
INFECTION AND IMMUNITY,
0019-9567/00/$04.0010

Apr. 2000, p. 2061–2068 Vol. 68, No. 4

Copyright © 2000, American Society for Microbiology. All Rights Reserved.

Staphylococcus aureus Protein A Recognizes Platelet gC1qR/p33:
a Novel Mechanism for Staphylococcal

Interactions with Platelets
TRUC NGUYEN,1 BERHANE GHEBREHIWET,2 AND ELLINOR I. B. PEERSCHKE1*

Department of Pathology, Weill College of Medicine of Cornell University, New York,1 and Department of
Medicine and Pathology, State University of New York at Stony Brook, Stony Brook,2 New York

Received 7 September 1999/Returned for modification 19 October 1999/Accepted 12 January 2000

The adhesion of Staphylococcus aureus to platelets is a major determinant of virulence in the pathogenesis of
endocarditis. Molecular mechanisms mediating S. aureus interactions with platelets, however, are incompletely
understood. The present study describes the interaction between S. aureus protein A and gC1qR/p33, a multi-
functional, ubiquitously distributed cellular protein, initially described as a binding site for the globular heads
of C1q. Suspensions of fixed S. aureus or purified protein A, chemically cross-linked to agarose support beads,
were found to capture native gC1qR from whole platelets. Moreover, biotinylated protein A bound specifically
to fixed, adherent, human platelets. This interaction was inhibited by unlabeled protein A, soluble recombinant
gC1qR (rgC1qR), or anti-gC1qR antibody F(ab*)2 fragments. The interaction between protein A and platelet
gC1qR was underscored by studies illustrating preferential recognition of the protein A-bearing S. aureus
Cowan I strain by gC1qR compared to recognition of the protein A-deficient Wood 46 strain, as well as inhi-
bition of S. aureus Cowan I strain adhesion to immobilized platelets by soluble protein A. Further character-
ization of the protein A-gC1qR interaction by solid-phase enzyme-linked immunosorbent assay techniques
measuring biotinylated gC1qR binding to immobilized protein A revealed specific binding that was inhibited
by soluble protein A with a 50% inhibitory concentration of (3.3 6 0.7) 3 1027 M (mean 6 standard deviation;
n 5 3). Rabbit immunoglobulin G (IgG) also prevented gC1qR-protein A interactions, and inactivation of
protein A tyrosil residues by hyperiodination, previously reported to prevent the binding of IgG Fc, but not Fab,
domains to protein A, abrogated gC1qR binding. These results suggest similar protein A structural require-
ments for gC1qR and IgG Fc binding. Further studies of structure and function using a truncated gC1qR
mutant lacking amino acids 74 to 95 demonstrated that the protein A binding domain lies outside of the gC1qR
amino-terminal alpha helix, which contains binding sites for the globular heads of C1q. In conclusion, the data
implicate the platelet gC1qR as a novel cellular binding site for staphylococcal protein A and suggest an addi-
tional mechanism for bacterial cell adhesion to sites of vascular injury and thrombosis.

gC1qR/p33 is a single-chain, multiligand binding protein
which migrates with an apparent molecular mass of 33 kDa by
sodium dodecyl sulfate-polyacrylamide gel electrophoresis
(SDS-PAGE) but as a multimer of 97.2 kDa by gel filtration
under nondissociating conditions (10). Indeed, recent crystal-
lographic evidence suggests that gC1qR may associate to form
a doughnut-shaped ternary complex (21). gC1qR was originally
isolated from a membrane preparation of a lymphoblastoid cell
line (Raji) but has been shown to have a wide cellular distri-
bution including platelets and endothelial cells (11, 30).

Independent reports from several laboratories demonstrate
gC1qR identity with p32, a protein initially copurified with
splicing factor SF2 (4, 18, 22), human immunodeficiency virus
(HIV) Tat-associated protein (45), and hyaluronic acid binding
protein, a member of the “hyaladherins” family of proteins (3,
33). In addition, gC1qR shows 92% sequence homology with
YL2, a murine protein which interacts with HIV type 1 Rev
(25).

gC1qR is synthesized as a pre-pro protein of 282 amino
acids. Enzymatic cleavage results in removal of the N-terminal
73-amino-acid segment and releases the mature form of the
molecule. Although gC1qR has been localized predominantly

to mitochondria (5, 26), variably low cell surface expression has
been observed also (11). On both resting and activated plate-
lets, for example, gC1qR surface expression is poor (29) but is
greatly enhanced following platelet adhesion to immobilized
fibrinogen or fibronectin (29). Similarly, cell surface expression
of gC1qR by endothelial cells is poor unless cells are activated
by inflammatory mediators (12). This apparently intrinsic self-
regulation of cell surface gC1qR expression may be important
physiologically, since the globular domain of C1q is accessible
in the circulation, as are other potential gC1qR ligands includ-
inghigh-molecular-weightkininogen,FXII, thrombin,andvitro-
nectin (11).

