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We compared the affinities of ceftaroline for all penicillin-binding proteins (PBPs) with those of ceftriaxone
and cefotaxime in 6 Staphylococcus aureus and 7 Streptococcus pneumoniae isolates with various resistance
phenotypes. Ceftaroline MICs were <1 �g/ml against all S. aureus isolates and were <0.25 �g/ml for 4 of 7
isolates of S. pneumoniae. Ceftaroline affinities for penicillin-susceptible S. pneumoniae strains were in the order
PBP2X and -3 > PBP1A, -1B, and -2A > PBP2B, and ceftaroline had >4-fold higher 50% inhibitory concen-
trations (IC50s) (0.1 to 4 �g/ml) for PBP2X, -2A, -2B, and -3 than those for the other cephalosporins tested.
Among 3 penicillin-resistant S. pneumoniae strains, ceftaroline had a high affinity for PBP2X (IC50, 0.1 to 1
�g/ml), a primary target for cephalosporin PBP binding activity, and high affinities for PBP2B (IC50, 0.5 to 4
�g/ml) and PBP1A (IC50, 0.125 to 0.25 �g/ml) as well, both of which are also known as major targets for PBP
binding activity of cephalosporins. Ceftaroline PBP affinities in methicillin-susceptible S. aureus strains were
greater than or equal to those of the 3 other �-lactams tested. Ceftaroline bound to PBP2a in methicillin-
resistant S. aureus (IC50, 0.01 to 1 �g/ml) with up to 256-fold-higher affinity than those of other agents.
Ceftaroline demonstrated very good PBP affinity against all S. aureus and S. pneumoniae strains tested,
including resistant isolates.

�-Lactam antibiotics exert their antibacterial effect through
covalent interactions with penicillin-binding proteins (PBPs),
thus blocking the terminal step in cell wall biosynthesis. �-Lac-
tam resistance in Streptococcus pneumoniae is usually caused
by amino acid substitutions in the penicillin-binding domains
of 1 or more of its 6 PBPs, resulting from point mutations or
mosaic genes following recombination (21–23, 35). Altered
PBP1A, PBP2X, and PBP2B are the most important PBPs for
�-lactam resistance among clinical pneumococcal isolates (2, 3,
31, 46, 57).

In staphylococci, PBPs 1, 2, and 3, which have high affinities
for most �-lactam antibiotics, are essential for cell growth and
survival of methicillin-susceptible strains. Binding of �-lactams
by these PBPs is lethal (6). Low-molecular-weight PBP4, al-
though it may be important in normal cell wall synthesis and
may participate to a limited extent in resistance, is not
considered a critical target and may be dispensable (17, 41).
Methicillin resistance in methicillin-resistant staphylococci
(MRSA) is due to expression of a special PBP, PBP2a,
which is not present in methicillin-susceptible staphylococci
(6, 58, 59).

Ceftaroline fosamil is the developmental intravenous pro-
drug form of the broad-spectrum cephalosporin ceftaroline
(formerly called PPI-0903 M or TAK-91825), which is active
against MRSA and has a high affinity for PBP2a (PBP2�). It is
also active against streptococci, including S. pneumoniae (3, 15,
16, 43, 45).

In the current study, we determined the affinities of ceftaro-
line, ceftriaxone, cefotaxime, and penicillin G for PBPs from 6

Staphylococcus aureus and 4 S. pneumoniae isolates with vari-
ous resistance phenotypes.

MATERIALS AND METHODS

Bacterial strains and MIC determination. MICs of ceftaroline, ceftriaxone,
cefotaxime, and penicillin G were determined by CLSI macrodilution (8) for 6
clinical S. aureus and 7 S. pneumoniae strains. S. aureus strains used in the study
involved 5 MRSA strains, including 1 heteroresistant vancomycin-intermediate
S. aureus (hVISA) strain, 3 vancomycin-intermediate S. aureus (VISA) strains
(including 1 daptomycin-resistant [29] and 1 linezolid-resistant [28] strain), and
1 vancomycin-resistant S. aureus (VRSA) strain, and 1 methicillin-susceptible S.
aureus (MSSA) strain (Table 1).

Among 7 clonally unrelated S. pneumoniae isolates from different countries
chosen for this study, 6 were penicillin G resistant (MIC � 2 �g/ml) and 1 was
penicillin G susceptible (MIC � 0.06 �g/ml) according to 2006 CLSI M100-S17
interpretive criteria (9) (Table 1).

