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Evasion of host immune defenses is critical for the progression of invasive infections caused by the leading
neonatal pathogen, group B streptococcus (GBS). Upon characterizing the factors required for virulence in a
neonatal rat sepsis model, we found that a surface-associated penicillin-binding protein (PBP1a), encoded by
ponA, played an essential role in resistance of GBS to phagocytic clearance. In order to elucidate how PBP1a
promotes resistance to innate immunity, we compared the susceptibility of wild-type GBS and an isogenic ponA
mutant to the bactericidal components of human neutrophils. The isogenic strains were found to be equally
capable of blocking complement activation on the bacterial surface and equally associated with phagocytes and
susceptible to oxidative killing. In contrast, the ponA mutant was significantly more susceptible to killing by
cationic antimicrobial peptides (AMPs) of the cathelicidin and defensin families, which are now recognized as
integral components of innate host defense against invasive bacterial infection. These observations may help
explain the sensitivity to phagocytic killing and attenuated virulence of the ponA mutant. This novel function
for PBP1a in promoting resistance of GBS to AMP did not involve an alteration in bacterial surface charge or
peptidoglycan cross-linking. While the peptidoglycan polymerization and cross-linking activity of PBPs are
essential for bacterial survival, our study is the first to identify a role for a PBP in resistance to host AMPs.

Streptococcus agalactiae (group B streptococcus [GBS]) is a
major cause of neonatal pneumonia, sepsis, and meningitis in
the United States (59). While mortality due to GBS infection
has declined recently due to advances in care and improved
disease recognition, this organism remains a leading cause of
invasive infections in neonates (4). Neonatal GBS infections
manifest as either early-onset disease, which occurs in the first
7 days of life, or as the less common late-onset disease that
develops after the first 7 days. Bacteremia is a common man-
ifestation of both forms (4); thus, the ability of GBS to survive
in the bloodstream is thought to be an important aspect of
invasive disease. To increase our understanding of invasive
GBS disease, we previously performed a genome-wide screen
to identify genes that are required for survival in the blood-
stream and the development of sepsis in a neonatal rat infec-
tion model. In this screen, penicillin-binding protein 1a
(PBP1a), encoded by ponA, was found to be critical for the
virulence of GBS (28). PBP1a was subsequently found to pro-
mote resistance of GBS to innate immunity by protecting the
organism from phagocytic killing by neutrophils (29).

PBPs are traditionally known for their role in the biosynthe-
sis of cell wall peptidoglycan (PG). Bacterial species express
between 2 and 16 PBPs, some of which have redundant func-
tions (10). These proteins are divided into three classes, low-
molecular-weight (with a mass of �40 kDa) PBPs and class A
and B high-molecular-weight (HMW; with a mass of �50 to

100 kDa) PBPs. Low-molecular-weight PBPs are monofunc-
tional carboxypeptidases that are involved in regulating the
number of peptide cross-links. The HMW class B PBPs are
monofunctional transpeptidases that are responsible for cross-
linking of the inter peptide bridges. The HMW class A PBPs
are bifunctional proteins with both transpeptidase (TP) activity
and glycosyltransferase (GT) activity, which is required for the
polymerization of the glycan chains (for a review, see reference
18). GBS PBP1a is representative of a bifunctional class A
HMW PBP (29). In addition to our studies linking PBP1a with
virulence in GBS, PBPs have been implicated in the virulence
of a number of other pathogens including mycobacterial, gram-
positive, and gram-negative bacterial species (2, 21, 27, 33, 35,
40, 49, 58, 69). Despite their frequent identification in screens
for virulence factors, the mechanism by which PBPs contribute
to virulence has not been determined.

The innate immune system represents the first line of de-
fense against invading bacteria and is particularly important in
neonates with suboptimal levels of protective antibody directed
against GBS (3, 5, 25). Key factors in innate immune defense
are the components of complement and neutrophils. GBS uses
a number of strategies to avoid killing by these components of
host defense including the elaboration of capsular polysaccha-
ride that inhibits opsonophagocytosis (37, 56, 57, 64). Sialy-
lated capsular polysaccharide prevents deposition of opsoni-
cally active C3 on the bacterial surface and promotes increased
conversion of C3b to iC3b, thereby rendering GBS resistant to
uptake and killing by phagocytes (36) and promoting virulence
in a variety of animal models of infection (37, 56, 57, 64).
Bacteria that are phagocytosed by neutrophils are exposed to
microbicidal products including reactive oxygen intermediates
(ROI) and antimicrobial peptides (AMPs). For defense against
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ROI generated during the respiratory burst, GBS relies on
expression of a superoxide dismutase (53), a carotenoid pig-
ment that is linked to hemolysin (34) and high intracellular
levels of the oxygen-metabolite scavenger glutathione (65).