Staphylococcus aureus is a pathogenic bacterium which causes a
variety of infections in humans including endocarditis, osteo-
myelitis, wound sepsis, skin abscesses, and keratitis (1). At the
cardiac valve surface, the interaction between S. aureus and
platelets represents a critical event in the induction of infective
endocarditis (43). The molecular interactions between plate-
lets and S. aureus are incompletely understood, however.

S. aureus produces an array of potential virulence factors,
including protein A (1, 17), a 42-kDa bacterial cell wall com-
ponent expressed by most strains of S. aureus (6, 7). Protein A
binds both the Fcg region of immunoglobulins (Ig) (6, 20, 24)
and the Fab portion of Ig belonging to the VH31 gene family
(13, 19, 20, 24, 35). Previous reports have indicated that the
binding of protein A to Ig contributes to its mitogenic activity
(35), enhances natural killing activity against lymphoid tumor

* Corresponding author. Mailing address: New York Presbyterian
Hospital, Room K511, 525 East 68th St., New York, NY 10021. Phone:
(212) 746-2096. Fax: (212) 746-8797. E-mail: epeersch@mail.med
.cornell.edu.

2061



cell lines (28), and induces Ig secretion by human B cells (34).
In addition, protein A has been shown to activate complement
via the classical pathway (38). When administered to labora-
tory animals or tested in vitro, protein A produces a variety of
biological effects including hypersensitivity reactions, hista-
mine release from basophils, complement activation, and de-
repression of the opsonizing activity of serum (8, 24).

The present study describes the specific interaction of staph-
ylococcal protein A with human platelets via gC1qR. This inter-
action suggests a potential role for gC1qR in S. aureus patho-
genesis and a novel mechanism for S. aureus localization to
sites of vascular injury and thrombosis.

MATERIALS AND METHODS

Chemicals and reagents. The following chemicals and reagents were pur-
chased from the sources indicated: protein A (Cowan I), human complement
component C1q, bovine serum albumin (BSA), rabbit IgG, p-nitrophenyl phos-
phate (pNPP), S. aureus Cowan I and Wood 46 strains (formalin-treated cell
suspensions), and dimethyl sulfoxide (DMSO), Sigma Chemical Co. (St. Louis,
Mo.); alkaline phosphatase-conjugated goat anti-rabbit IgG, Organon Teknika
Corp. (West Chester, Pa.); alkaline phosphatase-conjugated streptavidin (AP-
STRAV), protein A-agarose, and sulfosuccinimidyl-6-biotinamidohexanoate
(NHS-LC-biotin), Pierce Chemical Co. (Rockford, Ill.); Tween 20, J. T. Baker
(Phillipsburg, N.J.); PD-10 columns, Pharmacia Biotech (Piscataway, N.J.).

Biotinylation. Proteins to be biotinylated were dialyzed in 1 liter of 0.2 M
NaHCO3, pH 8.3. NHS-LC-biotin (60 mg/ml), freshly dissolved in DMSO, was
added subsequently. After gentle tumble mixing for 1 to 4 h at room tempera-
ture, the reaction was stopped by removal of excess biotin via gel filtration over
a PD-10 column. Successful protein biotinylation was determined by immobiliz-
ing column fractions on microtiter wells and examining their reactivity with
AP-STRAV. AP-STRAV binding was detected as a function of pNPP hydrolysis
quantified spectrophotometrically at 405 and 490 nm.

Fixed cell suspensions of Cowan I or Wood 46 strains of S. aureus were diluted
in 0.2 M NaHCO3, pH 8.3, to a 2% cell suspension and were labeled by addition
of NHS-LC-biotin (60 mg/ml), freshly dissolved in DMSO. After 60 min, bacte-
rial cells were washed extensively in 0.01 mM Tris-buffered 0.15 M NaCl (TBS)
and stored at 4°C.

