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ABSTRACT Methicillin-resistant Staphylococcus aureus (MRSA) is a multidrug-resistant
pathogen that poses a significant risk to global health today. We have developed a
promising new FtsZ-targeting agent (TXA707) with potent activity against MRSA iso-
lates resistant to current standard-of-care antibiotics. We present here results that
demonstrate differing extents of synergy between TXA707 and a broad range of
�-lactam antibiotics (including six cephalosporins, two penicillins, and two carbapenems)
against MRSA. To explore whether there is a correlation between the extent of synergy
and the preferential antibacterial target of each �-lactam, we determined the binding af-
finities of the �-lactam antibiotics for each of the four native penicillin-binding proteins
(PBPs) of S. aureus using a fluorescence anisotropy competition assay. A comparison of
the resulting PBP binding affinities with our corresponding synergy results reveals that
�-lactams with a high affinity for PBP2 afford the greatest degree of synergy with
TXA707 against MRSA. In addition, we present fluorescence and electron microscopy
studies that suggest a potential mechanism underlying the synergy between TXA707
and the �-lactam antibiotics. In this connection, our microscopy results show a disrup-
tion of septum formation in TXA707-treated MRSA cells, with a concomitant mislocaliza-
tion of the PBPs from midcell to nonproductive peripheral sites. Viewed as a whole, our
results indicate that PBP2-targeting �-lactam antibiotics are optimal synergistic partners
with FtsZ-targeting agents for use in combination therapy of MRSA infections.
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The emergence of multidrug-resistant (MDR) bacterial pathogens has become a
global threat to public health (1, 2). Methicillin-resistant Staphylococcus aureus

(MRSA) is an MDR bacterial pathogen associated with a high mortality rate in both
hospital and community settings (3–5). In particular, MRSA is resistant to most �-lactam
antibiotics, including penicillins, cephalosporins, and carbapenems (6). The antibacterial
targets of �-lactam antibiotics are the penicillin-binding proteins (PBPs), with S. aureus
expressing four native PBPs (PBP1, PBP2, PBP3, and PBP4) (7, 8). In addition to these four
PBPs, MRSA also expresses a fifth PBP (PBP2A) which, unlike the native S. aureus PBPs,
is a poor target for the �-lactams (9, 10).

The PBPs are a family of proteins that are involved in the final steps of bacterial cell
wall assembly, particularly at the septa of dividing cells (11, 12). In S. aureus, all four
native PBPs are known to localize to the septa of dividing cells, with each possessing
a catalytic transpeptidase (TPase) activity that is important for cross-linking peptidogly-
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can strands in the newly forming cell wall (13–17). PBP2 is unique among the PBPs in
that it has two distinct catalytic domains, making it the only bifunctional PBP in S.
aureus (7, 18, 19). One catalytic domain of PBP2 is responsible for its TPase activity,
while the other catalytic domain has transglycosylation (TGase) activity, which catalyzes
the cross-linking of glycan moieties to form peptidoglycan strands (19). Pinho and
coworkers have demonstrated that the ability of MRSA to survive in the presence of
�-lactam antibiotics requires cooperative functioning between PBP2 and PBP2A (18,
20, 21).

The function of the PBPs in S. aureus are controlled both spatially and temporally
throughout the cell cycle (22). A key protein involved in this spatial and temporal
regulation is FtsZ, which ensures the proper localization of the PBPs to the septum
during division (23–26). We have previously shown that the FtsZ-targeting agent
TXA707 (see structure in Fig. S1 in the supplemental material) acts synergistically with
the third-generation cephalosporin cefdinir against MRSA (27). We sought to determine
the extent to which other �-lactam antibiotics synergize with TXA707 against MRSA
and how the synergy is impacted by the PBP binding affinity and selectivity of the
�-lactams. Although the PBPs have long been established as the targets of �-lactam
antibiotics, the binding affinities and selectivities of these drugs for the individual
PBPs of S. aureus have not been well characterized. Here, we determined the binding
affinities of 10 representative �-lactam antibiotics (including six cephalosporins, two
penicillins, and two carbapenems) for the four native PBPs of S. aureus. We then
determined how the PBP binding selectivities of the �-lactams correlate with the extent
to which the drugs synergize with TXA707 against MRSA. Our results indicate that
�-lactam antibiotics with a high affinity for PBP2 afford the greatest degree of synergy
with TXA707.