AMPs are integral components of innate immunity that have
bactericidal activity against a wide range of bacterial species.
AMPs are characteristically highly cationic and have the ca-
pacity to kill a broad spectrum of microorganisms by creating
pores or otherwise affecting the integrity of membranes (68).
The AMPs found in human neutrophils include members of
the defensin and cathelicidin classes. The human neutrophil
peptides 1 to 4 (HNP-1 to HNP-4) are members of the defen-
sin family that are stored in cytoplasmic granules of the neu-
trophil, where they make up about 30% of the total granule
protein. These AMPs are released into phagolysosomes where
they contribute to the killing of engulfed microorganisms.
Cathelicidins are a second class of AMP found in neutrophils
that are structurally distinct from defensins. The best-charac-
terized cathelicidin is LL-37, a 37-amino-acid peptide found in
human neutrophils. The LL-37 homolog found in mice is
known as cathelin-related antimicrobial peptide (CRAMP). In
addition to being a major component of the bactericidal gran-
ule content of neutrophils, defensins and cathelicidins are also
widely expressed by epithelial cells (for review, see reference 17).

Bacteria possess numerous mechanisms for resisting the ac-
tivity of AMPs (for a review, see reference 45). These include
modification of the surface charge, which results in decreased
binding of the cationic AMPs, and the expression of proteins
that inactivate or degrade AMPs. To date, the only known
mechanism of resistance to AMPs that has been reported in
GBS is electrostatic repulsion of AMPs by incorporation of
D-alanine substitutions into teichoic acids on the bacterial cell
surface (54). Here we demonstrate that PBP1a protects GBS
from phagocytic killing by promoting resistance of the organ-
ism to AMPs through a novel mechanism independent of cell
surface charge.

MATERIALS AND METHODS

Bacterial strains and growth medium. The bacterial strains used in this study
are listed in Table 1. GBS strains were grown in Todd Hewitt broth (THB; Difco
Laboratories) at 37°C in 5% CO2 except as noted. Staphylococcus aureus strains
were grown in THB at 37°C with aeration.

Opsonization and hydroxylamine release of bound C3. Purified C3 protein (a
kind gift from M. Hostetter) was digested to completion with 16 �g/ml trypsin

(sequencing grade; Sigma) in 1 mM HCl during a 1-h incubation at 30°C.
Complete digestion was confirmed by analyzing C3 fragments by sodium dodecyl
sulfate (SDS)-polyacrylamide gel electrophoresis (31), staining with Coomassie
blue, and comparing the fragments that we observed to published tryptic cleav-
age patterns (41). Western blotting was performed using an anti-C3 antibody
(MP Biomedicals) diluted 1:10,000 in blocking buffer (5% nonfat milk in phos-
phate-buffered saline [PBS], 0.05% Tween 20), and an anti-goat immunoglobulin
G-peroxidase-conjugated secondary antibody (Sigma) diluted 1:5,000 in blocking
buffer.

Serum for C3 deposition assays was isolated from human blood obtained from
volunteers following informed consent, as required by Seattle Children’s Hospi-
tal and Regional Medical Center Institutional Review Board. GBS-specific an-
tibody was removed by preadsorbing the serum against the appropriate isogenic
strains (7) or using an ImmunoPure Immobilized Protein A column (Pierce)
according to the manufacturer’s directions. Analysis of C3 fragments on the
surface of GBS strains following opsonization was performed using a modifica-
tion of the methods of Gordon et al. (20). Briefly, isogenic strains were grown to
an optical density at 600 nm (OD600) of 0.8, incubated in 50% pooled normal
human serum (NHS) for 30 min at 37°C, and then washed in PBS–1% SDS to
release noncovalently bound C3. Covalently attached C3 was released from the
bacterial surface by hydroxylamine treatment (1 M hydroxylamine–1% SDS, pH
9.0, in 0.1 M carbonate buffer). The supernatant containing C3 was reduced by
incubation with PBS containing 1% SDS and 10 mM dithiothreitol (10%, wt/vol)
for 60 min at 37°C and then N-acetylated again by incubation in 22 mM iodo-
acetamide (10%, wt/vol) in TE buffer (10 mM Tris, 1 mM EDTA), pH 8, for 60
min at 37°C. C3 fragments released from the bacterial surface were resolved on
10% SDS-polyacrylamide gels and transferred to polyvinylidene difluoride mem-
brane (Millipore) and detected by Western blotting using anti-C3 antibody and
an anti-goat immunoglobulin G-peroxidase-conjugated secondary antibody as
described above.