Hyperiodination of protein A. Hyperiodination of protein A was achieved as
described previously (35). Sodium iodide (1 mg/ml) was added to 100 ml of a
1-mg/ml concentration of protein A. Iodination, initiated by the addition of 1.6
mg of chloramine-T/ml, was allowed to proceed at room temperature with gentle
tumble mixing for 1 h. The reaction was terminated by the addition of 4.8 mg of
sodium metabisulfite/ml. Hyperiodinated protein A was separated from the re-
action mixture by passage over a PD-10 column equilibrated with 15 ml of 0.15
M NaCl.

Expression and purification of recombinant gC1qR (rgC1qR). Construction of
plasmid vector pGEX-2T containing the mature form (MF) of gC1qR cDNA
corresponding to amino acid residues 74 to 282 of the predicted protein sequence
and a deletion mutant expressing amino acids 96 to 282 designated gC1qR (TF)
(truncated form) has been described in detail in a previous publication (10). The
plasmids were transformed into Escherichia coli strain BL-21 [genotype: E. coli B
F2 dcm ompT hsdS (rB

2 mB
2) gal; Stratagene, La Jolla, Calif.]. Proteins were

expressed as fusion products with glutathione S-transferase (GST). GST fusion
proteins were purified on glutathione-Sepharose (Pharmacia Biotech) and
gC1qR (TF) or gC1qR (MF) was released by cleavage with thrombin (10).

gC1qR capture by solid-phase protein A. Native gC1qR was captured from
whole platelet lysates (400 to 500 mg of total protein) using protein A-agarose (50
ml) or a suspension of formalin-fixed S. aureus (Cowan I) (100 ml). Platelets were
prepared as follows. Whole blood was collected from healthy volunteers by
venipuncture after informed consent was obtained. Blood was anticoagulated
with 3.2% sodium citrate (1 part anticoagulant to 9 parts whole blood) and
centrifuged at 180 3 g for 15 min. The resulting platelet-rich plasma (PRP) was
collected, and the pH was adjusted to 6.3 to 6.7 with 1 M citric acid. PRP was
centrifuged at 1,000 3 g for 20 min, and the supernatant was discarded. The
platelet pellet was resuspended in 0.01 M HEPES-buffered modified Tyrode’s
solution. The washed platelets were lysed with 10% Triton X-100–0.15 M NaCl–
0.01 M Tris (pH 7.5) containing 100 mM EDTA and 5 mg of leupeptin/ml and
exposed to washed suspensions of fixed S. aureus (Cowan I) or protein A-agarose
overnight (4°C). After extensive washing, associated proteins were eluted using
SDS-sample buffer. Samples were electrophoresed into SDS–10% polyacryl-
amide gels (23) and evaluated by Western blotting using an anti-gC1qR antibody.
Antibody binding was detected by chemiluminescence (ECL; Amersham Corp.,
Arlington Heights, Ill.).

Similar studies were performed with rgC1qR. Specifically, 50 ml of protein
A-agarose was incubated (overnight, 4°C) with 1 ml of 90-mg/ml rgC1qR (MF).
The agarose was washed five times with 0.15 M NaCl–3.2 mM NaH2PO4–16.8
mM Na2H2PO4 (pH 7.5) to remove unbound gC1qR. Associated rgC1qR was

released by boiling (5 min) in SDS-sample buffer (23) and evaluated by SDS-
PAGE and Western blotting, as described above.