Detection of �-lactamase enzymes in MRSA strains. A cefinase disk test (BD
Diagnostics, Sparks, MD) was used as a screening test for the presence of
�-lactamase enzymes in MRSA strains. The test was performed according to the
manufacturer’s directions, with a positive control included. A color change from
yellow to red within 1 h on the area where the culture was applied was considered
positive.

Screening for optimal PBP expression among S. aureus strains. (i) Isolation of
whole cells. For each S. aureus strain, the growth curve was determined and
whole cells were isolated in selected intervals within a range of optical densities
at 600 nm (OD600) of 0.2 to 2, as described previously (52). Cultures were grown
in 1.5 liters of brain heart infusion broth (BD Diagnostics) and harvested at
OD600 values of 0.2, 0.3, 0.4, 0.5, 0.6, and 2. Cell pellets were resuspended in 50
mM NaPO4 buffer, pH 7.0, containing 100 mM NaCl and were treated with 1
mg/ml lysozyme (Sigma Inc., St. Louis, MO) and 0.01 mg/ml lysostaphin (Sigma
Inc.) for 45 min at 37°C. Afterwards, 50 mM NaPO4 buffer, pH 7.0, containing
10 mM MgSO4 and 0.1 mg/ml DNase I (Promega, Madison, WI) was added and
incubated for 15 min at 37°C. The 10 �l of the whole-cell suspension was
subjected to the competition assay described below. Based upon PBP affinity
screening at different points of bacterial growth, the optimal OD600 was selected
and used for membrane isolation and PBP labeling.

(ii) Isolation of crude membranes. Membranes containing PBPs from S. au-
reus were isolated using previously described methods (11, 25, 36, 48, 55, 60).
Optimal OD600 values of 0.3 to 0.4 were determined for all strains except strain
25, which was harvested in the stationary growth phase (OD600 � 2.00). Whole
cells were resuspended in 50 mM NaPO4 buffer, pH 7.0, containing 100 mM
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NaCl and were treated with lysozyme, lysostaphin, and DNase I (Promega,
Madison, WI) as described above. Furthermore, cells were additionally lysed by
three successive freeze-thaw cycles, using a dry ice-ethanol bath and a 37°C water
bath, and then sonicated (Sonicator 3000; Misonix, Newtown, CT) in an ice bath
four times at 30 s (50% duty, maximal output, pulsed), with a 60-s cooling period
between rounds of sonication (48, 60). Unlysed cells were removed by centrifu-
gation for 15 min at 5,000 � g. Fragments of S. aureus membranes containing
PBPs were collected by ultracentrifugation at 100,000 � g for 90 min at 4°C
and resuspended in 1 ml 50 mM NaPO4 buffer, pH 7.0 (11, 36, 48, 55, 60). The
total protein concentrations in the membrane preparations were determined
by a protein assay (Bio-Rad Laboratories), with bovine serum albumin as the
standard.

S. pneumoniae whole-cell isolation. Cultures of each strain were grown to an
OD600 of 0.3 in Todd-Hewitt broth supplemented with 0.5% yeast extract (BD
Diagnostics). Cells were collected by centrifugation for 15 min at 5,000 � g and
then resuspended in 1 ml of 50 mM NaPO4 buffer, pH 7.0 (56, 65).

PBP labeling and competition assays. PBPs were labeled using whole cells (S.
aureus or S. pneumoniae) or membrane preparations (S. aureus), using methods
based on the work of Sifaoui et al. (56). Membrane mixtures (100 �g of total
protein per sample) or whole cells (108 to 5 � 108 CFU/ml; 20 �l for S.
pneumoniae and 10 �l for S. aureus) were incubated with each of the tested
antibiotics in turn (ceftaroline, ceftriaxone, and cefotaxime) for 10 min at 37°C,
and a reference sample for each experiment was prepared for each mixture
without incubation with antibiotic. Additionally, membranes or whole cells of all
MRSA strains were preincubated with 1 mg/ml clavulanic acid (Glaxo Smith-
Kline Laboratories, Collegeville, PA) to saturate all PBPs except for the low-
affinity PBP2a (7, 11, 38, 39).