Neutrophil isolation and phagocytosis assay. Dextran sedimentation was used
to isolate neutrophils from heparinized human blood obtained from volunteers
(6). Contaminating red blood cells were lysed by the addition of ice-cold 0.2%
NaCl, and the neutrophils were resuspended in RPMI 1640 medium (Mediatech)
and counted, and the viability was confirmed using trypan blue dye exclusion.
Phagocytosis assays were performed as previously described (7) with modifica-
tions. The isogenic strains were incubated with neutrophils and 10% NHS at a
ratio of 9 bacteria to 1 neutrophil (9 � 106 bacteria to 1 � 106 neutrophils) for
10 min at 37°C with constant mixing. The neutrophils were pelleted by centrif-
ugation (150 � g at 4°C), washed twice to remove nonadherent bacteria, and
lysed by vortexing vigorously in ice-cold distilled H2O. The number of neutro-
phil-associated bacteria was determined by plating serial dilutions of the lysates
on Todd Hewitt agar (THA). Each assay was performed in triplicate.

Sensitivity to oxidative killing. The sensitivity of the isogenic GBS strains to
killing by oxidants was determined using a modification of the method of Liu et
al. (34). Briefly, the isogenic strains were grown to an OD600 of 0.5, washed, and
resuspended in the original volume of PBS. Paraquat, sodium hypochlorite, or
hydrogen peroxide (30 mM, 0.002%, or 0.003% final concentration, respectively;
Sigma) was added to the bacteria, and the samples were incubated for 2 h at
37°C. The number of surviving bacteria was determined by plating serial dilutions
of the samples on THA.

MIC assays and AMP killing kinetics. Gramicidin D was purchased from
Sigma. The MIC required to inhibit growth of the isogenic strains was deter-
mined in Tryptic soy broth (TSB) after an overnight incubation at 37°C using the
standard broth dilution method (42). HNP-1 (Peptides International) was resus-
pended in 0.01% acetic acid as recommended by the manufacturer and served as
a representative of the neutrophil defensins. The cathelicidins LL-37 and
CRAMP (murine cathelicidin) were purified as previously described (67). The
MICs of HNP-1, LL-37, and CRAMP required to inhibit growth of the isogenic
strains and the kinetics of killing were determined using a modification of a
previously described method (44). For MIC assays the isogenic strains were
grown to logarithmic phase (OD600 of 0.4) in THB, washed, diluted in 10 mM
sodium phosphate, pH 7.4, containing 0.2 � TSB, and added to 96-well plates
containing serially diluted peptide. The MIC was defined as the lowest concen-
tration of peptide that inhibited growth after overnight incubation at 37°C. For
killing kinetics assays, �1 � 104 bacteria of the logarithmic phase bacteria were
incubated at 37°C in 10 mM sodium phosphate, pH 7.4, and 0.2 � TSB contain-
ing HNP-1, LL-37, CRAMP, or acetic acid as a control. The number of surviving
bacteria was determined over a 2-h time period by plating serial dilutions of the
samples on THA. The percent survival was calculated relative to the bacterial
survival in the acetic acid control samples.

Cytochrome c surface charge assay. The binding of cytochrome c to the
surface of the isogenic GBS strains was determined as previously described (47).

TABLE 1. Bacterial strains used in this study

Strain Genotype Description Reference
or source

Streptococcus
agalactiae

A909 WT Serotype Ia
clinical isolate

32

AJ3F6 A909 Tn917::ponA ponA transposon
mutant

28

CPSE A909 �cpsE Acapsular
deletion mutant

L. Madoff

Staphylococcus
aureus

SA113 WT 47
AG1 SA113 dltA::spc dltA insertion

mutant
47
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A wild-type (WT) S. aureus strain (SA113) and an isogenic dltA mutant (AG1)
were included as controls. Strains were grown overnight, and the bacteria were
collected by centrifugation, washed twice in 20 mM morpholinepropanesulfonic
acid, pH 7.0, and concentrated to a final OD600 of 7.0. An aliquot of each strain
was incubated with 0.5 mg/ml cytochrome c (Sigma) for 10 min at room tem-
perature. The cells were pelleted, absorbance of the supernatants was measured
at 530 nm, and the amount of cytochrome c captured was determined by com-
parison to a standard curve.

