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ABSTRACT: The transpeptidases involved in the synthesis of the bacterial
cell wall (also known as penicillin-binding proteins, PBPs) have evolved to
bind the acyl-D-Ala-D-Ala segment of the stem peptide of the nascent
peptidoglycan for the physiologically important cross-linking of the cell wall.
The Tipper−Strominger hypothesis stipulates that β-lactam antibiotics
mimic the acyl-D-Ala-D-Ala moiety of the stem and, thus, are recognized by
the PBPs with bactericidal consequences. We document that this mimicry
exists also at the allosteric site of PBP2a of methicillin-resistant
Staphylococcus aureus (MRSA). Interactions of different classes of β-lactam
antibiotics, as mimics of the acyl-D-Ala-D-Ala moiety at the allosteric site, lead
to a conformational change, across a distance of 60 Å to the active site. We
directly visualize this change using an environmentally sensitive fluorescent
probe affixed to the protein loops that frame the active site. This conformational mobility, documented in real time, allows
antibiotic access to the active site of PBP2a. Furthermore, we document that this allosteric trigger enables synergy between two
different β-lactam antibiotics, wherein occupancy at the allosteric site by one facilitates occupancy by a second at the
transpeptidase catalytic site, thus lowering the minimal-inhibitory concentration. This synergy has important implications for the
mitigation of facile emergence of resistance to these antibiotics by MRSA.

■ INTRODUCTION
The cell wall is a cross-linked polymer that encases the entire
bacterium. Its integrity is critical for the survival of the
bacterium. The cell wall is a peptidoglycan polymer composed
of a repeating N-acetylglucosamine (NAG)-N-acetylmuramic
acid (NAM) disaccharide, having a stem peptide on each NAM
unit. The full-length stem peptide (“pentapeptide stem”) in the
Gram-positive bacterium Staphylococcus aureus is L-Ala-γ-D-Gln-
L-Lys(X)-D-Ala-D-Ala, where (X) is a pentaglycyl extension
attached to the ε-amine of the L-lysine.1 Polymerization of Lipid
II by the bacterial transglycosylases produces the linear (NAG-
NAM)n glycan strand of the peptidoglycan. These strands are
subsequently cross-linked to each other, using the stem
peptides, through transpeptidase catalysis. These transpepti-
dases are called penicillin-binding proteins (PBPs) due to their
inactivation by covalent bond formation with β-lactam
antibiotics (penicillins, cephalosporins, carbapenems). The
consequence of failed cell-wall cross-linking is bacterial death.2,3

Methicillin-resistant S. aureus (MRSA) is a variant of S.
aureus that first emerged in the U.K. in 1961, and was
disseminated globally within two years.4 This organism
acquired the mecA gene encoding a unique transpeptidase,
called PBP2a, from a non-S. aureus source.5−7 PBP2a resists
inhibition by the family of β-lactam antibiotics, and hence, it
confers broad resistance to MRSA against these antibiotics.5,8

The molecular basis for resistance of MRSA to β-lactams is a
closed conformation9 for the active site of PBP2a that

discriminates against the β-lactam inhibitor but permits access
to the peptidoglycan substrate.10 We recently disclosed that the
transpeptidase active site opens in response to binding by the
nascent peptidoglycan at a peptidoglycan-binding allosteric
domain that is 60 Å distant from the active site.10 The nascent
peptidoglycan, synthesized by a partner transglycosylase,
engages the allosteric site to initiate a conformational change
cascade that opens the active site so as to enable the
physiological cross-linking. We showed previously that ceftaro-
line (Figure 1), a recently approved cephalosporin with activity
against MRSA,11 acts as a peptidoglycan mimetic to bind to this
allosteric site and to trigger the opening of the active site.10,12

This triggering leaves the open active site vulnerable to
inhibition by a second molecule of ceftaroline. The X-ray
structure for PBP2a confirmed that ceftaroline binds at both
sites.10