Visualization of S. aureus and S. pneumoniae PBPs and 50% inhibitory con-
centration (IC50) determination. S. aureus and S. pneumoniae PBPs were labeled
at 37°C for 15 min with 40 �g/ml and 10 �g/ml Bocillin FL (Invitrogen, Carlsbad,
CA), respectively, as described previously (52, 65). Proteins were separated by
SDS-PAGE, using 4 to 12% Bis-Tris Novex gels (Invitrogen) in morpholinepro-
panesulfonic acid (MOPS)-SDS running buffer (Invitrogen) for 2.5 h at 175 V (S.
aureus) or for 110 min at 160 V (S. pneumoniae).

Labeled PBPs were visualized using a ChemiDoc XRS imager system at the
520-nm setting (Bio-Rad Laboratories). Affinities of the �-lactams for the PBPs
were calculated as IC50s, which represent the �-lactam concentration needed to
cause 50% inhibition of Bocillin FL binding, measured using Quantity One
software (Bio-Rad Laboratories). The total number of membrane isolations for
S. aureus was 3, and for S. pneumoniae isolates, the number of experiments was

2. The provisional IC50 in each experiment for each of the PBPs was determined
and was within 1 double dilution of the antibiotic concentration used for com-
petition assays.

Nucleotide sequence accession numbers. All sequences obtained for pbp1A
(nucleotides 870 to 1950), encoding 350 amino acids, pbp2B (nucleotides 655 to
2028), encoding 458 amino acids, pbp2X (nucleotides 301 to 2034), encoding 578
amino acids, and pbp3 (nucleotides 1 to 1242), encoding 413 amino acids, have
been described previously (32, 34). Their respective GenBank accession numbers
are listed in Table 3.

RESULTS AND DISCUSSION

MICs (�g/ml) for ceftaroline and comparators for strains
used in this study are shown in Table 1. Affinities of ceftaroline
and comparators for the individual PBPs in the studied isolates
are indicated as IC50s and are reported in Table 2 for the
isolates of S. aureus and in Table 3 for S. pneumoniae. Ceftaro-
line demonstrated the lowest MICs for all 7 pneumococcal
strains tested, with a range of 0.015 to 2 �g/ml. Three S.
pneumoniae isolates (1564, 2688, and 1394), with penicillin G
MICs of 16, 8, and 4 �g/ml, respectively, did not show demon-
strable PBP profiles due to affected growth (low cells count and
early cell lysis occurred) resulting in poor Bocillin FL binding,
which may be explained by lytic cell death, as reported by
Regev-Yochay and coworkers (53). PBP binding studies of
penicillin G-resistant S. pneumoniae isolates defined according
to current CLSI nonmeningeal penicillin G breakpoints (sus-
ceptible, �2 �g/ml; intermediate, 4 �g/ml, and resistant, �8
�g/ml) (10) were difficult because of low bacterial cell counts
(OD600 � 0.1) and the fact that cell lysis complicated prepa-
ration of sufficient amounts of cell material with all active
penicillin-binding proteins (only minimal PBP3 affinity was
present) for binding studies with Bocillin FL (K. Kosowska-
Shick, unpublished information).

TABLE 1. MICs for all strains testeda

Strain Species Country of origin Yr isolated Phenotype
MIC(�g/ml)

Reference
PEN CRO CTX CPT

1564b S. pneumoniae Romania 1996 PEN resistantc 16 32 32 2 32, 34
2688b S. pneumoniae Poland 2000 PEN resistantc 8 8 16 0.5 32, 34
1394b S. pneumoniae Slovakia 1999 PEN resistantc 4 2 4 0.25 32, 34
24 S. pneumoniae South Africa Before 1998 PEN resistantc 4 2 1 0.25 32, 34
3413 S. pneumoniae Slovakia 2000 PEN resistantc 4 2 2 0.125 34
2527 S. pneumoniae Croatia 2000 PEN resistantc 2 0.03 0.015 0.015 34
1076 S. pneumoniae Austria 1996 PEN susceptiblec 0.03 0.03 0.03 0.015 34
ATCC 29213 S. aureus Reference strain 1981 MSSA, VSSA 1 2 2 0.5 www.atcc.org
873 S. aureus USA 2006 MRSA, hVISA, �-lactamase