PG purification and analysis. PG was isolated from cultures of the WT strain
and isogenic ponA mutant grown to an OD600 of 0.5 using the previously de-
scribed method of Meador-Parton and Popham (39) except that group antigen
and capsular polysaccharides were first removed as described by Wessels et al.
(63). Briefly, bacterial cells were incubated in 0.25 N NaOH for 28 h at 37°C to
remove polysaccharides. The insoluble PG was treated with trypsin, washed, and
then digested with mutanolysin (Sigma). The muropeptides were reduced with
borohydride and analyzed by reverse-phase high-pressure liquid chromatography
(HPLC) using the previously described method of Hakenbeck et al. (23). The
HPLC system consisted of a Waters 600E controller and pump, a 717 Autosam-
pler, and a 486 UV detector. A Powerchrom hardware and software system (AD
Instruments Inc.) on an Apple PowerMacintosh 5400 computer was used for
signal integration. Muropeptides were eluted at 0.5 ml/min from a Hypersil ODS
(octyldecylsilane) column (3-�m particle size; 250 � 4.6 mm; Keystone Science)
for 10 min with 0.05% (vol/vol) trifluoroacetic acid in water and subsequently
with a 90-min linear gradient to 20% acetonitrile in 0.035% trifluoroacetic acid.
The eluted compounds were detected by absorption at 210 nm. Bacterial cell
pellets were acid hydrolyzed and subjected to amino acid/amino sugar analysis as
previously described (39). The relative amounts of amino acids and glucosamine
(produced from N-acetyl-glucosamine during acid hydrolysis) were normalized

to the amount of isoglutamine (iGln). For calculating the PG per ml of culture,
the muramic acid content was used as a measure of PG.

Analysis of cell wall integrity and permeability. Susceptibility of the isogenic
strains to lysis following incubation with a cell wall hydrolase, mutanolysin, was
used to assess the integrity of the cell wall. Bacterial cells were incubated with
mutanolysin (10 to 50 units/ml) in 50 mM NaH2PO4 buffer (pH 6.8) at 37°C, and
lysis was monitored by following the decrease in the OD550 of the sample over
time as previously described (48). The concentration of the aminoglycoside
antibiotics kanamycin and gentamicin required to inhibit growth of the isogenic
strains was used as a measure of cell wall permeability. MICs were determined
with Etest strips (AB Biodisk), used according to the manufacturer’s directions,
and confirmed using the broth dilution method (42).

RESULTS

PBP1a does not promote processing of C3 on the bacterial
surface. Capsule is well known for its ability to protect GBS
from phagocytic killing by preventing opsonization by C3 and
by promoting conversion of active C3b to enzymatically inac-
tive iC3b on the bacterial surface (36). While capsule expres-
sion in the ponA mutant is unchanged compared to WT (29),
we investigated whether PBP1a also had antiopsonic activity in
GBS. In previous studies, the absence of PBP1a was not found
to impact the relative amount of C3 deposited on the bacterial
surface (29). Since conversion of C3b to iC3b is also another

FIG. 1. The mutation in ponA does not affect opsonization, association with neutrophils, or resistance to phagocyte oxidants. (A) Western blot
analysis of C3 fragments. Lanes 1 to 3, C3 fragments released by hydroxylamine treatment of opsonized WT bacteria, ponA mutant, and �cpsE
acapsular mutant, respectively. The identity of the C3 fragments that were released is indicated. (B) Association of GBS strains with human
neutrophils. Isogenic strains were incubated with neutrophils at a bacteria-to-neutrophil ratio of �9:1. The percentage of the inoculum associated
with the neutrophils was determined after 10 min. Data represent the means � standard deviations of triplicate values and are representative of
three independent experiments. *, P � 0.001 (two-tailed t test). (C) Sensitivity of the isogenic strains to ROI. The isogenic strains were incubated
with the indicated oxidant, and the survival index was calculated as CFU recovered at the end of the assay/input CFU. Gray bars, WT strain; white
bars, ponA mutant. Data represent the means � standard deviations of triplicate values and are representative of three independent experiments.
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strategy for innate immune invasion, in this study we examined
whether PBP1a expression affected the processing of C3 on the
bacterial surface.

We first confirmed that the antibody that we used could
detect the relevant C3 fragments since commercially available
anti-C3 antibodies vary in their ability to detect C3 fragments.
Comparison of the products that we obtained to published
tryptic cleavage profiles (41) revealed that all of the expected
processed forms of C3 were generated in assays and were
detectable using this antibody (data not shown). As seen in Fig.
1A, the C3 fragments released from equivalent numbers of WT
and ponA mutant GBS following opsonization in 50% NHS
included the 105-kDa fragment of C3b, the 40-kDa fragment
of iC3b and the 75-kDa �-chain that is common to all forms of
C3 (Fig. 1, lanes 1 and 2, respectively). The same C3 fragments
were released from the opsonized isogenic acapsular mutant
(�cpsE) (Fig. 1, lane 3) with the addition of the 67-kDa frag-
ment of iC3b. As expected, a significantly greater amount of C3
was detected on the surface of the acapsular mutant. These
data indicated that PBP1a does not protect GBS from phago-
cytic killing by promoting the processing of C3 on the surface
of GBS.

