg/ml erythromycin. The log-phase cultures were then supplemented with 10 nM IPTG and
treated for 3 h at 37°C with either DMSO vehicle, 0.5mg/ml TXA707 (1/2� MIC), 4mg/ml TXA707 (4�
MIC), 2mg/ml oxacillin (1/32� MIC), or a combination of 0.5mg/ml TXA707 and 2mg/ml oxacillin. Each
culture was then centrifuged at 15,000� g for 1 min and washed twice with 1ml of PBS. Cells were then
resuspended in 500ml of PBS containing 2.4% (vol/vol) formaldehyde, followed by incubation for 15min
at room temperature and then 25min on ice. Each culture was then centrifuged at 15,000� g for 1 min
and washed twice with 1ml of PBS containing 0.01% Tween 20. Cells were then resuspended in 500 ml
of GTE buffer containing 50mM glucose, 20mM Tris-HCl (pH 7.6), and 10mM EDTA. We then mounted
100ml of the resulting suspension on a poly-L-lysine-coated, 18- by 18-mm coverslip (VWR). Two hun-
dred microliters of 30 ng/ml lysostaphin were then applied and allowed to equilibrate for 1 min. Cells
were then washed three times with GTE buffer, air dried, and subsequently rehydrated by applying
200ml of PBS. After equilibration for 5 min, the cells were then blocked for 45min using 300ml of 2%
(wt/vol) BSA. PBP2a was detected via immunofluorescence using the PBP2a-specific mouse anti-MRSA
monoclonal antibody (RayBiotech). Serial 2-fold dilutions of antibody (ranging from 1:100 to 1:1,600)
were added to each sample and incubated overnight at 4°C. The cells were then washed 8 times with
PBS and incubated in the dark for 2 h with a goat anti-mouse Alexa Fluor 488-conjugated antibody
(Thermo Fisher) diluted 3:1,000 with PBS containing 2% (wt/vol) BSA. Cells were again washed 8 times
with PBS. Aqua-Poly/Mount medium (Polysciences) was then added, and the cells were mounted on a
petrographic 27- by 46- by 1.2-mm microscope slide (Ward’s Natural Science). The slides were then
visualized by DIC and fluorescence microscopy as described above.

Transmission electron microscopy. Log-phase MRSA LAC-FCh cells were diluted to an OD600 of 0.1
in 5ml of TSB and then cultured at 37°C for 3 h in the presence of DMSO vehicle, 0.5mg/ml TXA707 (1/
2� MIC), 2mg/ml oxacillin (1/32� MIC), or a combination of 0.5mg/ml TXA707 and 2mg/ml oxacillin.
The cultures were then centrifuged at 16,000� g for 3min at room temperature. The resulting bacterial
pellets were washed with 1ml of PBS and then resuspended in 500ml of 100mM cacodylate buffer (pH
7.2) containing 2.5% (vol/vol) glutaraldehyde and 4% (vol/vol) paraformaldehyde. The samples were
then prepared for TEM acquisition and the micrographs acquired as previously described (41).

SUPPLEMENTAL MATERIAL
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