RESULTS
Intrinsic activities of TXA707 and the �-lactam antibiotics against MRSA COL.

We investigated 10 different �-lactam antibiotics, including 6 cephalosporins (cefra-
dine, cephalexin, cefdinir, cefotaxime, ceftriaxone, and cefepime), 2 penicillins (oxacillin
and ticarcillin), and 2 carbapenems (ertapenem and imipenem), for synergy with
TXA707 against MRSA COL. As an initial step in these investigations, we determined the
intrinsic activities of the 10 �-lactams and TXA707 against this bacterial strain, with the
resulting MIC values being listed in Table 1. TXA707 exhibits potent activity against
MRSA COL (MIC � 2 �g/ml). In contrast, all the �-lactams studied are associated with
poor activity, with MICs ranging from 32 to 2,048 �g/ml.

Binding affinities of the �-lactam antibiotics for the PBPs of S. aureus. We
sought to determine the binding affinities of the 10 �-lactam antibiotics for PBP1, PBP2,
PBP3, and PBP4 of S. aureus using a competition fluorescence anisotropy assay and
Bocillin (Thermo Fisher Scientific, Waltham, MA) as the fluorescent ligand. Before
conducting these competition experiments, we first characterized the binding of
Bocillin itself to each of the PBPs. To this end, we monitored the impact of increasing
concentrations of PBP1, PBP2, or PBP3 on the fluorescence anisotropy of 1 �M Bocillin,

TABLE 1 Intrinsic activities of TXA707 and the �-lactam antibiotics against MRSA COL

Agent MIC (�g/ml)

TXA707 2
Cefradine 128
Cephalexin 128
Cefdinir 256
Cefotaxime 1024
Ceftriaxone 2048
Cefepime 256
Oxacillin 512
Ticarcillin 512
Ertapenem 256
Imipenem 32
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with the resulting anisotropy titration curves being shown in Fig. 1. Note that the
addition of each protein increases the fluorescence anisotropy of Bocillin, indicative of
ligand binding to each host protein. Furthermore, each anisotropy titration curve is
associated with an inflection point at approximately 1 �M protein, consistent with
Bocillin binding to each target protein with a 1:1 stoichiometry. The anisotropy titration
results also reveal that 1 �M Bocillin is fully saturated by a 2 �M concentration of each
PBP. These results suggest that Bocillin targets S. aureus PBP1, PBP2, and PBP3 with a
similar affinity.

S. aureus PBP4 has been previously reported to exhibit �-lactamase activity (28). Our
fluorescence anisotropy studies with PBP4 and Bocillin are consistent with this obser-
vation. Specifically, we find that the fluorescence anisotropy of Bocillin decreases as a
function of time in the presence of PBP4 (Fig. 2A). This observation suggests that
Bocillin is being hydrolyzed by PBP4, with the hydrolysis product being subsequently
released from the protein binding pocket. We therefore monitored the time-dependent
fluorescence anisotropy of 1 �M Bocillin as a function of PBP4 concentration, with
representative time-dependent profiles at PBP4 concentrations of 2, 5, 10, 15, and 50
�M being shown in Fig. 2A. A plot of initial fluorescence anisotropy versus PBP4
concentration reveals that 50 �M PBP4 is required to fully complex with 1 �M Bocillin
(Fig. 2B), a protein concentration 25-fold higher than that indicated above for the full
saturation of 1 �M Bocillin by PBP1, PBP2, or PBP3. These results suggest that Bocillin
binds PBP4 with a lower affinity than the other three PBPs.

FIG 1 Fluorescence anisotropy of 1 �M Bocillin as a function of increasing concentrations of PBP1 (A),
PBP2 (B), or PBP3 (C). All experiments were conducted at 25°C in solution containing 100 mM Tris-HCl (pH
7.4), 250 mM NaCl, and 5% (vol/vol) glycerol.
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Armed with the PBP concentrations required to fully complex 1 �M Bocillin, we then
proceeded to investigate the binding of the 10 �-lactam antibiotics noted above to PBP1,
PBP2, PBP3, and PBP4 by monitoring the fluorescence anisotropy of 1 �M Bocillin in the
presence of a saturative PBP concentration and increasing concentrations of �-lactam. In
this competition anisotropy assay, �-lactam binding to PBP1, PBP2, or PBP3 is correlated
with a proportional decrease in the observed anisotropy of Bocillin. With regard to PBP4,
�-lactam binding is correlated with a proportional decrease in the initial velocity of Bocillin
hydrolysis, as determined from time-dependent anisotropy profiles like those shown in Fig.
2A. Representative competition anisotropy curves for each of the four native PBPs are
shown in Fig. 3. These representative anisotropy curves reflect the competition results for
6 of the 10 �-lactams examined, with the corresponding competition results for the other
4 �-lactams being shown in Fig. S2 in the supplemental material.