PBP1a does not affect association of GBS with human neu-
trophils. We investigated whether the absence of PBP1a af-
fected uptake of GBS by neutrophils using a phagocytosis
assay. An incubation time of 10 min was chosen to minimize
the impact of the differential survival of the isogenic strains in
neutrophils that we had previously observed (29). As shown in
Fig. 1B, we detected equivalent numbers of WT and ponA
bacteria associated with neutrophils following incubation, in-
dicating that PBP1a does not affect the uptake or association of
GBS with neutrophils. As a positive control for the phago-
cytosis assay, we also determined the number of the isogenic
acapsular mutant bacteria that were associated with the neu-
trophils after the same time period. As expected, significantly
more �cpsE bacteria were associated with the neutrophils
compared to WT and ponA strains.

PBP1a is not required for resistance of GBS to killing by
oxidants. To investigate whether the mutation in ponA affected
resistance of GBS to the products of the oxidative burst, we
compared the survival of the isogenic strains in the presence of
the principal oxidants produced by phagocytes: superoxide,
hypochlorite, and hydrogen peroxide. As shown in Fig. 1C,
there was no difference in susceptibility between the WT strain
and the ponA mutant to any of the oxidants that we tested
under these conditions.

The absence of PBP1a renders GBS sensitive to killing by
neutrophil AMPs. AMPs are a major component of the non-
oxidative killing capacity of neutrophils and are present in high
concentrations in the lysosomal granules. The AMPs found in
human neutrophils include members of the defensin and
cathelicidin classes. We compared the sensitivity of the iso-
genic strains to the defensin, HNP-1, and the cathelicidins,
LL-37 and CRAMP, by performing killing kinetic and MIC
assays. HNP-1, LL-37, and CRAMP are all cationic with
charges ranging from �2 to �7. As seen in Fig. 2, while the
kinetics varied depending on the specific AMP and concentra-
tion used, in all cases the ponA mutant was significantly more
susceptible to the activity of AMPs than the WT strain. Addi-
tionally, in MIC assays growth of the ponA mutant was inhib-

FIG. 2. Analysis of the activity of AMPs against the isogenic strains
using killing kinetics and MIC assays. For kinetic assays, the WT strain
(■ ) and ponA mutant (E) were incubated with 3 �M HNP-1 (A), 32
�M LL-37 (B), or 16 �M CRAMP (C). The number of viable bacteria
was determined over time by plating aliquots of each sample. The MIC
of each peptide is shown for the WT strain and ponA mutant. Data
represent the means � standard deviations of triplicate values and are
representative of three independent experiments. *, P � 0.05 (two-
tailed t test).
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ited at lower AMP concentrations compared to the WT strain.
In general, the concentration of peptide required to inhibit
growth of the ponA mutant was twofold lower than for the WT
parent strain (Table 2).

The absence of PBP1a does not alter surface charge. We
used a cytochrome c capture assay to compare the effective
surface charge of the WT and ponA mutant strains. Cyto-
chrome c is a highly positively charged molecule; thus, binding
to bacterial strains is dependent on the negative charge on the
surface. This assay is commonly used to model the electrostatic
interaction between AMPs and the bacterial surface (30, 47).
As shown in Fig. 3, there was no difference in the amount of
cytochrome c captured by the isogenic strains, indicating that
the mutation in ponA does not alter the effective surface
charge of the bacterium. As a control we used an S. aureus
strain with a known alteration in surface charge since the
corresponding GBS mutant strain was not available. S. aureus
AG1 has a mutation in dltA that causes a reduction in the
D-alanylation of the lipoteichoic acid and an increased net
negative surface charge (47). As expected, S. aureus AG1 cap-
tured significantly more cytochrome c than the WT parental
strain, SA113. To further investigate whether the electrostatic
interaction with AMPs had been disrupted in the ponA mutant,
we assessed the sensitivity of the isogenic strains to a neutral
peptide antibiotic, gramicidin. While uncharged, gramicidin
exerts its bactericidal activity by permeabilizing membranes in
a mechanism similar to cationic AMPs (24). The ponA mutant
was also more sensitive to gramicidin in our MIC assays than
the WT strain (Table 2). These data indicate that the mutation
in ponA does not affect the charge on the bacterial surface. Our
observations further suggest that unlike previously described
mechanisms of AMP resistance in GBS, PBP1a does not pro-
mote resistance to AMPs by disrupting the electrostatic inter-
action between the bacterial surface and the peptides.