Tipper and Strominger argued that the β-lactam antibiotics,
and especially the penicillins, mimic the acyl-D-Ala-D-Ala
terminus of the pentapeptide stem (Figure 1).13 We reasoned
that this same mimicry would explain also the recognition of
ceftaroline at the allosteric site. Indeed, ceftaroline binds where
the acyl-D-Ala-D-Ala segment of the nascent peptidoglycan is
predicted to locate (Supporting Information Figure S1).10 Here
we confirm this hypothesis. Moreover, we show that
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interactions at the allosteric site lead to a conformational
change of the two loops that guard the (60 Å distant) active
site. We demonstrate that triggering of allostery by ceftaroline
allows inhibition of the active site of PBP2athe first
transpeptidase identified as regulated by allosteryby other
β-lactam antibiotics, which are otherwise ineffective. The
structure of the β-lactam antibiotic mimics a particular
conformation of the acyl-D-Ala-D-Ala segment of the nascent
peptidoglycan (Figure 1 and Supporting Information Figure
S1). Nascent peptidoglycan is generated at sites of active cell-
wall biosynthesis. Maturation of the cell wall by cross-linking
generates a tetrapeptide stem peptide by acyl-transfer (by loss
of the terminal D-Ala) and a tripeptide stem (by loss of both
terminal D-Ala residues) as the most abundant forms of the cell
wall.14,15 The presence of the stem pentapeptide in the mature
cell wall is rare. Hence, the β-lactam has evolved to mimic the
full-length stem peptide and to subvert catalysis by the PBP.16

Whereas it has been noted that β-lactams might better mimic
the transition state for active-site acylation of PBPs,17−19 the
mimicry that we document here for binding at the allosteric site
does not involve covalency. PBP2a uses the presence of nascent
peptidoglycan (containing the pentapeptide) to trigger the
allosteric opening of the active site to allow transpeptidase
catalysis.10 We had shown previously that the presence of a
synthetic peptidoglycan fragment enhances the acylation rate of
PBP2a, as the first evidence of allosteric control of catalysis by a
PBP.20 The mimicry of this process by ceftaroline accounts for
its recognition at the allosteric site. The question is whether
ceftaroline recognition at the allosteric site is unique to
ceftaroline, or if it is a general principle applicable to all β-
lactam antibiotics. This question is addressed in the present
report and would appear to be a general principle.

■ RESULTS AND DISCUSSION
Determination of Kd for β-Lactam Binding at

Allosteric Site. To test our hypothesis that the allosteric site
of PBP2a has evolved to recognize β-lactams as mimics of the
peptidoglycan, we investigated binding by β-lactam antibiotics
other than ceftaroline to the allosteric site of PBP2a. We
reported recently a methodology for this analysis using PBP2a
inactivated by the penicillin oxacillin (as a result of acylation of
serine-403 at the transpeptidase active site).21 Analysis of X-ray
structures of PBP2a acylated at the active site by β-lactams
(nitrocefin, penicillin G, methicillin, ceftaroline and ceftobi-
prole) shows that this acylation does not perturb the allosteric

site.9,10,22 The intrinsic fluorescence of the protein within the
allosteric site of this modified PBP2a is modulated by the
presence of other β-lactam antibiotics. A saturable decrease in
protein fluorescence upon binding of the β-lactam to the
allosteric site was seen in all cases. Previously, we determined
that the Kd value for ceftaroline binding to the allosteric site of
the wild-type PBP2a was 20 ± 4 μM.21 All of the other β-
lactams we now testedcefepime (a cephalosporin), piper-
acillin (a penicillin), imipenem (a carbapenem), and
ceftazidime (another cephalosporin)bind to the allosteric
site in a saturable manner, for which the Kd values are 130 ± 50,
400 ± 70, 420 ± 80, and 170 ± 20 μM, respectively. These Kd
values are ∼7- to 21-fold larger than the value for ceftaroline.
The fact that binding of all these β-lactams to the allosteric site
of PBP2a is saturable indicates that the allosteric site has
evolved to bind nascent peptidoglycan, which these antibiotics
mimic. Yet cefepime, piperacillin, imipenem, and ceftazidime
are ineffective as antibiotics to treat MRSA infections, because
concentrations above their respective dissociation constants for
the allosteric site cannot be attained in vivo.23−26 This outcome
contrasts with the example of ceftaroline.11,27,28 Hence, many
typical β-lactams are unable to trigger allostery, notwithstand-
ing their structural mimicry for recognition at the allosteric site.