The binding of �-lactams to the PBPs is associated with an irreversible (covalent)
acylation interaction that precludes determination of binding affinity in the form of an
equilibrium Kd value. Instead, we assessed binding affinity in the form of an inhibitory
concentration reflecting the concentration of �-lactam required to reduce the observed
anisotropy of Bocillin by 50% (IC50). To this end, we analyzed the competition anisot-
ropy curves with the following relationship:

robs � rf �
�rb � rf�

1 � 10�log IC50�C��nH
(1)

In this relationship, C is the concentration of �-lactam, robs is the observed fluorescence
anisotropy of Bocillin, nH is the Hill slope, and rf and rb are the fluorescence anisotropies
of free and PBP-bound Bocillin, respectively.

FIG 2 (A) Time dependence of the fluorescence anisotropy of 1 �M Bocillin in the presence of the
indicated concentrations of PBP4. (B) Initial fluorescence anisotropy of 1 �M Bocillin as a function of
increasing concentrations of PBP4. All experiments were conducted at 25°C in solution containing 20 mM
Tris-HCl (pH 7.4), 500 mM NaCl, and 5% (vol/vol) glycerol.
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The IC50 values resulting from our analyses described above are summarized in
Table 2, with lower IC50s being indicative of higher PBP binding affinities. Inspection of
these data provides information with regard to the PBP binding selectivities of the
�-lactams, with a difference in IC50 of �3-fold being viewed as reflecting selective
binding. In this connection, cefradine and cephalexin are selective for PBP3, whereas
ceftriaxone, cefotaxime, ertapenem, and cefepime are selective for PBP2. Cefdinir,
oxacillin, and ticarcillin selectively target both PBP2 and PBP3, while imipenem selec-
tively targets PBP1, PBP2, and PBP3. None of the �-lactams examined target PBP4 with
a high degree of affinity or selectivity.

Synergistic activities of the �-lactam antibiotics with TXA707 against MRSA
COL. We used a time-kill approach to assess the relative potential of the 10 �-lactams
to act synergistically with TXA707 against MRSA COL. To this end, we monitored
bactericidal activity in the presence of a sub-MIC concentration of TXA707 alone (at
0.5� MIC), �-lactam alone (at 0.008� MIC), or a combination of both. Figure 4 shows
the resulting kill curves for the same six �-lactam antibiotics represented in the
competition anisotropy curves depicted in Fig. 3, with the corresponding kill curves for
the other four �-lactams examined being shown in Fig. S3 in the supplemental material.

FIG 3 (A to C) Fluorescence anisotropy of 1 �M Bocillin in the presence of the indicated �-lactam antibiotic and 2 �M of
either PBP1 (A), PBP2 (B), or PBP3 (C). (D) Initial anisotropy velocity of 1 �M Bocillin in the presence of the indicated
�-lactam and 50 �M PBP4. The solid lines reflect the nonlinear least-squares fits of the data with equation 1, with the
exception of the curve for cefepime and PBP3, which could not be fit due to the weak binding of the drug. Experimental
conditions were as described in the legends to Fig. 1 (for PBP1, PBP2, and PBP3) and Fig. 2 (for PBP4).
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No killing is evident in the presence of any of the �-lactams alone, with growth
comparable to that associated with vehicle being observed instead. Similarly, growth is
also observed in the presence of TXA707 alone, albeit less than that associated with
vehicle or �-lactam alone. In striking contrast to TXA707 or �-lactam alone, the
combination of TXA707 with each of the �-lactams is bactericidal. Thus, all 10 �-lactams
exhibit bactericidal synergy with TXA707. However, the magnitude of kill, and therefore
synergy, varies depending on the �-lactam. Figure 5 highlights this variability by
plotting the calculated difference between the log(CFU/ml) at 24 relative to 0 h
[log(CFU/ml)24 � log(CFU/ml)0] for each agent alone and in combination. Inspection of

TABLE 2 IC50 values for the binding of the �-lactam antibiotics to the four native PBPs of
S. aureus