negative
8 �64 �64 0.5 33

510 (VRS2) S. aureus USA 2002 MRSA, VRSA, �-lactamase
positive

32 �64 �64 1 4, 5

2149A S. aureus USA 2006 MRSA, VISA, linezolid
resistant, �-lactamase
positive

64 64 32 0.5 28

1287 S. aureus USA 2007 MRSA, VISA, �-lactamase
positive

32 8 4 0.5 33

25 S. aureus USA 2005 MRSA, VISA, daptomycin
resistant, �-lactamase
positive

64 �64 �64 0.5 29

a Abbreviations: PEN, penicillin G; CRO, ceftriaxone; CTX, cefotaxime; CPT, ceftaroline; MRSA, methicillin-resistant S. aureus; MSSA, methicillin-susceptible S.
aureus; VRSA, vancomycin-resistant S. aureus; VISA, vancomycin-intermediate S. aureus; hVISA, heteroresistant vancomycin-intermediate S. aureus; VSSA, vanco-
mycin-susceptible S. aureus.

b No demonstrable PBP binding affinity observed, except for PBP3.
c Classified according to 2006 CLSI M100-S17 interpretive criteria (9).
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Ceftaroline had the lowest MICs against the 6 S. aureus
isolates tested among those for cefotaxime, ceftriaxone, and
penicillin G. The ceftaroline MIC was 0.5 �g/ml for all isolates
except for 1 vancomycin-resistant MRSA isolate (VRSA 510),
for which the MIC was 1 �g/ml. In all strains tested, ceftaroline
bound to all PBPs with the same or a higher affinity (IC50 of
�0.5 �g/ml for PBP1, -2, -2a, and -3 in MSSA strain and �1
�g/ml for PBP1, -2, -2a, and -3 in MRSA strains, with 4 ex-
ceptions: PBP1 in strains ATCC 29213, 873, and 2149A and
PBP2 in strain 1287) than those of all �-lactam comparators
(Table 2). All antibiotics tested had a weak affinity for PBP4
(IC50 � 8 �g/ml). Moisan et al. observed similar weak affinities
of ceftaroline and ceftriaxone for PBP4 in strain ATCC 29213
(42). A fluorogram of PBP resolutions in methicillin-suscepti-
ble S. aureus ATCC 29213 is presented in Fig. 1, and Fig. 2
shows PBP2a profiles for all MRSA strains tested.

Methicillin resistance in S. aureus is caused by production of
the mecA-encoded protein PBP2a. The affinity of ceftaroline
for PBP2a in all 5 MRSA strains was up to �128 times higher
than those of other agents. We also observed that the PBP2a
affinity levels in MRSA strains differed, depending on the
growth phase during which cells were harvested for membrane
isolation. PBP2a affinities for cephalosporins were higher for
four strains from which membranes were isolated in the expo-

nential growth phase (OD600 � 0.3) than for one strain (strain
25) isolated in the stationary growth phase (OD600 � 2.00). In
strain 25, despite five attempts, there was no measurable PBP
affinity observed during the exponential growth phase. The
ceftaroline IC50 of 0.01 �g/ml for this strain was 50, 25, and 400
times lower than those of cefotaxime, ceftriaxone, and penicil-
lin G, respectively, but the ceftaroline MIC was �128 times
lower than those of the latter antibiotics. Hence, the higher
PBP2a affinity resulted in lower MICs. We did not see a strictly
proportional correlation between IC50 and the MIC for the
�-lactams used in the study, which is a known phenomenon
and reflects many other factors involved in the resistance level
(7, 19, 26, 30, 49). We observed such differences between
PBP2a affinity and the MIC for strain 25 for all antibiotics
tested. This lack of correlation was also seen for strain 510 (the
vanA-containing Hershey VRSA strain [4, 5]) and ceftriaxone
(MIC � 64 �g/ml; IC50 � 1 �g/ml), for penicillin G and
linezolid-resistant strain 2419A (28) (MIC � 64 �g/ml; IC50 �
2 �g/ml) or for ceftriaxone and this strain (MIC � 8 �g/ml;
IC50 � 2 �g/ml), and for penicillin G (MIC 32 �g/ml; IC50 �
4 �g/ml) and strain 1287 (a VISA strain isolated at Hershey
Medical Center [33]). Many factors may help to explain these
differences. One factor could be that �-lactams, especially peni-
cillin G, may have a relatively good affinity for PBP2a but that
their susceptibility to hydrolysis by penicillinase results in high
MICs (19). This may explain lower affinities of penicillin G for
PBP2a in strains 2149A and 1287, which are �-lactamase pos-
itive (Table 2).