rgC1qR binding to immobilized protein A. Microtiter wells (Corning Labora-
tory Sciences Co., Corning, N.Y.) were coated (1 h, 37°C) with 60 ml of BSA or
protein A (1 mg/ml) in carbonate buffer (15 mM Na2CO3, 35 mM NaHCO3, pH
9.6). After being blocked (1 h, 37°C) with 200 ml of 1% (wt/vol) fat-free milk in
TBS, pH 7.5, wells were incubated with biotinylated gC1qR (1 h, 37°C). Bound
biotinylated gC1qR (2 mg/ml) was detected with 60 ml of AP-STRAV (1:1,000
dilution in 0.1% BSA in TBS) and pNPP substrate in 10% diethylamine (1
mg/ml). Color development was measured at dual wavelengths of 405 and 490
nm. Wells were washed between all incubation steps with TBS containing 0.05%
Tween 20. The effect of soluble protein A on biotinylated gC1qR binding to
immobilized protein A was examined by preincubating (1 h, 37°C) biotinylated
gC1qR with increasing concentrations of soluble protein before exposure to
microtiter well-immobilized protein A. Biotinylated gC1qR was preincubated
also with either the protein A-bearing Cowan I strain or the protein A-deficient
Wood 46 strain (1% cell suspension) of S. aureus, and binding to purified, im-
mobilized protein A was evaluated subsequently, as described above. To deter-
mine the effect of unlabeled gC1qR or rabbit IgG on gC1qR-protein A interac-
tions, protein A-coated microtiter wells were preincubated (1 h, 37°C) with the
soluble competitor before the addition of biotinylated gC1qR. BSA was used
throughout as a nonspecific protein competitor control.

Protein A binding to immobilized platelets. Washed human platelets from
outdated concentrates were immobilized and spread on microtiter wells and fixed
with glutaraldehyde as described previously (29). The binding of biotinylated
protein A was measured after a 60-min incubation at 37°C by enzyme-linked
immunosorbent assay using AP-STRAV and pNPP substrate. The reaction was
quantified spectrophotometrically at 405 and 490 nm. The specificity of protein
A binding was assessed in the presence or absence of unlabeled protein A,
rgC1qR (MF), or anti-gC1qR polyclonal antibody F(ab9)2 fragments. BSA was
used as a nonspecific protein competitor.

Further studies were performed to evaluate the ability of soluble protein A to
inhibit the binding of biotinylated bacterial suspensions of Cowan I and Wood 46
strains of S. aureus to immobilized platelets. For these experiments, binding of
biotinylated strains of S. aureus (1% cell suspensions) was examined in the
presence of TBS or soluble protein A (0.25 mg/ml), as described above.

RESULTS

gC1qR capture by solid-phase protein A. The interaction
between gC1qR and protein A was first observed in experi-
ments demonstrating platelet gC1qR capture by protein A-
agarose or by formalin-fixed suspensions of S. aureus (Cowan
I). Figure 1 demonstrates the ability of both protein A-agarose
and fixed suspensions of S. aureus (Cowan I) to capture gC1qR
from Triton X-100-lysed platelets as well as from solutions of
purified rgC1qR. Captured gC1qR was visualized by Western
blot analysis using a polyclonal rabbit anti-gC1qR antibody. In
Fig. 1, the relative mobility of platelet-derived gC1qR appears
faster than that of the recombinant protein. Although this was
not consistently observed, it likely represents proteolytic deg-
radation of gC1qR by platelet proteases during the experimen-
tal period. In addition to that of gC1qR, a number of fainter
protein bands can be seen in samples precipitated with intact S.

FIG. 1. Capture of platelet and recombinant gC1qR by solid-phase protein A
in the form of protein A-agarose (A) or suspensions of formalin-fixed S. aureus
(Cowan I) (B). Platelet suspensions solubilized in Triton X-100 or rgC1qR were
incubated with protein A-agarose or a fixed suspension of S. aureus (Cowan I;
15 h, 4°C). After extensive washing, bound material was eluted with SDS-sample
buffer and examined by SDS-PAGE and Western blotting using a polyclonal
anti-gC1qR antibody detected using enhanced chemiluminescence. Lanes 2 and
3 of panel A depict eluted rgC1qR and platelet gC1qR, respectively; rgC1qR and
platelet starting material are shown in lanes 1 and 4. Lane 3 of panel B depicts
platelet gC1qR eluted from suspensions of S. aureus (Cowan I); the correspond-
ing whole platelet lysate starting material is shown in lane 1, and lane 2 depicts
a control eluate from S. aureus (Cowan I) suspensions processed without expo-
sure to platelets. M.W., molecular weight.
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aureus (Cowan I), compared to the results of protein A-agar-
ose precipitation. These bands likely represent other platelet
adhesive proteins recognizing S. aureus (2, 14–17).