�-Lactam

IC50 (�M)a

PBP1 PBP2 PBP3 PBP4

Cefradine 516 � 69 180 � 7 3.0 � 0.2 8,250 � 280
Cephalexin 374 � 28 154 � 4 4.7 � 0.4 8,108 � 304
Cefepime 1,059 � 38 30.3 � 1.5 �7,500 2,346 � 39
Ticarcillin 147 � 15 22.4 � 1.5 9.2 � 0.3 392 � 26
Oxacillin 42.2 � 1.7 12.6 � 0.9 10.4 � 0.6 1,128 � 90
Ertapenem 89.7 � 1.8 7.8 � 0.5 82.8 � 6.6 233 � 7
Cefotaxime 88 � 3.9 4.2 � 0.1 531 � 50 2,567 � 102
Ceftriaxone 100 � 6 3.8 � 0.1 71.9 � 5.3 8,906 � 321
Imipenem 2.7 � 0.1 1.3 � 0.1 3.9 � 0.3 85.4 � 2.4
Cefdinir 104 � 4 1.0 � 0.1 2.5 � 0.3 126 � 6
aIC50 reflects the concentration of �-lactam antibiotic that reduces the anisotropy (in the case of PBP1, PBP2,
and PBP3) or initial anisotropy velocity (in the case of PBP4) of 1 �M Bocillin by 50%. The indicated
uncertainties reflect the standard deviation of the experimental anisotropy data points in Figures 3 and S3
from the corresponding fitted curves.

FIG 4 (A to F) Time-kill curves for MRSA COL showing synergy between TXA707 and cephalexin (A), cefepime (B), oxacillin (C), ceftriaxone (D),
imipenem (E), or cefdinir (F). Bacteria were treated with DMSO vehicle (black), �-lactam alone at 0.008� MIC (violet), TXA707 alone at 0.5� MIC
(red), or a combination of �-lactam at 0.008� MIC and TXA707 at 0.5� MIC (blue).

Ferrer-González et al. Antimicrobial Agents and Chemotherapy

September 2017 Volume 61 Issue 9 e00863-17 aac.asm.org 6

http://aac.asm.org


these data reveals that cefdinir, imipenem, ceftriaxone, cefotaxime, ertapenem, ticar-
cillin, and oxacillin result in �4 logs of kill when combined with TXA707. The combi-
nation of cefepime and TXA707 results in a less robust degree of kill (�3 logs), with the
combination of cefradine or cephalexin and TXA707 yielding the lowest degree of kill
(�2 logs).

Impact of TXA707 alone or in combination with select �-lactam antibiotics on
septum formation in MRSA COL. We used transmission electron microscopy (TEM) to
compare the morphology of MRSA COL cells treated with vehicle relative to those
treated with TXA707 at 8� MIC for 3 h. As expected, vehicle-treated cells are able to
form septa at midcell and undergo division (Fig. 6A). In contrast, TXA707-treated cells
become enlarged, increasing in average diameter from 0.8 to 1.6 �m. In addition, no
midcell septa are evident in TXA707-treated cells, with pronounced invaginations of the
cell wall being induced at distinct sites on the cell periphery (Fig. 6B). MRSA COL cells
treated for 3 h with a combination of TXA707 at only 1� MIC (an 8-fold lower
concentration than that used for treatment with the compound alone) and either
cefdinir or ceftriaxone at 0.008� MIC exhibit a similar morphological behavior, with the
induced cell wall invaginations being even larger and more pronounced (Fig. 6C and D).

Impact of TXA707 on the septal localization of the PBPs in MRSA COL. We next
used fluorescence microscopy to monitor the impact of TXA707 treatment (at 8� MIC
for 3 h) on localization of the PBPs in MRSA COL. To this end, we labeled MRSA COL cells
with 2 �M Bocillin and compared the fluorescence pattern associated with vehicle-
versus TXA707-treated cells. Recall that at 1 �M, Bocillin binds stoichiometrically to
PBP1, PBP2, and PBP3, with its affinity for these PBPs being significantly higher than its
affinity for PBP4. Thus, it is likely that Bocillin is labeling PBP1, PBP2, and PBP3 in the
MRSA cells. In cells treated with vehicle alone, the majority of the Bocillin fluorescence
is localized to the septum that is able to form at midcell (Fig. 7A and B). This observation
is consistent with the localization of PBP1, PBP2, and PBP3 to the septa of dividing cells.
In contrast, in TXA707-treated cells, no septal Bocillin fluorescence is evident at midcell.
Instead, the Bocillin fluorescence is localized to distinct regions of the cell periphery
(Fig. 7C and D), a behavior suggesting that the TXA707-induced invaginations of the
cell wall observed in the TEM characterizations may reflect mislocalized PBPs and
possibly other septal components (compare Fig. 6B and 7D). MRSA COL cells treated
with a combination of TXA707 and �-lactam could not be sufficiently labeled with
Bocillin, as the nonfluorescent �-lactam competes with the Bocillin fluorophore,