Real-Time Monitoring of Conformational Change of
Fluorescently Labeled PBP2a. Among the tested β-lactams,
ceftaroline binds best to the allosteric site (Kd = 20 ± 4 μM
versus values in the range of 130−420 μM for others). This
ability explains the exceptional utility of ceftaroline as an anti-
MRSA agent, an ability vested in the unique structural features
of ceftaroline. We documented earlier by X-ray analysis that
binding of ceftaroline at the allosteric site of PBP2a propagated
a conformational change cascade across the 60 Å breadth of
distance between the allosteric and the active sites.10 This
conformational change was likened to dominoes falling so as to
ultimately open the active site.10 The active site is framed by
two loops, comprising amino acids 417−454 and 603−613
(Figure 2A). We prepared two fluorescent versions of PBP2a,
by separate tagging of these loops, in order to explore whether
binding of ceftaroline (or of other antibiotics) to the allosteric
site would affect conformational change at the active site in
solution. We individually mutated an amino acid in the middle
of each loop to a cysteine (Y446C and Q607C). The two
mutant proteins were purified, and the thiol of their respective
cysteines was modified with an environmentally sensitive
fluorescent probe, 7-diethylamino-3-((((2-maleimidyl)ethyl)-
amino)carbonyl)coumarin (MDCC, Figure 2B,C). We moni-
tored the change in fluorescent emission (λex = 419 nm and λem
= 480 nm) over time in the absence and in the presence of β-
lactam antibiotics (ceftaroline, imipenem, ceftazidime, and
oxacillin). Because MDCC is an environmentally sensitive
fluorophore, movement of the loops changes the environment
around the fluorophore, which results in an increase or decrease
in the fluorescent emission. An increased fluorescence emission
for both modified PBP2a proteins followed incubation with
imipenem, ceftazidime, and oxacillin (Supporting Information
Figures S2−S3). With ceftaroline, however, we saw an increase
in fluorescence of the modified Q607C mutant, but a decrease
in fluorescence of the modified Y446C mutant (Figure 2D).
These results indicate that the protein conformational change
with ceftaroline is different than with the other β-lactams.
Moreoverand congruent with our documentation of higher
affinity of PBP2a for ceftaroline at the allosteric sitethe
changes in fluorescence were seen at lower concentrations of

Figure 1. The chemical structure of ceftaroline (as a representative
cephalosporin) and its mimicry of the acyl-D-Ala-D-Ala terminus of the
peptidoglycan pentapeptide (colored in blue) are shown. Chemical
structures of a penicillin and a carbapenem are also shown. The
mimicry is preserved across these three templates of the β-lactam
family of antibiotics.
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ceftaroline, and in a shorter duration. The shorter duration seen
for ceftaroline, as compared to the other β-lactams tested, is in
the time frame for the allosteric response. The process observed

here by fluorescence spectroscopy is complicated in that it is
triggered by a noncovalent binding of one antibiotic at the
allosteric site, followed by a first-order conformational change,
which leads to binding of another identical antibiotic molecule
in a covalent manner at the active site. These events could not
be fit to a simple first-order process. These results are also
consistent with the effectiveness of ceftaroline both as an
antibiotic and as an allosteric-triggering ligand. MRSA strains
that express PBP2a are susceptible to ceftaroline, but are
resistant to the other β -lactams.