Binding of biotinylated rgC1qR to immobilized protein A.
To characterize the interaction between gC1qR and protein A,
further studies focused on biotinylated rgC1qR binding to pu-
rified protein A, immobilized on microtiter plates. Figure 2
illustrates the binding of biotinylated rgC1qR to immobilized
protein A. Protein A binding to immobilized C1q and BSA is
presented for comparison as positive and negative controls,
respectively. In addition, a truncated form [rgC1qR (TF)] lack-
ing amino-terminal amino acids 74 to 95 also bound to immo-
bilized protein A (Fig. 3). Whereas the binding of gC1qR (TF)
to protein A appears increased in comparison to that of gC1qR

(MF), its binding to C1q was markedly diminished, as reported
previously (10).

To assess the specificity of rgC1qR-protein A interactions,
biotinylated rgC1qR was preincubated with increasing concen-
trations of soluble protein A. The results are summarized in
Table 1. Soluble protein A inhibited the binding of 2 mg of
biotinylated rgC1qR/ml with a 50% inhibitory concentration of
(3.3 6 0.7) 3 1027 M (n 5 3). BSA was used as a nonspecific
protein competitor, and at the highest concentration (80 mg/
ml), it reduced biotinylated rgC1qR binding by no more than
20%. In other experiments, immobilized protein A was pre-
treated with rgC1qR (MF) before exposure to biotinylated
rgC1qR. The dose-dependent inhibition of biotinylated ligand
binding is illustrated in Table 1. Additional experiments dem-

FIG. 2. Binding of biotinylated, full-length rgC1qR (MF) to immobilized protein A. Biotinylated rgC1qR (;2 mg/ml) was incubated (60 min, 37°C) on protein
A-coated microtiter wells. Binding was detected with AP-STRAV and pNPP substrate. C1q- and BSA-coated microtiter wells served as controls. Values represent
means 6 SD; n 5 3. O.D., optical density.

FIG. 3. Binding of the truncated rgC1qR (TF), lacking amino-terminal residues 74 to 95, to immobilized staphylococcal protein A. Biotinylated rgC1qR (TF) was
incubated on protein A-coated microtiter wells for 1 h at 37°C. Binding was detected with AP-STRAV using pNPP substrate. C1q- and BSA-coated microtiter wells
served as controls. Values represent means 6 SD; n 5 6. O.D., optical density.
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onstrate the preferential binding of rgC1qR to the protein
A-bearing S. aureus Cowan I strain compared to the degree of
binding to the Wood 46 strain, which lacks protein A (Fig. 4).

To evaluate the role of protein A Fc and Fab binding char-
acteristics in gC1qR recognition, studies examined the effect of
rabbit IgG on biotinylated rgC1qR binding to immobilized
protein A. Preincubation of protein A-coated microtiter wells
with increasing concentrations of rabbit IgG inhibited both
biotinylated rgC1qR (MF) and rgC1qR (TF) binding in a dose-
dependent manner (Table 2). Control wells, preincubated with
BSA instead of soluble IgG, showed no significant inhibition
(15 6 6% [mean 6 standard deviation {SD}]; n 5 3).

Further studies were performed to compare biotinylated
rgC1qR binding to native protein A and protein A whose Ig Fc
binding domain had been modified by hyperiodination (35). As
shown in Fig. 5, inactivation of tyrosil residues of protein A by

hyperiodination resulted in loss of rgC1qR binding. Protein A
hyperiodination was verified by demonstrating inhibition of
rabbit IgG binding, which occurs exclusively via the IgG Fc
domain (35). Microtiter wells coated with BSA were used to
assess nonspecific background reactivity.

Protein A binding to immobilized platelets. Figure 6 depicts
biotinylated protein A binding to fixed, adherent platelets. This
binding was inhibited significantly by the presence of excess
soluble protein A. Binding was also inhibited by rgC1qR or
anti-gC1qR antibody F(ab9)2 fragments (Table 3). Whereas
both Cowan I and Wood 46 strains of S. aureus adhered to
immobilized platelets, excess soluble protein A preferentially
blocked the adhesion of the Cowan I strain (Fig. 7).

