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he presence of subinhibitory concentrations of ␤-lactam antibiotics has been shown to increase daptomycin (DAP) activity
against both DAP-susceptible and DAP-nonsusceptible (DNS)
methicillin-resistant Staphylococcus aureus (MRSA) strains (1, 2).
The mechanisms of this are not fully understood, but it has been
attributed to a ␤-lactam-induced increase in the binding of DAP
to bacterial cell membranes (3, 4). These observations fall in line
with the observed DAP–␤-lactam “seesaw effect” whereby S. aureus frequently gains susceptibility to ␤-lactams upon the acquisition of the DNS phenotype (5). Collectively, these in vitro
observations have been translated to antimicrobial therapy
combinations to successfully manage difficult-to-treat MRSA
infections (2, 3, 5, 6).
Most in vivo studies have focused on three antistaphylococcal
␤-lactams, oxacillin, nafcillin (NAF), and ceftaroline, the latter
because of its unique anti-MRSA properties among the ␤-lactam
classes. However, no studies have compared the relative differences among the various ␤-lactam classes in their DAP-potentiating properties at therapeutically relevant concentrations.
The potentiation of DAP activity obtained by the addition of a
␤-lactam antibiotic may provide a straightforward way to enhance
anti-MRSA therapy against both DAP-susceptible and DNS
MRSA. Achieving a bacteriostatic DAP area under the concentration-time curve (AUC)/MIC ratio against S. aureus (438 ⫾ 67) is
challenging at a normal dose of 6 mg/kg (AUC ⫽ 705 ⫾ 67) when
the organism’s DAP MIC is 2 g/ml or greater (7). Dose escalation
to 8 or 10 mg/kg improves the likelihood of attaining this target
parameter against strains with elevated MICs but results in a
higher minimum drug concentration in serum (Cmin), which has
been associated with an increased risk of creatine phosphokinase
elevation (8). High-dose DAP therapy is of particular concern in
obese patients, where DAP AUCs are reported to be 30% greater
than in nonobese matched controls (9).
In contrast to increasing pharmacokinetic parameters via dose
escalation, pharmacodynamic enhancement of DAP with ␤-lactam antibiotics reduces the effective DAP MIC and therefore may
increase the AUC/MIC ratio without increasing the DAP Cmin.
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The results of this study suggest that some ␤-lactams are more
effective than others in potentiating the anti-MRSA activity of
DAP and this difference may be associated with the relative affinity
for penicillin-binding protein 1 (PBP1).
MATERIALS AND METHODS
Five pairs of MRSA isolates from five different patients were examined in
this study, including the paired isolates from the index case of the clinical
series utilizing DAP plus an antistaphylococcal ␤-lactam against refractory bacteremia (3). Each pair represents clinically sequential DAP-susceptible and DNS MRSA isolates identified as isogenic by whole-genome
sequencing (3, 4, 10). The single nucleotide polymorphisms (SNPs) are
displayed in Table 1. The DAP susceptibility of each isolate was determined by broth microdilution (11) in the presence or absence of static
concentrations of nine different ␤-lactam antibiotics corresponding to
the maximum, average, and minimum free concentrations (fCmax, fCavg,
and fCmin, respectively) of that agent in serum (12–18). All antibacterials
were purchased as commercial agents, except cefuroxime and cefotaxime
(CTX), which were purchased from Sigma-Aldrich (St. Louis, MO). The
selection of ␤-lactam antibiotics was made to capture a wide variety of
␤-lactam classes and PBP-binding profiles (Table 2).
Time-kill curves were determined with all DNS strains at 37°C in
calcium-supplemented (50 g/ml) Mueller-Hinton broth containing
DAP at 0.5 times the MIC and a ␤-lactam antibiotic alone and in combination. The concentration of each ␤-lactam antibiotic was chosen to reflect the fCavg achieved in serum during a typical dosing interval, which
was selected with the formula fCavg ⫽ (fCmax ⫺ fCmin)/2.
The rationale for using this test concentration was to approximate a
clinically relevant concentration that would be achieved regardless of variation in the dose, volume of distribution, or patient-dependent clearance
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The activity of daptomycin (DAP) against methicillin-resistant Staphylococcus aureus (MRSA) is enhanced in the presence of
subinhibitory concentrations of antistaphylococcal ␤-lactam antibiotics by an undefined mechanism. Given the variability in
the penicillin-binding protein (PBP)-binding profiles of different ␤-lactam antibiotics, the purpose of this study was to examine
the relative enhancement of DAP activity against MRSA by different ␤-lactam antibiotics to determine if a specific PBP-binding
profile is associated with the ability to enhance the anti-MRSA activity of DAP. We determined that both broad- and narrowspectrum ␤-lactam antibiotics known to exhibit PBP1 binding demonstrated potent enhancement of DAP anti-MRSA activity,
whereas ␤-lactam antibiotics with minimal PBP1 binding (cefoxitin, ceftriaxone, cefaclor, and cefotaxime) were less effective.
We suspect that PBP1 disruption by ␤-lactam antibiotics affects pathways of cell division in S. aureus that may be a compensatory response to DAP membrane insertion, resulting in DAP hypersusceptibility.
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TABLE 1 Mutational differences between DAP-susceptible and DNS isogenic strain pairs identified by whole-genome sequencing
Mutationa