FIG 5 Change in the log(CFU/ml) at 24 h {log(CFU/ml)24 � log(CFU/ml)0} of MRSA COL treated with either
a single agent (DMSO vehicle, the indicated �-lactam at 0.008� MIC, or TXA707 at 0.5� MIC) or with a
combination of �-lactam at 0.008� MIC and TXA707 at 0.5� MIC.
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thereby reducing or eliminating the observed fluorescence. In the aggregate, our
microscopy results suggest that TXA707 treatment disrupts septum formation by
causing the mislocalization of key septal components, including PBP1, PBP2, and PBP3.

DISCUSSION

In this study, we show that a broad range of �-lactam antibiotics from three different
chemical classes act synergistically with the FtsZ-targeting agent TXA707 against MRSA.
Our time-kill synergy results demonstrate that the synergistic actions of the �-lactams
in combination with TXA707 are bactericidal in nature. However, the degree of syner-
gistic kill afforded by the �-lactams depends on the specific agent. The question thus
arises as to the nature of the correlation, if any, between the magnitude of synergistic
kill and the PBP binding affinities and selectivities of the �-lactams. Correlation plots of
the PBP binding affinities of the �-lactams (as reflected by the IC50 values in Table 2)
versus their corresponding extents of synergistic kill when combined with TXA707
reveals a clear correlation (R � 0.95) between the degree of bactericidal synergy and
affinity for PBP2 (Fig. 8B). �-Lactams with a high affinity for PBP2 (low IC50) synergize
the best with TXA707. No such correlation is evident for the other three PBPs, with R
values of 0.56, 0.27, and 0.64 for PBP1, PBP3, and PBP4, respectively (Fig. 8A, C, and D).
In this connection, PBP2-selective �-lactams (e.g., ceftriaxone, cefotaxime, and ertap-
enem) are better synergizers with TXA707 than PBP3-selective agents (e.g., cephalexin

FIG 6 Impact of TXA707 alone or in combination with either cefdinir or ceftriaxone on septal formation in MRSA
COL. (A to D) TEM micrographs of MRSA COL cells treated for 3 h with either vehicle (A), TXA707 alone at 8� MIC
(B), TXA707 at 1� MIC in combination with cefdinir at 0.008� MIC (C), or TXA707 at 1� MIC in combination with
ceftriaxone at 0.008� MIC (D).

Ferrer-González et al. Antimicrobial Agents and Chemotherapy

September 2017 Volume 61 Issue 9 e00863-17 aac.asm.org 8

http://aac.asm.org


and cefradine) (Table 2 and Fig. 8). That said, �-lactams need not be purely PBP2-
selective (e.g., cefdinir, oxacillin, and imipenem) in order to synergize well with TXA707,
as long as their PBP binding behavior includes high-affinity targeting of PBP2.

We have previously shown that TXA707 inhibits bacterial cell division by altering the
dynamics of FtsZ polymerization and disrupting FtsZ Z-ring formation at midcell (29).
The formation of the Z-ring is a critical first step toward formation of the septum in
dividing cells (25). Consistent with this critical linkage between Z-ring and septum
formation, our TEM results indicate that the FtsZ-targeting actions of TXA707 interfere
with the formation of septa in MRSA cells (Fig. 6). The Z-ring serves as a scaffold for the
recruitment of essential cell division components to the newly forming septum (30).
Among these essential cell division components are the PBPs. Our fluorescence mi-
croscopy results reveal that the disruptive actions of TXA707 on septum formation in
MRSA cause a mislocalization of key PBPs (likely to be PBP1, PBP2, and PBP3) away from
the septum to nonproductive peripheral sites (Fig. 7). This observation suggests a
potential mechanism underlying the synergy between �-lactams and TXA707. Inhibi-
tion of FtsZ function by TXA707 interferes with the septal localization of the PBPs. In so
doing, the number of PBPs that are appropriately localized becomes greatly reduced,
thereby sensitizing the bacteria to the �-lactams. It is also possible that the actions of
the �-lactams on the peripherally localized PBPs adversely impact the integrity of the
bacterial cell wall at those peripheral sites, resulting in �-lactam-induced cell lysis and
death.