Synergy of Ceftaroline and a Second β-Lactam As
Antimicrobial Agents. Having documented that ceftaroline is
the best allosteric ligand (among those β-lactams tested) and
that the binding of ceftaroline entails observable conformational
changes at the active-site, we wondered whether the ceftaroline-
induced conformational change rendered the active site more
vulnerable to inhibition by other β-lactams. If so, ceftaroline
might synergize the antibacterial activity of these otherwise
ineffective antibiotics. Using the checkerboard synergy assay,29

we determined the minimal-inhibitory concentration (MIC)
values of each antibiotic (cefepime, ceftazidime, oxacillin,
piperacillin, imipenem, meropenem) alone and in the presence
of ceftaroline (Table 1) with three MRSA strains (NRS70,
NRS100, and NRS123), all of which express a PBP2a having
the identical sequence as our recombinant PBP2a. We
calculated the fractional-inhibitory concentration index (FICI)
for the antibiotics in combination with one-fourth the MIC of
ceftaroline (0.25 μg/mL). The results were interpreted as
synergy (S), indifference (I), or antagonism (A).29 We saw
either synergy between ceftaroline and the other β-lactams, or
indifference. Antagonism was not seen. The synergistic effect,
which was a 4- to 16-fold decrease of the MIC of the second
antibiotic, was seen in 13 out of the 18 possible permutations.
The greatest synergistic effect exerted by ceftaroline was seen
for imipenem and meropenem (with all three strains), cefepime
(NRS70 and NRS123), and oxacillin (NRS100) (Table 1).
The molecular basis for this synergy was investigated using a

methodology reported by Roemer and colleagues.30,31 The
background strain MRSA COL was transformed with antisense
interference plasmids that upon induction with xylose tuned
down expression of various PBPs individually. When ceftaroline
was used in combination with meropenem, imipenem, or
oxacillin, the synergistic effect was seen in the absence of xylose
induction (Supporting Information Figure S4), as documented
also by the checkerboard method. The attendant diminution of
expression of PBP2a in the presence of xylose induction caused

Figure 2. (A) The closed conformation of PBP2a with the side chains
of Y446 and Q607 shown as capped sticks in black, indicated by
arrows at 1 o’clock. (B) Reaction of the fluorescent label MDCC with
the free thiol of Y446C or Q607C. (C) Coomassie stain and
fluorescent scan of PBP2a-Y446C mutant before and after labeling
with MDCC, followed by a desalting column to remove excess
MDCC. Labeling of Q607C was confirmed in the same way. (D)
Fluorescent emission scans of PBP2a-Y446C-MDCC or PBP2a-
Q607C-MDCC in the absence (black) and in the presence of 20
μM ceftaroline after 5 (red), 10 (blue), and 15 (green) min.

Table 1. Susceptibility (MIC, μg/mL) of Three mecA-Dependent MRSA Strains to β-Lactam Antibiotics Alone and in
Combination with One-Fourth the MIC of Ceftaroline (0.25 μg/mL)

NRS70 NRS100 NRS123

MIC (μg/mL) MIC (μg/mL) MIC (μg/mL)

antibiotica −CFT +CFT FICIb effectc −CFT +CFT FICIb effectc −CFT +CFT FICIb effectc

CFT 1 - - - 1 - - - 1 - - -
CPM 64 8 0.38 S 256 128 0.75 I 64 8 0.38 S
CAZ 256 128 0.75 I 512 512 1.25 I 128 8 0.31 S
OXA 32 8 0.5 S 256 32 0.38 S 32 8 0.5 S
PIP 32 32 1.25 I 128 32 0.5 S 128 64 0.75 I
IPM 1 0.06 0.5 S 64 8 0.38 S 1 0.03 0.28 S
MER 4 1 0.5 S 32 2 0.31 S 4 0.13 0.28 S

aCFT, ceftaroline; CPM, cefepime; CAZ, ceftazidime; OXA, oxacillin; PIP, piperacillin; IPM, imipenem; MER, meropenem bFICI = [CFT]/MICCFT
+ [drug]/MICdrug.