Gene

Function

Reference

D592/D712
1440962
1608916
1960627
2448257
2592882

T to C
A to G
G to A
C to A
G to A

mprF
srrB

Phosphatidylglycerol lysyltransferase
Respiratory response protein
NA,d noncoding
Transcriptional regulator
Endo-1,4-beta-glucanase

4

J01/J03b
42283
530079
605255
832922
1440974
2724219

C to T
T deletion
T to C
T to C
C to T
6-bp deletion

Mobile element protein
NA, indel, noncoding
DNA-directed RNA polymerase beta subunit
Protein export cytoplasm protein SecA ATPase RNA helicase
Phosphatidylglycerol lysyltransferase
NA, indel in frame, hypothetical protein

This study

O325/O510b
20183
901046
946004
1442416
2219610

A to G
A to G
G to A
T to C
T to C

Phosphoesterase, DHH family protein
NA, noncoding
Phage tail length tape measure protein
Phosphatidylglycerol lysyltransferase
Cardiolipin synthetase

This study

JKD6000/JKD6001c
24673
1217720
2006385
2142758
2142774
2150689
2151557

G to A
G to A
T to A
G to A
T to G
T to C
C to T

walR

Response regulator
NA, noncoding
Putative phage protein
dUTPase
dUTPase
Acetyltransferase
NA, noncoding

10

JKD6004/JKD6005,c 25010

A to G

walR

Response regulator

10

Isolate pair and position
b

rpoB
secA
mprF

a

Parent-to-child strain.
b
Reference genome S. aureus Mu50.
c
Reference genome S. aureus JKD6008.
d
NA, not applicable.

of ␤-lactam antibiotics (17, 19). Also, the fCavg would not overestimate the
effect that could occur with fCmax, which is achieved for only a brief period
in patients because of the short half-lives of most ␤-lactams. In addition to
the fCavg, we also determined NAF and meropenem (MEM) kill curves at
estimated concentrations consistent with continuous infusion therapy (fC
at steady state [fCss], 1.9 and 12.9 g/ml, respectively), which is of growing
interest to improve efficacy (20–22). Time-kill experiments were per-

formed in duplicate with a starting inoculum of 1 ⫻ 106 CFU/ml and 24 h
of antibiotic exposure.
All statistical analyses were performed with GraphPad Prism software
(version 5.0a; GraphPad Software, Inc.). The antibacterial activity (CFU/
ml) of each regimen was compared by t test for two-group analyses and by
two-way analysis of variance with Tukey’s post hoc test for analyses of
more than two groups. A P value of ⱕ0.05 was considered significant.

TABLE 2 PBP selectivity and pharmacokinetic parameters of selected ␤-lactam antibiotics used in this study
Drug

Proposed dosagea

t ⁄ (h)b

Cmax (g/ml)

Protein
binding (%)

fCmax (g/ml)

PBP
selectivity

Reference

AMP
NAF
TZP
CFZ
FEP
MEM
CRO
CTX
CEC
FOX

2,000 mg q4h i.v.
2,000 mg q4h i.v.
3,375 mg q4h i.v.
2,000 mg q8h i.v.
2,000 mg q8h i.v.
1,000 mg q8h i.v.
2,000 mg daily i.v.
2,000 mg q4h i.v.
500 mg q8h p.o.
1,000 mg q4h i.v.