Why then do PBP2-targeting �-lactams synergize the best with TXA707 against
MRSA? Pinho and coworkers have demonstrated the cooperative localization and
functioning of PBP2 and PBP2A (18, 20). It is likely that mislocalization of PBP2 by the
actions of TXA707 results in the concomitant mislocalization of PBP2A. This effect
would significantly diminish the molecular basis for the MRSA phenotype, and render
MRSA cells particularly susceptible to the dual actions of FtsZ inhibitors and PBP2-
targeting �-lactams. Consistent with this notion, previous studies have indicated that
FtsZ inhibitors sensitize MRSA to �-lactams to a much greater extent than they do
methicillin-susceptible S. aureus (27).

The results of our studies suggest that FtsZ-targeting agents offer an opportunity to
repurpose �-lactam antibiotics for use against �-lactam-resistant MRSA strains through
combination therapy. Combination therapy with synergistic drug partners has numer-

FIG 7 Impact of TXA707 on PBP localization in MRSA COL. (A to D) Differential interference contrast (A
and C) and fluorescence (B and D) micrographs of MRSA COL cells treated for 3 h with either vehicle (A
and B) or TXA707 at 8� MIC (C and D). In these micrographs, the PBPs in the cells were labeled by
treatment with 2 �M Bocillin for 10 min just prior to visualization.
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ous advantages, including a reduced dosage of each drug required for efficacy, a
reduced potential for toxicity, and a reduced potential for the emergence of resistance
(31–33). Viewed as a whole, the results of our studies indicate that PBP2-targeting
�-lactam antibiotics are optimal synergistic partners with FtsZ-targeting agents for
combination therapy of MRSA infections.

MATERIALS AND METHODS
Compounds, antibiotics, and MRSA COL. TXA707 was synthesized as previously described (29).

Cefdinir, ceftriaxone (sodium salt), cefotaxime (sodium salt), cefepime HCl, and cefradine were obtained
from TOKU-E (Bellingham, WA). Oxacillin (sodium salt), ticarcillin (disodium salt), and cephalexin were
obtained from Sigma-Aldrich (St. Louis, MO). Imipenem and ertapenem were obtained from LKT
Laboratories (St. Paul, MN) and Ontario Chemicals (Guelph, Ontario, Canada), respectively. Bocillin was
obtained from Thermo Fisher Scientific. MRSA COL was provided by Alexander Tomasz (Rockefeller
University, New York, NY).

Cloning, expression, and purification of the S. aureus PBPs. The pbpA, pbpB, pbpC, and pbpD
genes that encode S. aureus PBP1, PBP2, PBP3, and PBP4 were amplified by PCR using genomic DNA
extracted from MRSA COL. The primers used for these amplifications are listed in Table S1 in the
supplemental material. For PBP1, PBP2, and PBP3, the primers were designed to remove the N-terminal
transmembrane domain. For PBP4, the primers were designed to remove both the N-terminal signal
peptide sequence and the C-terminal transmembrane domain. Each amplified gene was cloned into the
pET-22b(�) plasmid (Novagen-EMD Chemicals, Inc.) using the NEBuilder HiFi DNA assembly cloning kit
(New England BioLabs, Inc.), such that a 6� His tag was introduced at the C terminus of each
recombinant gene product. The sequences of all recombinant plasmids were verified by sequence
analyses, and the plasmids were then transformed into Escherichia coli BL21(DE3) cells.