cS, synergy, FICI ≤0.5; I, indifference, 0.5 < FICI ≤ 4.
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sensitization to the individual antibiotics with little to no
synergy for the antibiotic combinations. This observation
supports PBP2a as the instigator of the synergistic effect due to
its allosteric regulation. A similar result was seen upon
decreased expression of PBP2. This result can be rationalized
by the fact that PBP2 and PBP2a work cooperatively in MRSA
in the presence of β-lactam antibiotic challenge.32 However,
attenuated expression of either PBP1 or PBP3 did not alter the
observation of the degree of synergism seen in the absence of
induction, indicating that neither enzyme is involved in
manifestation of synergism.
Does this synergy result from communication between the

allosteric and active sites of PBP2a? Analysis by mass
spectrometry supports a positive answer. At 100 μM imipenem,
a concentration approximately 4-fold lower than the dissocia-
tion constant for the allosteric site (as evaluated in the present
report), imipenem was unable to acylate the Ser-403 of the
active site. However, in the presence of 20 μM ceftaroline (a
value equal to its dissociation constant for the allosteric site)
and at the same concentration of imipenem (100 μM),
acylation of the active site occurred by both ceftaroline and
imipenem. Ceftaroline serves as the allosteric trigger enabling
access to the active site by both antibiotics (Figure 3). This
experiment also rules out the possibility that there exist two
populations of PBP2a at all times, one with an open and
another with a closed active site. If coexisting populations were

present, then some acylation of the active site by imipenem
should have been observed in the absence of ceftaroline. This
result is not seen. A further advantage of the combination of a
second β-lactam with ceftaroline might be complementary
inhibition of the other PBPs in MRSA, as previously noted in a
different context.33

Whereas emergence of resistance for any antibiotic is
inevitable, our observation of synergy has the important
implication of suggesting that the facile emergence of resistance
might be forestalled by combination β-lactam chemotherapy.
Recently, mutations within the allosteric site were discovered in
clinical isolates with elevated MICs (2- to 32-fold) for
ceftaroline.34−37 This elevation is likely due to the mutations
interfering with the propagation of the allosteric response.21

The use of a synergistic mixture of ceftaroline and another β-
lactam antibiotic in MRSA infections by such mutant variants
could be treatable, as the MICs would remain below the break
points for resistance. Such mutant strains would not be isolated
as bona f ide resistance mutants.

■ CONCLUSION

The findings presented here emerged from the discovery of
allosteric regulation of PBP2a in MRSA. The triggering of
allostery by ceftaroline sheds light on the prospect of both
nontraditional structure−activity development for β-lactams
targeting PBPs subject to allosteric control38 and to non-β-
lactam compounds that could bind to the allosteric site and
elicit the same potentiation of β-lactam efficacy against MRSA
infection. There is considerable interest in potentiators of
antibiotics, in light of the profound clinical problems with
resistance.31,39−41 Our studies also indicate that binding to the
acyl-D-Ala-D-Ala terminus of the pentapeptide of the nascent
peptidoglycan has driven not only evolution of the trans-
peptidase active site for its substrate, but also that of the
allosteric site. The existence of the allosteric domain is
presently documented only in PBP2a, but no doubt that
other PBP examples in pathogenic bacteria await discovery.
The literature on PBP2a is replete with the assertion that its

active site has “low affinity” for β-lactam antibiotics. Our results
indicate that this assertion is an oversimplification. The
Tipper−Strominger hypothesis is as valid for the allosteric
site as it is for the active site of PBP2a. The high in vitro
concentration of a given β-lactam antibiotic (500 μM oxacillin,
for example, as used here) to achieve acylation of the active site
does not indicate low affinity for the active site, and also reflects
allosteric control of the active-site affinity. Each of the very few
β-lactams that have progressed to clinical approval for MRSA
chemotherapy, or have been considered for the purpose, has
the particular ability to effectively inhibit PBP2a. Their
structures have arisen from empirical structure−activity study.
Although it is premature to generalize that each of these β-
lactams has acquired this ability by usurping the allosteric site,
as we demonstrate here for ceftaroline, the fluorescent
methodology we show in Figure 2 has the potential to answer
this question.
Currently, there does not exist an experimental method for

monitoring the effect of the allosteric regulation on the
turnover kinetics of the PBP2a enzyme. Nonetheless, our
results support a sequential model for allostery,42−45 wherein
noncovalent ligand binding at the allosteric site initiates a
conformational change that opens the active site to either
substrate or the β-lactam inhibitor.