1.2
1
0.8/0.8
2.8
2.3
1
6
1.1
1
0.8

97
40
213/29
404
130
112
280
200
17
115

18
87
30/30
94
20
2
93
40
25
73

80
5
150/20
26
105
110
20
120
13
31

Nonselective
Nonselective
Nonselective
Nonselective
Nonselective
PBP1
PBP2
PBP2
PBP3
PBP4

13
14
15
16
12
Product literature
Product literature
18
Product literature
17

a
b

12

q4h, every 4 h; i.v., intravenously; p.o., peroral.
t ⁄ , half-life.
12
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mprF
cls
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TABLE 3 MICs of DAP for study strain pairs in the presence of ␤-lactam antibiotics at their fCavgsa
DAP MIC (g/ml) with:
No ␤-lactam

AMP (44)b

NAF (2.7)

TZP (88)

CFZ (16)

FEP (57)

MEM (55)

CRO (12)

CTX (65)

CEC (6.5)

FOX (16)

Pair 1
O325
O510

0.13
1

0.06
0.13

0.06
0.25

NGc
NG

0.03
0.25

0.03
0.25

NG
NG

0.06
0.25

0.13
0.25

0.06
0.25

0.03
0.5

Pair 2
J01
J03

0.25
2

0.03
0.13

0.03
0.13

NG
NG

NG
NG

NG
NG

NG
NG

0.01
0.13

NG
NG

0.06
0.13

0.01
0.25

Pair 3
D592
D712

0.5
2

0.13
0.5

0.13
0.5

0.16
NG

0.13
0.5

0.13
0.5

0.03
NG

0.13
1

0.13
0.5

0.13
1

0.13
1

Pair 4
JKD6000
JKD6001

0.25
1

0.06
0.06

0.06
0.13

0.01
0.13

0.06
0.06

0.06
0.06

NG
NG

0.02
0.13

0.02
0.06

0.02
0.25

0.01
0.13

Pair 5
JKD6004
JKD6005

0.5
1

0.06
0.06

0.13
0.13

NG
NG

0.13
0.13

0.13
0.13

NG
NG

0.13
0.13

0.13
0.25

0.13
0.13

0.13
0.25

a

Although some DNS strains may appear DAP sensitive on the basis of the broth microdilution MIC results presented in the no-␤-lactam control column, confirmation by Etest
consistently demonstrated an MIC of ⬎1 g/ml for all DNS strains, a discrepancy that has also been noted by other groups (40).
b
Values in parentheses are fCavgs.
c
NG, no growth observed at 24 h in any well, including the control containing the ␤-lactam antibiotic alone.

RESULTS

DAP susceptibilities with and without a ␤-lactams at their
fCavgs are shown in Table 3. For all strains, the DAP MIC was
lowered in the presence of all of the ␤-lactam antibiotics tested.
The DAP MIC for DNS MRSA was decreased to the susceptible
range, consistent with prior data (23). The high fCavgs of some
␤-lactam antibiotics alone (piperacillin-tazobactam [TZP],
cefepime [FEP], MEM, and CTX) inhibited the growth of certain strains, and therefore, DAP enhancement could not be
evaluated. Although strains showed a reduction in the DAP
MIC in the presence of ␤-lactams, the magnitude of this effect
was heterogeneous. For example, although strains J03 and
D712 have the same DAP MIC, the reduction in the DAP MIC
in the presence of a ␤-lactam antibiotic was consistently greater
for J03 than for D712. To provide the greatest therapeutic benefit, an ideal ␤-lactam antibiotic would maintain the ability to

potentiate DAP activity at all concentrations throughout the
dosing interval, including its fCmin. Broth microdilution DAP
susceptibility testing was repeated for paired strains D592 and
D712 in the presence of a static concentration corresponding to
the fCmin of each ␤-lactam antibiotic. As shown in Table 4, each
␤-lactam was still partially effective in reducing the DAP MIC
at the equivalent of its fCmin.
While DAP broth microdilution is useful to assess the potential of ␤-lactam antibiotics to enhance DAP susceptibility,
information regarding time-kill kinetics and antibacterial killing is not captured in this assay. To better assess bactericidal
synergy, DNS MRSA strains were evaluated in 24-h killing assays in the presence of 0.5 times the DAP MIC, the fCavgs of the
study ␤-lactam antibiotics, or a combination of both. Figure 1
displays the results of each DAP–␤-lactam combination for all
five strain combinations tested. Overall, ␤-lactams binding

TABLE 4 DAP MICs for study strains in the presence of ␤-lactam antibiotics at their fCmaxs, fCavgs, and fCmins
DAP MIC for
strain:

DAP MIC for
strain:

DAP MIC for
strain:

␤-Lactam

␤-Lactam fCmax

D592

D712

␤-Lactam fCavg

D592

D712

␤-Lactam fCmin

D592

D712

AMP
NAF
TZP
CFZ
FEP
MEM
CRO
CTX
CEC
FOX

80a
5
170
26
105
110
20
120
13
31

0.13
0.13
NGb
0.13
0.13
NG
0.13
0.13
0.13
0.13

0.5
0.5
NG
1
0.25
NG
1
0.5
1
1

44
2.7
88
16
57
55
12
65
6.5
16

0.13
0.13
0.16
0.13
0.13
0.03
0.13
0.13
0.13
0.13

0.5
0.5
NG
0.5
0.5
NG
1
0.5
1
1

8
0.33
5
6
9
0.43
4
9.6
0.05
1

0.13
0.13
0.13
0.13
0.13
0.13
0.13
0.13
0.25
0.25

1
1
1
1
1
1
1
1
1
1

a
b

All values are in micrograms per milliliter.
NG, no growth.
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Strain
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DNS MRSA strains tested. The change in the number of CFU/ml from time zero is
presented as the mean with the standard error of the mean of the five strains. White
bars, ␤-lactam antibiotics that preferentially bind to PBP1; black bars, ␤-lactam
antibiotics that do not have PBP1 binding preference. Collectively, the mean activity in the PBP1 group was significantly greater than that in the non-PBP1 group
(⫺1.50 versus 1.73 log CFU/ml, respectively; P ⫽ 0.001).

FIG 2 Activity of DAP alone and in combination with ␤-lactam antibiotics that bind to PBP1 against DNS MRSA strain D712. Dotted line, growth control; white

circles, DAP; white squares, ␤-lactam; black diamonds, DAP plus a ␤-lactam. DAP was included at 1 g/ml (equivalent to 0.5 times the measured MIC for strain
D712); ␤-lactam antibiotics were included at the fCavg of the doses listed in Table 2. MEM inset: activity detailed in the first 4 h that displays increased potency
with MEM plus DAP after just 1 h of exposure.
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FIG 1 Activity of DAP in combination with ␤-lactam antibiotics against all five

PBP1 produced greater killing when combined with DAP than
those with a PBP2-to-PBP4 preference (⫺1.50 versus 1.73 ⌬log
CFU/ml, respectively; P ⫽ 0.001). Notably, PBP1-selective
MEM plus DAP had the highest mean killing. The representative bacterial kill curves for well-characterized DNS strain
D712 with all of the DAP–␤-lactam combinations tested are
shown in Fig. 2 and 3. For this isolate, DAP anti-MRSA activity
was enhanced the most by PBP1-selective MEM, followed by
PBP-nonspecific TZP and FEP, resulting in 4 to 5 log10 killing
at 24 h. DAP plus PBP-nonspecific ampicillin (AMP), NAF, or
CFZ resulted in 2 to 3 log10 killing at 24 h (Fig. 2). Of great
interest, however, was that ␤-lactams with minimal affinity for
PBP1 (PBP2-selective ceftriaxone [CRO] and CTX, PBP3-selective cefaclor [CEC], and PBP4-selective cefoxitin [FOX]) all
did not enhance DAP killing of MRSA strain D712 (Fig. 3; P ⬍
0.001 versus PBP1-selective and -nonspecific ␤-lactams).
In order to test the efficacy with which NAF or MEM continuous infusion potentiates DAP, DNS MRSA strain D712 was
grown for 24 h in the presence of 0.5 times the DAP MIC and the
predicted fCss of NAF analogous to a 12-g daily continuous NAF
infusion (1.9 g/ml) or a 3-g daily continuous MEM infusion
(12.9 g/ml) (Fig. 4). Growth in DAP plus NAF at the fCss was

␤-Lactam Selection for Daptomycin Sensitization

white circles, DAP; white squares, ␤-lactam; black diamonds, DAP plus a ␤-lactam. DAP was included at 1 g/ml (equivalent to 0.5 times the measured MIC for
strain D712); ␤-lactam antibiotics were included at the fCavg of the doses listed in Table 2.

statistically indistinguishable from growth at the fCmax and clearly
superior to growth at the fCmin (P ⬍ 0.001). Similarly, bacterial
killing with DAP plus MEM at the fCss was superior to that of DAP
plus MEM at the fCmin, but the fCss produced both less rapid
killing and a lesser extent of killing than the fCmax. On the basis of
these results, it is apparent that continuous infusion of NAF may
provide an important benefit compared to intermittent infusion
over the entire dosing interval to improve DAP killing, while the
rapid effects of the fCmax with intermittent infusion of MEM may
provide important therapeutic enhancements.
DISCUSSION

FIG 4 Activity of DAP at 0.5 times the MIC in combination with NAF or
MEM at the fCmax (white triangles), fCss (black circles), or fCmin (black triangles) against strain D712. Continuous infusion of NAF, represented by the fCss,
appears to provide better DAP enhancement than intermittent infusion
throughout a dosing interval, while intermittent infusion of MEM is rapidly
more bactericidal with DAP. Dotted line, growth control.