DISCUSSION

S. aureus is a virulent pathogen, responsible for community-
and hospital-acquired infections. Infections caused by S. aureus
are associated with significant morbidity and mortality. Given
the increasing resistance of S. aureus to antibiotics, the preva-

TABLE 1. Specificity of biotinylated rgC1qR binding to
immobilized protein Aa

Inhibitor/competitor Dose (mg/ml) Binding (%)

None 100

Protein A 2 60 6 17
6 35 6 9

10 17 6 11
20 8 6 5

rgC1qR 10 66 6 7
20 31 6 11
40 20 6 6
80 7 6 5

a Protein A, immobilized on microtiter wells, was exposed to biotinylated
full-length rgC1qR (MF) in the presence or absence of increasing concentrations
of soluble protein A or nonbiotinylated rgC1qR. Binding was quantified after a
60-min incubation (37°C). Background rgC1qR binding to immobilized BSA was
subtracted from all results. The percent binding of rgC1qR relative to rgC1qR
binding in the presence of buffer was calculated. The data represent means 6
SD; n 5 4.

FIG. 4. Inhibition of biotinylated gC1qR binding to immobilized protein A by S. aureus Cowan I and Wood 46 strains. Biotinylated rgC1qR (;2 mg/ml) was
incubated (60 min, 37°C) on protein A-coated microtiter wells in the presence or absence of fixed Cowan I or Wood 46 strains of S. aureus (1% cell suspension). Binding
was detected with AP-STRAV and pNPP substrate. Values represent means 6 SD; n 5 3. O.D., optical density.

TABLE 2. Inhibition of biotinylated rgC1qR binding to
immobilized staphylococcal protein A by rabbit IgGa

IgG concn
(mg/ml)

Inhibition (%) of binding of:

rgC1qR (MF) rgC1qR (TF)

100 81 6 12 77 6 15
50 77 6 13 64 6 16
10 49 6 12 31 6 12

1 15 6 13 14 6 10

a Protein A, immobilized on microtiter wells, was exposed to increasing con-
centrations of rabbit IgG for 60 min at 37°C. Biotinylated full-length rgC1qR
(MF) or a truncated form lacking N-terminal amino acids 74 to 95 [rgC1qR
(TF)] was added subsequently, and binding was quantified after a further 60-min
incubation (37°C). Background rgC1qR binding to immobilized BSA was sub-
tracted from all results. The percent inhibition of rgC1qR binding relative to
rgC1qR binding to protein A preincubated with buffer instead of IgG was
calculated. The data represent means 6 SD; n 5 3.
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lence of S. aureus infections will likely continue to rise (42).
Specific bacterial and host factors combine to allow the organ-
ism to avoid immune surveillance and act as adhesins (9).
Protein A may be considered one such virulence factor (1, 9,
17).

The direct binding of S. aureus to platelets is a postulated
central mechanism in the pathogenesis of infective endocardi-
tis (39). Indeed, data from several sources (15, 27, 40) indicate
that the direct binding of S. aureus to platelets is a major

determinant of virulence in the pathogenesis of endocarditis,
particularly for pathogenic events occurring after the initial
colonization of the valve surface, such as vegetation formation
and septic embolization (37). The molecular basis for micro-
bial binding to platelets, however, is unclear.

Fibrinogen and fibrin expressed on the platelet surface may
play a role not only in bacterial cell adhesion (15) but also in
S. aureus-induced platelet agglutination and aggregation (2,
14). S. aureus also recognizes a variety of other extracellular

FIG. 5. Comparison of biotinylated rgC1qR (MF) (series 2) and rgC1qR (TF) (series 3) binding to microtiter well-immobilized staphylococcal protein A (Protein
A) and hyperiodinated protein A (I-Protein A). Biotinylated ligand binding was quantified after 1 h at 37°C using AP-STRAV and pNPP substrate. Biotinylated rabbit
IgG binding (series 1) is shown to demonstrate successful protein A hyperiodination. BSA-coated microtiter wells were used to determine background reactivity. Values
represent means 6 SD; n 5 3. O.D., optical density.

FIG. 6. Biotinylated protein A (PA*) binding to immobilized platelets. Platelets were immobilized on poly-L-lysine-treated microtiter wells and fixed with
glutaraldehyde. Biotinylated protein A binding was evaluated after 60 min at 37°C, using AP-STRAV and pNPP substrate. Biotinylated protein A binding was inhibited
by unlabeled protein A (10 mg/ml) (PA). Platelet-coated microtiter wells, incubated with buffer instead of biotinylated protein A, were used to assess background
reactivity (Blank). Values represent means 6 SD; n 5 3. O.D., optical density.
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matrix proteins, including fibronectin, collagen, vitronectin,
laminin, and thrombospondin (17), which may be expressed on
the surfaces of adherent or aggregated platelets at the sites of
vascular lesions. In addition, von Willebrand factor located
in the extracellular matrix (14, 16) has been implicated in S.
aureus colonization of the subendothelium.