There is no reported direct relationship between the amount
of expressed PBP2a protein and the �-lactam MIC (49). Ad-
ditionally, not only PBP2a production but also a sufficient
supply of peptidoglycan precursors would be required to me-
diate �-lactam resistance in MRSA. Also, altered peptidogly-
can composition indicates the presence of factors other than
PBP2a (12) which are involved in methicillin resistance, such
as mutations in femA or genes involved in staphylococcal cell
wall synthesis (12, 13, 49). In our previous study, we analyzed
the cell wall composition of strain 25 and demonstrated re-
duced muropeptide cross-linking and a reduction in muramic
acid O-acetylation (29). This strain was isolated in our hospital
from a patient whose blood MRSA isolate developed vanco-
mycin and then daptomycin resistance while the patient was on
therapy with both agents (29). These facts may contribute to
the observed high MICs for cefotaxime, ceftriaxone, and peni-
cillin G, with relatively low PBP2a affinities. Many changes in
the peptidoglycan composition and thickness have been noted
in other VISA and VRSA strains (1), and in our collection,
four strains (873, 25, 1287, and 510) had an hVISA, VISA, or
VRSA phenotype, which may indirectly suggest the presence
of �-lactam resistance mechanisms other than PBP2a. In strain
510, the PBP2a affinities for ceftriaxone (1 �g/ml) and cefo-
taxime (�128 �g/ml) varied compared to the MICs (�64 �g/
ml), and this observation cannot be explained without addi-
tional experiments. The above-mentioned facts (a sufficient
supply of peptidoglycan precursors and differences in pepti-
doglycan composition caused by altered gene expression in-
volved in cell wall synthesis) may partially explain the differ-
ences as well as the possible mutations in the mecA gene
encoding the PBP2a protein (30). It is important that affinity
studies of this nature have not, to our knowledge, been pub-

TABLE 2. Binding affinities of �-lactams for S. aureus PBPs

PBP Strain
IC50 (�g/ml)a

Ceftaroline Cefotaxime Ceftriaxone Penicillin G

PBP1 ATCC 29213 0.5 0.5 0.25 4
873 8 4 2 0.5
510 0.5 2 0.5 128
2149A 1 0.5 4 2
1287 0.125 4 1 4
25 0.5 1 16 0.5

PBP2 ATCC 29213 0.25 1 0.25 8
873 0.5 0.5 0.5 0.5
510 0.125 0.5 0.25 64
2149A 1 2 1 �128
1287 4 1 1 4
25 0.25 0.5 2 1

PBP2a ATCC 29213 NP NP NP NP
873 0.5 �128 �128 64
510 0.25 �128 1 64
2149A 1 �128 �128 2
1287 1 4 2 4
25 0.01 0.5 0.25 4

PBP3 ATCC 29213 0.125 1 1 1
873 0.125 0.125 0.25 0.03
510 0.125 0.25 0.25 4
2149A 0.5 4 2 2
1287 0.1 1 1 0.25
25 0.25 0.25 1 0.5

PBP4 ATCC 29213 �8 �8 �8 �8
873 �128 �128 �128 �128
510 �128 �128 �128 64
2149A �128 �128 �128 �128
1287 64 �128 �128 4
25 ND ND ND ND

a NP, ATCC 29213, as a MSSA strain, lacks PBP2a. ND, no demonstrable
binding of Bocillin FL to PBP4 was observed (17).
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lished for hVISA and VISA strains, so there is no current basis
for comparison of the results. These strains may well represent
heterogeneous groups, each with its own specific resistance
mechanisms. Villegas-Estrada et al. (61), using different deter-
mination and calculation methodology, tested the same (Her-
shey) VRSA strain examined in the current study as well as one
different linezolid-resistant MRSA strain. Ceftaroline was
found to be very active, with MICs of 0.25 to 2 �g/ml. Com-
parison between the IC50s found in the latter study and those
found in the current study are not valid because of differing
methodologies.

The range of IC50s for ceftaroline in our study with PBP2a

was 0.5 to 1 �g/ml for membranes isolated in exponential
growth phase and 0.01 �g/ml for strain 25, whose PBPs could
be harvested only in stationary growth phase. Previous papers
using comparable techniques reported average IC50s of 0.16 to
0.9 �g/ml for ceftaroline in MRSA strains (27, 42, 64). Differ-
ences between our results and those reported previously (27)
may be explained at least partially by differences in strains and
culture conditions. The higher affinity of ceftaroline for PBP2a
than those of other �-lactams may be explained by the pres-
ence of longer side chains in the chemical structure, which
increase interactions with the active-site groove of PBP2a (6,
37) and/or facilitate allosteric interactions that promote access
to the active site (61).