The absence of PBP1a does not produce major changes in
PG. GBS PBP1a is predicted to have both GT and TP activities
that contribute to cell wall biosynthesis (29). To determine if
there were any changes in the PG that could affect suscepti-
bility to AMPs, we compared the composition of the PG pro-
duced by the isogenic strains. Chromatograms of HPLC elu-
tion profiles of the muropeptides are shown in Fig. 4A and B.
While these analyses did not identify individual muropeptides,
peaks 1 to 8 generally represent disaccharides with attached
peptides that are not cross-linked. We observed minor de-
creases in the abundance of some of the smaller muropeptides
(Fig. 4B, peaks 1 to 3) from the ponA mutant, relative to the
WT strain. The amount of material represented by these peaks
is proportionally small relative to that in the later regions of

the chromatogram. Thus, any effect of the change in these
muropeptides on the overall PG structure would be expected
to be minor in comparison to a change in the amount of the
highly cross-linked multimers. In the chromatograms, peaks 12
to 15 represent dimers of cross-linked disaccharides, and peaks
16 through 20 and the unresolved mound that elutes at �90
min represent highly cross-linked multimers of muropeptide.
The reduced size of the mound on the chromatogram for the
muropeptides from the ponA mutant suggests that there is a
slight reduction in the degree of cross-linking in the PG in this
strain.

Consistent with previous reports, we identified the amino
acids alanine, serine, iGln, and lysine in the PG from both
strains (9, 55) using amino acid analysis. However, as seen in
Fig. 4C, there was a 22% increase in the amount of alanine in
PG from the ponA mutant compared to the WT strain. Similar
to many other gram-positive bacteria, the GBS PG stem pep-
tide is composed of the pentapeptide L-Ala-D-iGln-L-Lys-D-
Ala-D-Ala (9). Taken together with the muropeptide profiles,
our observations suggest that the minor reduction in cross-
linking of PG from the ponA mutant results in an increase in
stem peptides that retain the D-Ala in position four of the
peptide side chains. We also quantitated the muramic acid
produced by the isogenic strains as a measure of PG. The two
strains produced equivalent amounts of PG (WT GBS pro-
duced 29.5 � 2.1 nmol, and the isogenic ponA mutant pro-
duced 28.5 � 0.7 nmol of muramic acid per ml of culture).
Collectively, these data indicate that the absence of PBP1a
does not affect the composition or the total amount of PG
produced and has only a minor impact on the cross-linking.

The absence of PBP1a does not affect cell wall integrity or
permeability. To investigate the possibility that the ponA mu-
tant was more sensitive to killing by AMPs due to a change in
the integrity of the cell wall, we compared the sensitivity of the

FIG. 3. Binding of the cationic protein cytochrome c to the bacte-
rial strains. Bacterial strains were incubated at a neutral pH with
cytochrome c. The amount of cytochrome c remaining in the super-
natant following pelleting of the bacterial cells was determined by
measuring the absorbance at 530 nm and comparing these values to a
standard curve. The data represent the means � standard deviations of
triplicate values and are representative of three independent experi-
ments *, P � 0.05 (two-tailed t test). A909, WT GBS; AJ3F6, ponA
GBS mutant; SA113, WT S. aureus; AG1, S. aureus dltA mutant.

TABLE 2. Activity of AMPs against GBS strainsa

AMP Net charge
MIC (�M)

A909 AJ3F6

Gramicidin 0 0.083b 0.016b

HNP-1 �2 to �3 0.8 0.4
LL-37 �6 	32 24
CRAMP �7 8 4

a A909 is wild type; AJ3F6 is a ponA mutant strain.
b Gramicidin MICs are in nanomolars.
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isogenic strains to lysis by mutanolysin. Mutanolysin cleaves
the �1-4 glycosidic bond between N-acetylmuramic acid and
N-acetylglucosamine of the glycan chain (66) and is commonly
used to digest the cell wall of gram-positive bacteria, including
GBS (9). The isogenic strains were incubated in mutanolysin at
a final concentration of 50, 25, or 10 U/ml, and lysis was
monitored by measuring the decrease in OD550 over time.
Both strains were equally susceptible to lysis during incubation
in all concentrations of mutanolysin that we tested. A repre-
sentative assay using 10 U/ml mutanolysin is shown in Fig. 5.
No lysis was observed when the strains were incubated for the
same length of time in buffer that did not contain mutanolysin
(data not shown). Sensitivity of bacterial strains to aminogly-
coside antibiotics is known to be affected by the permeability of
the bacterial cell (3); thus, we also compared the sensitivity of
the isogenic strains to the bactericidal effects of kanamycin and
gentamicin. The MIC of kanamycin was 400 �g/ml for both the
WT and ponA mutant strains, and the MIC of gentamicin was
48 �g/ml for both strains. Collectively, these data indicate that
the minor decrease in cross-linking that was observed in PG
produced by the isogenic ponA mutant does not affect the
integrity or permeability of the cell wall.