Thus, mechanisms contributing to the adhesion of S. aureus
to platelets are complex and multimodal. Quantitative analyses
of S. aureus binding to platelets using flow cytometry suggest
the involvement of carbohydrate-rich and platelet microbicidal
proteins as well as platelet Fc receptors (14, 44). Earlier studies
further suggested an indirect role for S. aureus protein A in
microbially induced human platelet aggregation in plasma re-
quiring IgG and platelet Fc receptors (14). Results from the
present study describe a novel interaction between staphylo-
coccal protein A and gC1qR, a ubiquitously expressed cellular
protein (10, 11). The interaction between immobilized protein
A and gC1qR is specific and can be inhibited by both unlabeled
gC1qR and soluble protein A. Studies using an rgC1qR mutant
lacking N-terminal amino acid residues 74 to 95 indicate that

the protein A binding site is likely to reside outside of the
gC1qR N-terminal alpha-helical domain responsible in part for
C1q binding (10). In fact, consistently increased binding of
gC1qR (TF) compared to that of gC1qR (MF) was observed.
Whether this represents increased biotinylation of gC1qR (TF)
relative to gC1qR (MF) or conformational rearrangements
remains to be determined.

Staphylococcal protein A is a 45-kDa bacterial membrane
protein that can interact with either the Fcg domain of IgG or
the Fab domain, which also mediates conventional antigen
binding of the VH31 family of Ig heavy-chain variable gene
products (20, 35, 36). Recent studies suggest that all individual
domains of staphylococcal protein A (E, D, A, B, and C) bind
both IgG Fc fragments and human Fab (20). Nevertheless,
inactivation of tyrosil residues of protein A results in selective
loss of Fcg binding, thus implying distinct structural require-
ments for Fc and Fab binding (35). In the present study, inac-
tivation of protein A tyrosil residues by hyperiodination not
only abolished rabbit IgG binding, which occurs exclusively
via the immunoglobulin Fc domain (35), as expected, but
also abrogated rgC1qR binding. These findings suggest sim-
ilar structural requirements for gC1qR and IgG Fc binding
to protein A.

Although gC1qR is a predominantly intracellular protein (5,
26), it is also expressed on the cell surface (4, 11, 30) and has
been detected extracellularly in cell culture medium, as well as
in body fluids including plasma, serum, cerebrospinal fluid,
saliva, and tears (31). Thus, staphylococcal protein A interac-
tions with gC1qR may serve to localize S. aureus microorgan-
isms to cell surfaces. Furthermore, inhibition of gC1qR bind-
ing to protein A by IgG, whether competitive or mediated by
steric hindrance effects, suggests a mechanism for preventing
protein A interactions with IgG and offers a potential survival
advantage for the organism by providing protection from host
defenses.

Whereas previous studies implicated protein A in the ad-
herence of S. aureus to human mesothelial cell monolayers
(32), a direct role for protein A in platelet interactions with

TABLE 3. Inhibition of biotinylated protein A binding to
immobilized plateletsa

Competitor % Binding

Buffer............................................................................................. 100
Anti-gC1qR antibody .................................................................. 38 6 9
rgC1qR.......................................................................................... 30 6 12
BSA ............................................................................................... 98 6 16

a Inhibition of biotinylated protein A binding to immobilized, fixed platelets by
anti-gC1qR antibody F(ab9)2 fragments or excess rgC1qR. Platelet-coated mi-
crotiter wells were preincubated with 100 mg of anti-gC1qR antibody F(ab9)2
fragments/ml for 60 min at 37°C. Biotinylated protein A was added subsequently,
and binding was evaluated using AP-STRAV and pNPP substrate. Parallel mi-
crotiter wells were exposed to buffer (0.01 M phosphate-buffered 0.14 M NaCl
[pH 7.5]–0.1% NaN3) instead of antibody or biotinylated protein A preincubated
for 60 min at 37°C with 90 mg of rgC1qR/ml or BSA. Biotinylated protein A
binding in the presence of inhibitors is expressed as a percentage relative to
binding in 0.01 M Tris-buffered 0.15 M NaCl. Values are means 6 SD; n 5 3.