In MRSA strains, it is known that PBP2a may replace the
transpeptidase function of PBP2, although the transglycosylase
function of the latter becomes critical for MRSA growth in the
presence of �-lactams (51). In our study, ceftaroline showed
very good affinity for PBP2, and in only 1 VISA strain (1287)
was its affinity 2-fold lower than those of other cephalosporins
(Table 2). The mechanisms of low affinity for PBP2 of penicil-
lin G in strains 510 (VRSA) and 2149A (linezolid-resistant
MRSA) compared to those of cephalosporins are unknown
and may reflect the sequence mutations present in the gene
encoding PBP2, which may affect binding (20).

PBP4 has been reported to be responsible for production of
more highly cross-linked oligomers (36). The impaired func-
tion of PBP4 may be compensated by PBP2 activity (36). Also,
PBP4 is linked to low-level methicillin resistance in strains

FIG. 1. Competition assays for penicillin G binding to PBPs in
MSSA (ATCC 29213).

TABLE 3. Binding affinities of ceftaroline, cefotaxime, and ceftriaxone for pneumococcal PBPs

PBP Strain
(PEN susceptibility)a

GenBank
accession no.b

IC50 (�g/ml)

Ceftaroline Cefotaxime Ceftriaxone

PBP1A 1076 (S) FJ439534 0.25 0.1 0.1
24 (R) EU863721 0.125 0.125 0.25

3413 (R) FJ439539 0.25 0.25 0.25
2527 (R) FJ439536 0.25 0.25 0.25

PBP1B 1076 (S) NS 0.25 0.25 0.1
24 (R) NS 0.1 8 1

3413 (R) NS 0.25 4 4
2527 (R) NS 0.25 0.25 0.125

PBP2X 1076 (S) FJ439542 0.1 0.25 0.1
24 (R) EU863690 1 1 1

3413 (R) FJ439547 0.25 4 4
2527 (R) FJ439544 0.1 0.1 0.1

PBP2A 1076 (S) NS 0.25 0.25 0.25
24 (R) NS 0.5 0.5 1

3413 (R) NS 0.25 0.25 1
2527 (R) NS 0.25 0.25 0.25

PBP2B 1076 (S) FJ439550 4 �32 �32
24 (R) EU863659 0.5 16 16

3413 (R) FJ439555 2 16 16
2527 (R) FJ439552 4 4 4

PBP3 1076 (S) FJ441591 0.1 0.1 0.1
24 (R) FJ441590 0.1 0.1 0.25

3413 (R) FJ441599 0.1 0.1 0.25
2527 (R) FJ441595 0.25 0.1 0.25

a PEN, penicillin; S, susceptible; R, resistant.
b For sequences previously analyzed by DNA sequence analysis (32, 34). NS, no nucleotide sequence available.
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lacking PBP2a (36, 41). PBP4 significance in �-lactam resis-
tance has been reported to be more important in community-
acquired MRSA (CA-MRSA) strains (41), which were not
tested in the current study. In our study, PBP4 binding was
weak (IC50s � 8 to 128 �g/ml) for all tested �-lactams, with the
exception of VISA isolate 1287 with penicillin G (IC50 of 4
�g/ml) (Table 2). For VISA strain 25 (resistant to daptomycin
and isolated from the blood of a patient who failed vancomycin
and daptomycin therapy [29]), we could not obtain visible
binding of Bocillin FL to PBP4; this phenomenon cannot be
explained without additional investigations.

PBP1 may play a role in cell division of S. aureus (47) and is
essential for growth in both MSSA and MRSA, and its function
cannot be replaced by PBP2a (50). Ceftaroline showed good
affinity for PBP1, with IC50s of �1 �g/ml for all isolates whose
PBPs were harvested in exponential growth phase, with the
exception of hVISA 873, for which the IC50 was 8 �g/ml. The
IC50 of PBP1 in strain 25, whose PBPs were harvested in
the stationary growth phase, was 0.5 �g/ml.

PBP3 is an essential PBP, and �-lactam binding to PBP3
results in cell enlargement and the cessation of septation (17).
Ceftaroline had high PBP3 binding affinity relative to those of
comparator �-lactams for 4 of 5 MRSA isolates tested, and in
the remaining MRSA strain, hVISA strain 873, the affinity was
only 2-fold lower than those of other cephalosporins.