DISCUSSION

PBPs are traditionally viewed as cell wall metabolic enzymes
that play an important role in maintaining cellular integrity and
shape. More recently, PBPs have been linked with the viru-
lence of a number of bacterial species (2, 21, 27, 33, 35, 40, 49,
58, 69). In GBS, PBP1a encoded by ponA, was shown to be
required for the development of sepsis in a neonatal rat model
of infection (28). The attenuated virulence of the ponA mutant
correlated with an increased susceptibility to phagocytic killing
by neutrophils, suggesting that PBP1a promotes resistance of
GBS to innate immune clearance (29). In this study, we exam-
ined the sensitivity of our isogenic strains to several compo-

FIG. 4. Analysis of PG produced by the isogenic strains. PG was
purified and analyzed as described in Materials and Methods. HPLC
elution profiles of muropeptides from the WT strain A909 (A) and
ponA mutant AJ3F6 (B) are shown. Peaks labeled as 1 to 8 represent
disaccharides, peaks 12 to 15 represent dimers of cross-linked disac-
charides, and peaks 16 to 20 and the unresolved mound represent
highly cross-linked oligomeric components. (C) Amino acid/sugar
analysis of PG produced by WT (black bars) and ponA mutant (white
bars) GBS. The relative amounts of amino acids and glucosamine
(produced from N-acetyl-glucosamine [NAG] during acid hydrolysis)
were normalized to the amount of iGln. Analyses were performed on
two separate PG preparations, and the data represent means � stan-
dard deviations.

FIG. 5. Susceptibility of the isogenic strains to lysis during incuba-
tion with mutanolysin. The isogenic strains A909 (■ ) and AJ3F6 (E)
were incubated in mutanolysin (10 U/ml) at 37°C, and lysis was mon-
itored by following the decrease in OD550 over time. Incubations were
performed in triplicate, and the data shown are a representative of
triplicate assays.
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nents of host innate immune defense in order to determine the
role of PBP1a in GBS virulence.

Similar to other bacterial pathogens, effective phagocytosis
of GBS by neutrophils and macrophages requires opsonization
by specific antibodies or complement (1, 14, 60). In neonates
that lack specific antibodies, opsonization with C3 via the al-
ternative complement pathway is essential for effective phago-
cytic uptake and killing. While the expression of capsule is
known to function in immune evasion by inhibiting opsoniza-
tion with C3 and by promoting the conversion of C3b to en-
zymatically inactive iC3b (8, 36), PBP1a does not appear to
play a similar role. We previously demonstrated that the mu-
tation in ponA did not affect the quantity of C3 deposited on
the surface of the ponA GBS mutant (29), and in further
studies presented here, we also did not detect any difference in
the type of C3 fragments on the surface of the mutant follow-
ing opsonization in NHS. The absence of PBP1a did not ap-
pear to affect the uptake by or association of GBS with neu-
trophils.

Once bacteria are taken up by neutrophils, they are exposed
to their microbicidal components. The major microbicidal
products of the neutrophil include the ROI generated during
the respiratory burst and the elaboration of AMPs. We were
unable to detect any difference in susceptibility of the ponA
mutant to killing by ROI. However, the ponA mutant was more
sensitive to killing by human neutrophil defensins and the
human cathelicidin LL-37, suggesting that PBP1a promotes
resistance of GBS to AMPs. The ponA mutant was also more
sensitive to killing by cathelicidin purified from mouse neutro-
phils (CRAMP). Rat neutrophils also express cathelicidin (62)
and homologs of HNP-1 to HNP-4 (15); thus, the increased
sensitivity of the ponA mutant to killing by AMPs may contrib-
ute to the attenuated virulence that we previously observed in
the neonatal rat sepsis model. We observed two patterns in our
kinetic killing assays depending on the AMP and concentration
used. During exposure to HNP-1 and CRAMP, the ponA mu-
tant was killed far more rapidly than the WT GBS strain. When
exposed to LL-37 at the concentration that we used, the ponA
mutant remained static while the WT strain was able to repli-
cate. In all assays, the ponA mutant was far more sensitive to
the inhibitory or bactericidal effects of the AMP. In MIC
assays, the concentration of a single AMP required to inhibit
growth of the ponA mutant was two- to fourfold lower than for
the WT strain, which is consistent with what has been observed
for AMP-sensitive mutants from other bacterial species (13,
22). It is important to note that defensins and cathelicidins act
synergistically (11) and that a seemingly small difference in
MIC in vitro can manifest as a significant change in virulence
in vivo (16, 43, 44). Our data support these observations as we
have previously shown that the 50% lethal dose for the ponA
mutant in the neonatal rat sepsis model is 1 to 2 log units
greater than that of the WT strain (29).