Figure 3. Deconvoluted mass spectra from LC/MS analysis of the
wild-type PBP2a in the presence of 100 μM imipenem (IPM) and 20
μM ceftaroline (CFT) (top) or no ceftaroline (CFT) (bottom). In the
absence of ceftaroline, only the molecular ion for the apoenzyme is
seen.
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As a result of the successful development of agents such as
ceftaroline, clinical control of mecA (PBP2a) MRSA infection is
possible. Bacterial resistance is not static, however, as
emphatically underscored by the recent emergence of a mecA
variant (mecC, PBP2a′) MRSA.46,47 We anticipate that our
experimental approach likewise will clarify the basis for
allosteric control in PBP2a resistance mutants, as well as
guide drug discovery whether as single agent or as dual
potentiation agents strategies.

■ EXPERIMENTAL PROCEDURES
Cloning of the Y446C and Q607C Mutant Versions of PBP2a.

To probe the conformational change that takes place around the active
site, one residue on the α2−α3 loop (Tyr446) and one on the β3−β4
loop (Gln607) were mutated to cysteine, so that the residue could be
labeled with a fluorescent probe. We chose the environmentally
sensitive, thiol-reactive fluorescent MDCC (7-diethylamino-3-((((2-
maleimidyl)-ethyl)amino)carbonyl)coumarin) for this purpose. Site-
directed mutagenesis was done to produce the Q607C mutant using
the wild-type mecA gene in pET24d(+) as template and primers
Q607Cfwd (5′-CAGAACTCAAAATGAAATGCGGAGAAACTG-
GCAGAC-3′) and Q607Crev (5′-GTCTGCCAGTTTCTCCGCAT-
TTCATTTTGAGTTCTG-3′). To introduce the Y446C mutation,
the following procedure was performed: the 5′ half of mecA was
amplified using forward primer that introduced an NcoI site (5′-
TACCATGGCTTCAAAAGATAAAGAAATTAATAATAC-3′) and
reverse primer that introduced the Y446C mutation and a HincII
site by silent mutagenesis (5′-ATTACCGTTAACCACTTCAC-
ATCTTGTAACGTTG-3′) to make PCR product #1. The 3′ half of
mecA was amplified using a forward primer to introduce a HincII site
by silent mutagenesis (5′-GAAGTGGTTAACGGTAATATCGAC-3′)
and a reverse primer with the stop codon and HindIII site (5′-
CCGCAAGCTTTTATTCATCTATATCG-3′) to make PCR product
#2. The resulting PCR products were digested with NcoI/HpaI or
HpaI/HindIII and then ligated into pET24d(+) that had been
digested with NcoI and HindIII. The desired mutation was confirmed
by DNA sequencing of the entire gene on both strands, and Escherichia
coli DH5a and BL21 Star (DE3) were transformed by the plasmid for
expression. Mutant proteins were expressed and purified as previously
described for the wild-type PBP2a.21

Fluorescent Labeling of Y446C and Q607C Mutant PBP2a.
The mutations Y446C or Q607C introduced the only cysteine residue
in the protein. To prepare the Y446C and Q607C PBP2a mutants for
fluorescent labeling, the Cys was reduced by extensive dialysis against
25 mM HEPES (pH 7.0), 1 M NaCl, containing 1 mM TCEP (tris(2-
carboxyethyl)phosphine). The reduced protein was then incubated
with an excess of MDCC overnight at 4 °C, protected from light.
Excess MDCC was removed by a desalting spin column (Thermo
Scientific) and labeling was confirmed by fluorescent imaging of an
SDS-PAGE gel (Figure 2C) and by mass spectrometry. The
fluorescently labeled proteins, Y446C-MDCC and Q607C-MDCC,
were quantified by A280 (ε280 Y446C = 96835 M−1 cm−1, ε280 Q607C =
98325 M−1 cm−1) and were used immediately in experiments.
Fluorescent Monitoring of Active-Site Conformational