FIG. 7. Inhibition of biotinylated S. aureus Cowan I and Wood 46 strain (1% cell suspension) adhesion to immobilized, glutaraldehyde-fixed platelets by soluble
protein A (0.25 mg/ml). Bacterial cell adhesion was evaluated after 60 min at 37°C, using AP-STRAV and pNPP substrate. The data summarize bacterial cell binding
to platelets in the presence of protein A relative to binding in the absence of protein A. Values represent means 6 SD; n 5 3.
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S. aureus has not been recognized heretofore (41, 44). Since
gC1qR is not readily expressed on platelets in suspension (29),
it is likely that studies examining S. aureus interactions with
platelet suspensions would have missed contributions by pro-
tein A. In the present work, platelet interactions with protein
A were demonstrated after platelet immobilization and spread-
ing on poly-L-lysine to induce surface gC1qR expression (29).
Participation of gC1qR was confirmed by studies showing that
both fluid-phase gC1qR and anti-gC1qR antibody F(ab9)2 frag-
ments were inhibitory. Moreover, gC1qR interaction with in-
tact microorganisms is supported by studies demonstrating the
predilection of gC1qR for the protein A-bearing Cowan I
strain of S. aureus over the protein A-deficient Wood 46 strain.

Additional studies performed with biotinylated Cowan I and
Wood 46 strains of S. aureus demonstrate the preferential
inhibition of Cowan I adhesion to immobilized platelets by
exogenous, soluble protein A. Inhibition of adhesion, however,
was incomplete, likely due to redundant adhesive mechanisms
(2, 14–17). Such mechanisms are also likely to contribute to the
adhesion of the protein A-deficient Wood 46 strain of S. aureus
to platelets. Indeed, SDS-PAGE analysis of solid-phase pre-
cipitation experiments of whole, lysed platelets with intact S.
aureus (Cowan I) demonstrates a number other protein bands
in addition to the prominent gC1qR band.

Interestingly, adhesion of the Wood 46 strain to platelets
was also partially inhibited by exogenous protein A. However,
protein A-induced inhibition of Cowan I strain adhesion to
platelets consistently exceeded inhibition of Wood 46 strain
adhesion by at least twofold. These results may suggest steric
inhibition of Wood 46 binding to the platelet surface in the
presence of protein A and/or the ability of gC1qR to recognize
additional S. aureus proteins. The latter hypothesis may be
supported by the slight but consistently observed inhibition of
biotinylated gC1qR binding that occurred in the presence of
S. aureus Wood 46.

Since platelets adhere and become activated on an abnormal
cardiac valve endothelium (15, 27, 39, 40), data from the pres-
ent study support the hypothesis that protein A interactions
with exposed platelet gC1qR may contribute to bacterial cell
adhesion and localization to sites of vascular injury and throm-
bosis. Interactions between native gC1qR and bacterial surface
protein A are supported by solid-phase platelet gC1qR precip-
itation studies using formalin-fixed S. aureus Cowan I, studies
illustrating inhibition of protein A binding to intact platelets by
anti-gC1qR antibodies, and experiments showing the prefer-
ential inhibition of the binding of the protein A-expressing
Cowan I strain of S. aureus to platelets by soluble protein A.

In conclusion, S. aureus is an important human pathogen
which has been described as interacting with platelets (15, 27,
39, 40). The adherence of bacteria to platelets at the surface of
an abnormal valvular endothelium may constitute the primary
event for localizing S. aureus to sites of vascular injury and
thrombosis. The present study presents evidence for a novel
recognition mechanism between S. aureus and human blood
platelets involving staphylococcal protein A and the platelet
gC1qR, a 33-kDa ubiquitously distributed cell protein origi-
nally identified for its ability to interact with the globular head
domain of C1q (11). In vitro evidence suggests that gC1qR
would be expressed on platelets following adhesion to sites of
vascular injury and inflammation (30). In addition, gC1qR is
expressed by vascular endothelial cells, and expression is up-
regulated by inflammatory cytokines (12). Thus, gC1qR may
serve as an additional potential binding site for microbial in-
teraction with the vasculature. Moreover, the observed inhibi-
tion of protein A binding to platelets by fluid-phase rgC1qR
may suggest a new avenue for therapeutic intervention.
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