GBS PBP1a is class A HMW bifunctional PBP that is pre-
dicted to possess both GT activity, which is needed for PG
strand polymerization, and TP activity, which is required for
cross-linking of peptide side chains on PG strands. As cell wall
integrity is critical for bacterial survival, PBPs are thought to be
functionally redundant, and inactivation of a single one can
often be compensated for by other PBPs (10, 12, 19, 38, 50, 51).
In some bacterial species, mutations in class A PBPs can result

in minor changes in PG structure. A mutation in Bacillus
subtilis ponA resulted in a minor reduction in cell diameter
(51), while a mutation in Streptococcus pneumoniae ponA did
not produce any detectable changes in morphology (26). Pre-
vious examination of the GBS ponA mutant using electron
microscopy did not reveal any gross changes in cellular mor-
phology (29). In this study, we used the highly sensitive method
of HPLC to analyze the PG produced by the ponA mutant in
comparison to the WT strain. While the total amount of PG
produced was unaffected, we did detect a minor decrease in the
amount of cross-linking of the PG produced by the ponA mu-
tant. While substantial decreases in PG cross-linking are
known to increase the sensitivity of bacteria to lysis following
incubation with cell wall hydrolases such as mutanolysin (61),
the minor decrease in cross-linking that we observed in the PG
produced by the GBS ponA mutant did not affect the suscep-
tibility to lysis by mutanolysin. Additionally, we were unable to
detect any change in the permeability of the cell wall of the
mutant as measured by sensitivity to aminoglycosides antibiot-
ics. Thus, we concluded that the mutation in ponA had not
affected the permeability or structural integrity of the cell wall.

Resistance to AMPs is being increasingly recognized as a
virulence trait in bacterial pathogens (see reference 45 for a
review). To date, the only known mechanism of resistance to
AMPs that has been reported in GBS is modification of the
surface charge to repel binding of AMPs (54). The surface of
bacteria tends to be negatively charged; thus, cationic AMPs
are drawn electrostatically to the bacteria. To reduce the net
negative charge on the surface, bacteria incorporate D-alanine
into the teichoic acid. The genes responsible for D-alanylation
of teichoic acid in GBS have been identified as dltABCD (52).
The charge on the surface of a dltA mutant is more negative
than the WT strain, and the mutant is more susceptible to
killing by AMP (54). In this study, we were unable to detect any
difference in the surface charge of the ponA mutant using
cytochrome c capture assays. Additionally, the ponA mutant
was more susceptible than the WT strain to the neutral peptide
antibiotic gramicidin. In contrast, mutant bacterial strains that
are sensitive to AMPs due to an alteration in surface charge
are as sensitive to gramicidin as their wild-type parent (46, 54).
Collectively, these data indicate that PBP1a promotes resis-
tance to AMPs by a novel mechanism that does not involve
modification of the surface charge. While PBPs are tradition-
ally known for their role in the biosynthesis of PG, our study
represents the first demonstration of a role for PBPs in resis-
tance to AMPs of the innate immune system. Studies are under
way to characterize the precise mechanism by which PBP1a
promotes the resistance of GBS to AMPs.

In summary, these data represent the first description of a
mechanism of resistance to AMPs in GBS that is not related to
surface charge modification. While PBPs are traditionally
known for their PG biosynthetic activity, our study represents
the first demonstration of a role for these surface proteins in
resistance to AMPs of the innate immune system. PBPs have
been reported to impact the virulence of a number of bacterial
species; but to date, their role in virulence has not been deter-
mined, and no functions other than cell wall metabolic activity
have been proposed for PBPs. In vivo virulence screens iden-
tified ponA homologs as being required for virulence of S.
pneumoniae, S. aureus, Listeria monocytogenes, Mycobacterium
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tuberculosis, and Salmonella enterica (2, 33, 35, 49, 69). Addi-
tionally, PBP1a appears to be upregulated during growth of
group A streptococcus (GAS) in vivo during a murine infec-
tion, and antibodies directed against PBP1a were detected
using in vivo induced antigen technology in convalescent-phase
sera from patients with invasive GAS disease (58). Resistance
to AMPs is being increasingly recognized as a virulence trait in
bacterial pathogens, and it is tempting to speculate that PBP-
mediated resistance to AMPs represents a widespread mech-
anism for evading innate immunity.
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