Cephalosporin resistance in pneumococci is due to specific
alterations and undefined changes in PBPs and may be influ-
enced by mutations in other genes (14, 18, 21–23, 40, 54, 57,
62). As expected, the penicillin G-susceptible strain 1076 had
no changes in the penicillin-binding domains of PBP1A (99%
homology to strain R6), -2X (99% homology to strain R6), or
-2B (96% homology to strain R6), which are known to be
associated with �-lactam resistance or effects on PBP binding
(2, 3, 31, 34, 46, 57).

SDS-PAGE gels of competitive PBP binding experiments
for ceftaroline are shown in Fig. 3 for all S. pneumoniae strains.

In our studies on S. pneumoniae, the order of ceftaroline bind-
ing affinities for PBPs in penicillin-susceptible strain 1076 was
PBP2X � PBP1A, -1B, and -2A � PBP3 � PBP2B, and
ceftaroline had �2-fold higher IC50s for PBP1A and -1B than
those of ceftriaxone and cefotaxime and lower IC50s for the
other PBPs in this isolate (Table 3), against which all 3 ceph-
alosporins had low MICs (�0.03 �g/ml). PBP1A and -2X are
known to be primary targets for cephalosporins in pneumo-
cocci, and all 3 cephalosporins tested showed high affinities for
these PBPs, with IC50s of �0.25 �g/ml (18, 44, 63). Ceftaroline
showed a higher affinity for PBP2B than those of ceftriaxone
and cefotaxime in the penicillin G-susceptible pneumococcal
strain 1076. Low affinities of cefotaxime and ceftriaxone for
PBP2B have been described previously (18, 24, 44).

Among 3 penicillin G-resistant strains, ceftaroline had the
lowest MICs (�0.25 �g/ml) and higher or equal affinities for
PBP1A, -2B, -2A, and -1B relative to those of the comparators
(Table 3). The affinity of ceftaroline for PBP2X was higher
than or equal to that for the most active comparator, cepha-
losporin, for any given isolate. The IC50s of ceftaroline for
PBP3 ranged from 0.1 to 0.25 �g/ml, similar to those of com-
parators, although S. pneumoniae PBP3 has not been impli-
cated in the killing action of �-lactam antibiotics (59). Ceftaro-
line showed the same or improved affinity for PBP2B relative
to those of cefotaxime and ceftriaxone (Table 3), despite the
presence of a T446A substitution in all penicillin-resistant
strains (34). In penicillin-resistant strain 24, the ceftaroline
MIC was 0.25 �g/ml, 2- to 4-fold lower than those of cefo-
taxime and ceftriaxone, with the same affinity for PBP2X
(IC50 � 1 �g/ml). The lower MICs in this strain may result
from improved PBP2B ceftaroline affinity, which was 16-fold
higher than those of ceftriaxone and cefotaxime. In strain 3413,
the ceftaroline MIC was 8-fold higher than those of cefotaxime
and ceftriaxone, which may reflect improved ceftaroline affinity
(4- to 8-fold lower IC50) for PBP2X and PBP2B. In penicillin-
resistant strain 2527, for which all cephalosporins had MICs of

FIG. 2. Competition assays for ceftaroline binding to PBP2a in MRSA strains.
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�0.03 �g/ml, cephalosporin affinities for PBP2X and PBP2B
were identical (IC50, 0.1 and 4 �g/ml, respectively). It should
be noted that the role of individual PBP IC50s in contributing
to the pneumococcal MIC is potentially complex and may be
influenced by the constellation of mutations present in PBP
genes and other genes, as well as the accessibility of the PBPs
in whole bacteria (22, 23).

In summary, ceftaroline demonstrated potent binding to
multiple PBPs in S. aureus, including PBP2a, responsible for
methicillin resistance of MRSA, and to PBPs in S. pneumoniae,
including PBP2B, PBP2X, and PBP1A, which are important in
penicillin resistance. Our results help to explain the improved
in vitro activity of this cephalosporin against S. aureus, includ-
ing MRSA with impaired vancomycin susceptibility, and mul-
tidrug-resistant S. pneumoniae. These findings have important
potential implications and support the use of ceftaroline for
treatment of infections caused by resistant staphylococci and
pneumococci.
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