October 2013 Volume 57 Number 10

Although ␤-lactam antibiotics have no clinically relevant antimicrobial effects against MRSA as single agents, recent data show
that (i) they improve DAP activity against MRSA, (ii) they potentiate cationic host defense peptide killing of MRSA, and (iii) they
prevent the emergence of DAP resistance (23, 24). However, important gaps remain in the knowledge about the combination of
DAP and ␤-lactams necessary to optimize their clinical use, including the relative potency of the multiple agents within this
class, which we evaluated in this study.
DAP synergy was most pronounced with ␤-lactam antibiotics
known to preferentially bind PBP1, whereas ␤-lactam antibiotics
with preferential binding to PBP2, PBP3, or PBP4 showed significantly less synergy. The mutational differences among the DNS
strains identified by whole-genome sequencing (Table 1) represent a variety of genetic polymorphisms, including mprF, rpoB, cls,
and walR, associated with the DNS phenotype (10, 25, 26) and
may contribute to the observed differences in sensitization among
the strains. It is notable that DNS strains with SNPs in genes involved in membrane function (walR [yycF] in JKD6001 and
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FIG 3 Activity of DAP alone and in combination with ␤-lactam antibiotics that do not target PBP1 against DNS MRSA strain D712. Dotted line, growth control;
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although this effect was not definitively shown to be mediated by
PBP binding. Of interest, the ␤-lactam selected for the study of
hemolysin induction was FOX, which has minimal affinity for
PBP1 but rather is strongly selective for PBP4 (37). This suggests
that the panel of toxins produced by S. aureus may be influenced
on the basis of the identity of the PBP inhibited by ␤-lactams.
In addition to altering toxin production by MRSA, PBP disruption has a well-documented direct influence on susceptibility to cationic antimicrobial peptides in Streptococcus agalactiae (38). This is particularly relevant as both DAP and cationic
antimicrobial peptides exert their antimicrobial effects via
membrane disruption and resistance to cationic peptides often
coincides with cross-resistance to DAP (39). In S. agalactiae,
loss of PBP1a (homologous to PBP2 in S. aureus) resulted in
enhanced killing by host antimicrobial peptides (38). Thus,
inactivation of specific PBPs either through mutation or pharmacologically can alter cell signaling and influence toxin production and susceptibility to innate immunity. Interestingly,
this effect is not appreciated under standard susceptibility testing conditions, where toxin production and antimicrobial peptide activity are not assessed.
Another unexplored effect with DAP is the impact of the
␤-lactam infusion type on MRSA activity. Recently, there has
been increased interest in providing antistaphylococcal ␤-lactams as a continuous infusion (20, 21) to provide a consistent
level of antibiotic exposure in the treatment of infections with
susceptible organisms. If the DAP-enhancing activity of NAF
or MEM could be optimized throughout the dosing interval,
this combination would be highly beneficial both on a theoretical basis and for in vivo evidence of efficacy. Our results indicate that NAF at its fCss enhances DAP killing similar to that of
NAF at its fCmax and better than at its fCmin, but intermittent
infusion of MEM may be more beneficial than continuous infusion because of its rapid killing in the first few hours. It will be
important to determine if continuous infusion of NAF or MEM
along with other ␤-lactam antibiotics presented in this study
with DAP provides clinical treatment outcomes better than
those attained with standard infusions.
Although the novel evaluation of ␤-lactam antibiotics at the
fCmax and fCmin in this study provides the first relevant comparative in vivo data, in vivo animal and clinical studies are
needed to confirm these relationships to further guide the use
of DAP combined with ␤-lactam antibiotics in complex MRSA
infections. These studies are also limited in that they examined
only a small group of MRSA isolates for DAP–␤-lactam synergy. It remains unknown if our findings of ␤-lactam selectivity
in DNS S. aureus apply to DAP-susceptible strains, which were
not studied in similar detail. However, Table 2 indicates that
␤-lactams do further enhance DAP activity against susceptible
MRSA strains.
In summary, we have shown for the first time that ␤-lactams