Transformed E. coli were grown on Luria-Bertani (LB) agar plates containing 100 �g of ampicillin/ml.
Single colonies were isolated and grown in 20 ml of ampicillin-containing LB broth overnight at 37°C. The
overnight cultures were diluted into 4 liters of autoinduction terrific broth (34), followed by incubation

FIG 8 (A to D) Correlation plots of the extents to which the �-lactams synergize with TXA707 against
MRSA COL versus their affinities (as reflected by the IC50 values from Table 2) for PBP1 (A), PBP2 (B), PBP3
(C), and PBP4 (D). In these plots, each datum point corresponds to a different �-lactam antibiotic, with
the solid lines reflecting linear regression fits of the data. The correlation constant (R value) derived from
the linear regression analysis of each data set is indicated.
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at 37°C for 6 h. The cultures were then incubated for an additional 24 to 32 h at 30°C. The cells were
harvested by centrifugation at 5,000 � g for 15 min at 4°C. The cell pellets were then resuspended in 50
ml of 10 mM sodium phosphate (pH 7.6), 250 mM NaCl, 1 mM phenylmethylsulfonyl fluoride (PMSF), and
10% (vol/vol) glycerol and stored at �70°C.

Cells were lysed by ultrasonication for 15 min at 0°C, with an on/off cycle of 10 s at 60 W. The lysates
centrifuged at 10,000 � g for 30 min at 4°C. The resulting supernatants were added to 5 ml of Talon
metal affinity resin (Clontech Laboratories, Inc.) and shaken for 20 min at 4°C. The resin was then washed
with 50 ml of buffer containing 10 mM sodium phosphate (pH 7.6), 250 mM NaCl, and 10% (vol/vol)
glycerol (buffer A) and packed into a gravity flow column. The column was washed with 10 ml of buffer
A, followed by 25 ml of buffer containing 10 mM sodium phosphate (pH 7.6), 10 mM imidazole, and 250
mM NaCl (buffer B). The protein was then eluted by using 15 ml of elution buffer containing 10 mM
sodium phosphate (pH 7.6), 150 mM imidazole, and 250 mM NaCl (buffer C), and 500 �l fractions were
collected.

Each fraction was analyzed by SDS-PAGE, and fractions containing protein were combined. For, PBP1,
PBP2, and PBP3, the combined fractions were dialyzed overnight against 4 liters of buffer containing 100
mM Tris-HCl (pH 7.4), 250 mM NaCl, and 10% (vol/vol) glycerol. The resulting dialysates were concen-
trated to 1 ml of volume using Amicon Ultra 10K filters (EMD Millipore, Inc.). The combined elution
fractions of PBP4 were dialyzed overnight against 4 liters of buffer containing 20 mM Tris-HCl (pH 7.4),
500 mM NaCl, and 5% (vol/vol) glycerol and then concentrated to 2 ml. Protein concentrations were
quantified by using a bicinchoninic acid assay, with final protein concentrations ranging from 13 to 26
mg/ml.

Fluorescence anisotropy assays for Bocillin binding to the PBPs. Fluorescence anisotropy exper-
iments were performed using an Aviv model ATF105 spectrofluorometer (Aviv Biomedical, Lakewood,
NJ). In these experiments, bandwidths were set to 4 nm in both the excitation and the emission
directions, with the excitation and emission wavelengths being set at 488 and 510 nm, respectively. For
PBP1, PBP2, and PBP3, Bocillin (1 �M) was titrated with increasing concentrations (ranging from 0 to 2.5
�M) of protein in 150 �l of buffer containing 100 mM Tris-HCl (pH 7.4), 250 mM NaCl, and 5% (vol/vol)
glycerol. After each protein addition, the samples were equilibrated for 5 min at 25°C, whereupon the
fluorescence anisotropy was measured at 25°C. For PBP4, individual samples containing 1 �M Bocillin
and a protein concentration ranging from 2 to 50 �M were prepared in 150 �l of buffer containing 20
mM Tris-HCl (pH 7.4), 500 mM NaCl, and 5% (vol/vol) of glycerol. The fluorescence anisotropy of each
sample was then measured at 25°C every 6 s for 15 min. A quartz ultra-micro cell (Hellma, Inc.) with a 2-
by 5-mm aperture and a 15-mm center height was used for all measurements. The path lengths in the
excitation and emissions directions were 1 and 0.2 cm, respectively. All steady-state anisotropy experi-
ments were conducted in triplicate, with the reported anisotropies reflecting the average values.