Changes. The fluorescence of the Y446C-MDCC and Q607C-
MDCC enzymes in the absence and presence of β-lactam antibiotics
was monitored by excitation of the MDCC moiety at 419 nm using a
Cary Eclipse Fluorometer. Emission scans were taken every minute for
45 min at room temperature of 500 nM protein in 25 mM HEPES
(pH 7.0), 1 M NaCl. The fluorescent emission was stable for protein
alone for the 45 min of the experiments. Various amounts of
ceftaroline, oxacillin, ceftazidime, and imipenem were added to the
protein prior to the emission scans.
Dissociation constants for β-lactam antibiotics (cefepime, piper-

acillin, imipenem, and ceftazidime) at the allosteric site of the wild-
type PBP2a were determined as previously described for ceftaroline.21

Antibiotic-Susceptibility Tests. Minimal-inhibitory concentra-
tions (MICs) of ceftaroline, cefepime, ceftazidime, oxacillin,
piperacillin, imipenem, and meropenem against methicillin-resistant

S. aureus strains NRS70 (N315), NRS100 (COL), and NRS123
(MW2, USA400) were determined according to Clinical and
Laboratory Standards Institute guidelines using serial dilutions in a
96-well microplate.48 The wells were inoculated to a final
concentration of 5 × 105 cfu/mL. The effect of combination of
other β-lactam antibiotics with ceftaroline was determined using a
checkerboard assay.29 All experiments were done at least in triplicate.
The fractional-inhibitory-concentration index (FICI) values for
combinations of ceftaroline with cefepime, ceftazidime, oxacillin,
piperacillin, imipenem, and meropenem were determined by eq 1:

= + = +FICI FIC FIC
[CFT]

MIC
[AB]

MICCFT AB
CFT AB (1)

where FIC is the fractional-inhibitory concentration, [CFT] is the
concentration of ceftaroline, MICCFT is the minimal-inhibitory
concentration of ceftaroline alone, [AB] is the concentration of the
second antibiotic, and MICAB is the MIC of the second antibiotic
alone.

Synergy Study Using Antisense MRSA Strains. The MRSA
COL strains that were transformed with plasmids that contain xylose-
inducible antisense interference fragments for pbpA (which encodes
for PBP1), pbp2 (PBP2), mecA (PBP2a), or pbp3 (PBP3) were
developed by Roemer et al.30,31 and were a generous gift to us. LB/
agar plates containing 34 μg/mL chloramphenicol, with and without
50 mM xylose, were seeded with 1 × 107 cfu/mL of each strain and
allowed to dry. Ceftaroline (0.01 μg), meropenem (6.25 μg),
imipenem (12.5 μg), and oxacillin (100 μg) were added by spotting
the plate with 10 μL of the antibiotic alone and in combination. The
plates were incubated at 36 °C overnight. Zones of inhibition were
visualized and provided the basis to compare combinations of
antibiotics (Supporting Information Figure S4). When compared to
the inhibition by antibiotic alone, the three β-lactams (meropenem,
imipenem, and oxacillin) in combination with ceftaroline each gave
larger zones of inhibition in the absence of xylose, indicating a
synergistic effect. On plates containing xylose, in which PBP2 or
PBP2a expression was decreased, synergy was seen to a lesser extent
due to hypersensitization of the organism. There was no change seen
for the PBP1 or PBP3 strains, indicating their lack of involvement in
the synergistic effect.

LC/MS Analysis of β-Lactam-Acylated PBP2a. Wild-type
PBP2a was incubated with a sub-Kd concentration of imipenem
(100 μM) in the absence or presence of 20 μM ceftaroline (at Kd for
the allosteric site) at room temperature for 45 min. The sample was
then zip-tipped, diluted, and injected into a Dionex RSLC ultrahigh
pressure liquid chromatograph equipped with a Phenomenex Aeris
Widepore C4 column (150 × 2.1 mm; 3.4 μm particle size) coupled to
a Bruker microTOF-QII electrospray mass spectrometer. The data
were analyzed using Compass Data Analysis.
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