have different potencies in enhancing DAP-mediated MRSA killing and that this may be driven by interference with PBP1 on the
basis of the relative selectivity of binding by different ␤-lactams to
the different PBPs of S. aureus. These findings further categorize
the identified “seesaw” effect in which S. aureus with reduced DAP
activity correspondingly has enhanced susceptibility to oxacillin
and potent DAP–␤-lactam synergy both in vitro and in an animal
endocarditis model (1). More research is needed to evaluate these
combinations at the clinical level, as well as basic research to fur-
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JKD6005) and cardiolipin synthesis (cls in O510) showed considerably less synergy with ␤-lactams than DNS strains without these
mutations (D712 and J03). SNPs in walR and cls are considered to
be cumulative mutations leading to further reduced DAP susceptibility upon continued exposure (27, 28). One isolate, J03, displayed synergy with any ␤-lactam regardless of its affinity for PBP.
Interestingly, PBP-nonselective agents were also synergistic with
DAP against this isolate, but specifically PBP1 selective MEM had
the most rapid and sustained activity with DAP. We hypothesize
that the clear differences observed in the DAP-enhancing activities
of ␤-lactam antibiotics may be related to differential PBP binding,
specifically, the degree of binding to PBP1.
S. aureus produces four distinct PBPs (PBP1 to PBP4), each of
which is a pharmacodynamic target of ␤-lactams to various degrees, while MRSA is able to produce a fifth PBP (PBP2a) with
reduced affinity for standard ␤-lactams. All PBPs are able to catalyze transpeptidation of bacterial peptidoglycan, while only
PBP2 is able to catalyze transglycosylation (29). Our hypothesis
that PBP specificity is associated with the ability to potentiate DAP
is based on the fact that ␤-lactam antibiotics that had poor DAP
potentiation have less relative PBP1 binding and higher binding
specificity for alternative PBPs (i.e., CRO [PBP2], CTX [PBP2],
CEC [PBP3], and FOX [PBP4]). In contrast, carbapenems like
MEM, which showed the greatest DAP potentiation, have high
selection for PBP1 binding (30, 31).
These data provide a very significant link to our further understanding of the DAP–␤-lactam synergy phenomenon, as they direct attention to PBP1 specifically. The role of PBP1 in S. aureus is
relatively poorly characterized, but it is appreciated that the C-terminal end carries the transpeptidase activity whereas the N-terminal end, while possessing no enzymatic activity, is important in
cell division and septum formation (32). The facts that PBP1 of S.
aureus is homologous to PBP3 of Escherichia coli (33) and PBP3 in
E. coli has been shown to interact with critical proteins of the
divisome of that organism (34) provide additional clues that interference with PBP1 activity with PBP1-selective ␤-lactams may
render MRSA more susceptible to other antibiotics that influence
the divisome of MRSA, such as DAP (35). Pogliano et al. hypothesized that DAP insertion into the membrane triggers what may be
a compensatory response to recruit proteins involved in synthesis
and arrangement of the cell surface architecture, as occurs in septum formation with cell division, at sites of DAP insertion (35).
Interference with this compensatory response by inhibition of cell
division proteins such as PBP1 may induce profound vulnerability
to DAP-mediated bacterial killing. This effect may be independent
of the ability of ␤-lactams to reduce the S. aureus surface charge,
resulting in enhanced DAP susceptibility (3). Future studies could
use S. aureus modified to express PBP1 or antibodies to PBP1 to
examine the role of PBP1 blockade in the enhancement of DAP
activity (36).
Exposure to ␤-lactams has also been shown to alter bacterial
gene regulation, leading to diverse physiological effects. Binding
of ␤-lactam to PBP1 by oxacillin (nonselective) or imipenem (selective) triggers the global regulator SarA, resulting in increased
Panton-Valentine leukocidin toxin expression. However, this induction did not occur upon ␤-lactam binding to alternative PBPs,
implying a PBP1-specific effect (30). Both of these agents do show
excellent affinity for PBP1. Exposure to subinhibitory ␤-lactam
concentrations has also been associated with increased production of hemolysins, nucleases, and fibronectin-binding proteins,

␤-Lactam Selection for Daptomycin Sensitization

ther characterize the effects of these different ␤-lactams on the
process of S. aureus cell division.
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