Competition fluorescence anisotropy assays. For PBP1, PBP2, and PBP3, individual samples
containing 1 �M Bocillin and �-lactam antibiotic at a concentration ranging from 0 to 7.5 mM were
prepared in 150 �l of buffer containing 100 mM Tris-HCl (pH 7.4), 250 mM NaCl, and 5% (vol/vol) of
glycerol. The reactions were then initiated by addition of 2 �M protein. After 5 min of equilibration at
25°C, the fluorescence anisotropy was then recorded as described above. For PBP4, individual samples
containing 1 �M Bocillin and �-lactam antibiotic at a concentration ranging from 0 to 15 mM were
prepared in 150 �l of buffer containing 20 mM Tris-HCl (pH 7.4), 500 mM NaCl, and 5% (vol/vol) of
glycerol. The reaction was then initiated by the addition of 50 �M protein. Time-dependent fluorescence
anisotropy was then acquired as described above.

MIC assay. MIC assay was conducted in accordance with Clinical and Laboratory Standards Institute
guidelines for broth microdilution (35). Briefly, log-phase MRSA COL was added to 96-well microtiter
plates (at 5 � 105 CFU/ml) containing 2-fold serial dilutions of compound or �-lactam antibiotic in
cation-adjusted Mueller-Hinton (CAMH) broth, with each compound concentration being present in
duplicate. The final volume in each well was 0.1 ml, and the microtiter plates were incubated aerobically
for 24 h at 37°C. Bacterial growth was monitored by measuring the optical density at 600 nm using a
VersaMax plate reader (Molecular Devices, Inc.), with the MIC being defined as the lowest compound
concentration at which growth was �90% inhibited.

Time-kill assay for synergy. Exponentially growing MRSA COL was diluted in CAMH broth to a final
count of 105 CFU/ml. The colony count at time zero was verified by plating serial dilutions of the culture
in duplicate on tryptic soy agar (TSA) plates. The initial culture was aliquoted into tubes containing either
0.5� MIC of TXA707, 0.008� MIC of the �-lactam antibiotic, or both agents combined. An equivalent
volume of dimethyl sulfoxide (DMSO) was added to the vehicle control tube. The cultures were then
incubated at 37°C with shaking. The CFU/ml in each culture was determined over time by withdrawing
samples at time points ranging from 3 to 24 h and plating appropriate serial dilutions on to TSA plates.
All TSA plates were incubated at 37°C, and the CFU/ml at each time point determined by counting
colonies after 24 h.

Transmission electron microscopy. Log-phase MRSA COL cells were diluted to an optical density at
600 nm of 0.1 and then cultured at 37°C for 3 h in the presence of DMSO vehicle, TXA707 alone at a
concentration of 16 �g/ml (8� MIC), or a combination of TXA707 at a concentration of 2 �g/ml (1� MIC)
and either cefdinir at a concentration of 2 �g/ml (0.008� MIC) or ceftriaxone at a concentration of 16
�g/ml (0.008� MIC). The cultures were then centrifuged at 16,000 � g for 3 min at room temperature.
The resulting bacterial pellets were washed with 1 ml of phosphate-buffered saline (PBS) and resus-
pended in 500 �l of 100 mM cacodylate buffer (pH 7.2) containing 2.5% glutaraldehyde and 4% para-
formaldehyde. The fixed bacterial cells were then postfixed in buffered osmium tetroxide (1%), subse-
quently dehydrated in a graded series of ethanol, and embedded in epon resin. Thin sections (90 nm)
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were cut on a Leica EM UC6 ultramicrotome. Sectioned grids were then stained with a saturated solution
of uranyl acetate and lead citrate. Images were captured with an AMT XR111 digital camera at 80 kV on
a Philips CM12 transmission electron microscope.

Fluorescence microscopy. Log-phase MRSA COL cells were diluted to an optical density at 600 nm
of 0.1 and then cultured at 37°C for 3 h in the presence of DMSO vehicle or TXA707 at a concentration
of 16 �g/ml (8� MIC). The cultures were then centrifuged at 16,000 � g for 3 min at room temperature.
The resulting bacterial pellets were washed with 1 ml of PBS, resuspended in 100 �l of PBS containing
2 �M Bocillin, and incubated in the dark for 10 min at room temperature. The cells were then washed
with 1 ml of PBS and resuspended in 500 �l of PBS. Each cell suspension (2.5 �l) was placed on a thin
layer of 1.5% agarose in PBS mounted on a microscope slide. Differential interference contrast and
fluorescence visualization of the cells were performed using an Olympus BX50 microscope equipped
with an X-cite Exacte 200W mercury lamp and a 100� Olympus UPLSAPO oil immersion objective (1.40
aperture). Images were captured using a QImaging Retiga R3 charge-coupled device camera and
processed with the Ocular version 1 software package (QImaging).
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