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An 8-kDa protein, with binding activity for heparin and heparan sulfate of basal laminae of animal tissues,
was isolated from Streptococcus mutans MT703 and purified to homogeneity. Binding of radioiodinated 8-kDa
protein to rabbit kidney tissue in vitro showed a high degree of specificity, as indicated by saturation kinetics,
time dependence, and competitive inhibition by unlabeled protein. Binding activity for kidney tissue was

competitively inhibited by selected glycosaminoglycans and polyanions in the following order: heparin >
dextran sulfate > heparan sulfate > chondroitin sulfate > lipoteichoic acid > keratan sulfate > hyaluronic
acid. Binding of the streptococcal protein to rabbit kidney tissue was also strongly inhibited by protamine
sulfate, polylysine, and a random copolymer of lysine and alanine. Among the monosaccharides tested at 50
mM, glucosamine 2,3- or 2,6-disulfate, glucuronic acid, glucose 6-phosphate, and glucose 6-sulfate inhibited
50% or more of the binding activity, whereas N-acetylglucosamine 3-sulfate, glucosamine 6-sulfate, N-acetyl-
glucosamine, N-acetylgalactosamine, N-acetylneuraminic acid, and a selection of neutral sugars were not
inhibitory. The heparin-binding protein was detected on the cell wall of S. mutans and in the culture medium
following growth. Several other species of streptococci produce an immunologically related protein of similar
size.

Streptococcus mutans is an opportunistic pathogen of
humans and is associated with dental caries (6, 14, 15),
subacute bacterial endocarditis (7, 13, 17), and subacute
bacterial endocarditis-associated glomerulonephritis (7, 13).
Although the mechanism of pathogenesis is well understood
in dental infections (6, 14), it is largely unknown in systemic
diseases. Intravenous injection of S. mutans MT703 compo-
nents into rabbits results in a severe nephritis and mild
myocarditis in >90% (1, 20) and 25% (21) of the animals,
respectively. Lesions contain complexes of streptococcal
antigens, immunoglobulins, and complement (1, 19, 20).
Although autoantibodies to heart and kidney tissue are
produced by the rabbits, they do not cross-react with strep-
tococci (22). Instead, the stimulus for their production
appears to be tissue injury caused either by toxicity of
streptococcal components or by inflammation elicited by
immune complexes deposited in tissues. Several streptococ-
cal antigens have been found to bind directly to heart and
kidney components in vitro (3, 4, 19, 26).
We previously reported the isolation and chemical com-

position of an S. mutans protein that binds to basal laminae
of heart tissue and to heparin (4). This heparin-binding
protein (HBP) is rich in lysine and alanine and has a pI of 9.5.
The present study was undertaken to define the interaction
of the purified HBP with kidney tissue and to further
characterize its binding specificity.

MATERIALS AND METHODS

Bacteria and culture conditions. S. mutans MT703 (sero-
type e) was grown in chemically defined medium (23) as

previously described (4). This strain was isolated from dental
plaque and was generously provided by S. Hamada, Osaka,

* Corresponding author.

Japan. Previous studies (1, 20) have shown that injection of
disrupted S. mutans MT703 cells into rabbits results in
severe glomerulonephritis.

Extraction of bacteria. S. mutans cells were washed with
phosphate-buffered saline (PBS) (10 mM sodium phosphate,
pH 7.2, containing 0.15 M NaCl) and suspended in water to
20% (wt/vol). The suspension was adjusted to pH 11.5 with
1 N NaOH and stirred at 4°C overnight. The supernatant
fluid was collected following centrifugation and passed
through a 0.22-,um-pore-size filter (Millipore) to remove
residual cells. After the pH was adjusted to 7 with HCl, the
extract was dialyzed against water and lyophilized.

Affinity chromatography. S. mutans HBP was purified
from culture medium concentrates and cell extracts by
chromatography on a column of heparin-agarose (4). Strep-
tococcus components were eluted from the column with a
concentration gradient of NaCl, with HBP appearing at 1 M
NaCl.

Radioisotope labeling. Purified HBP was radiolabeled with
Na'1251 (ICN Radiochemicals, Irvine, Calif.) by using lodo-
beads (Pierce Chemical Co., Rockford, Ill.) as previously
described (4). The specific radioactivity of the final protein
solution was 7.6 x 107 cpm/mg of protein. Autoradiography
of sodium dodecyl sulfate (SDS)-polyacrylamide gels
showed a single band that corresponded to the 8-kDa protein
band on silver-stained SDS-polyacrylamide gel electropho-
resis (PAGE).

Preparation of kidney homogenate. Rabbit kidney was

homogenized in PBS (20%, wt/vol) in a Waring blender,
filtered through 80-gauge wire mesh, and stored as previ-
ously described (4).

Binding assay. Kidney tissue-binding activity of HBP was
determined by a radioisotope assay (4). Briefly, plastic
microtiter wells were coated with kidney homogenate and
then incubated at room temperature with selected concen-
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FIG. 1. Immunofluorescence staining of rabbit kidney tissue pretreated with unfractionated streptococcal components (1 mg/ml) (A),
purified HBP (10 ,ug/ml) (B), and PBS without streptococcal components (C). Magnification, x400.

trations of the radiolabeled HBP. After 1 h, the wells were

washed with PBS, cut out of the plate, and counted on a

gamma radiation counter (Beckman Instruments).
Potential- inhibitors of HBP binding were mixed with

'25I-HBP and incubated for 1 h at room temperature before
being tested in the binding assay. Inhibitors were also tested
for their abilities to competitively dissociate the streptococ-
cal protein from kidney tissue. In the latter assay, 1.5 ,ug of
the 1251-HBP in 0.1 ml of PBS was incubated for 1 h in
tissue-coated wells. After excess protein was washed away
with buffer, selected concentrations of inhibitor were added
and the incubation was continued for another hour. The
wells were washed three times with buffer, and the adherent
radioactivity was counted.

Antibody purification. Immunoglobulins to HBP were pu-
rified from goat antiserum to S. mutans by ammonium
sulfate precipitation and affinity chromatography (4). The
q¶ock solution of purified antibodies used in this study was

0.36 mg/ml.
Immunofluorescence assay. Cryostat-cut sections (3 lum

thick) of kidney tissue, freshly collected from New Zealand
White rabbits, were incubated sequentially with HBP, with
affinity-purified antibodies (18 ,ug/ml), and with affinity-
purified fluorescein-conjugated rabbit antibodies to goat im-
muioglobulin G (Organon Teknika Corp., West Chester,
Pa,) (4).
SDS extraction of HBP. Selected species of streptococci (5

x 109 cells) were suspended in 0.5 ml of 2% SDS and heated
at 100°C for 5 min. After centrifugation at 16,000 x g for 10
min, the supernatant fluids were analyzed by SDS-PAGE
apo Western blot (immunoblot) assay.

Electrophoresis. SDS-PAGE was performed with 13.5%
acrylamide gels by the method of Laemmli (10). Lysozyme
(nlolecular weight, 14,300), lactoglobulin (18,400), carbonic
anhydrase (29,000), bovine serum albumin (BSA; 67,000),
horse heart myoglobulin (16,950), and its cleaved polypep-
tides (14,400, 8,160, 6,210, and 2,510) (Sigma Chemical Co.,
St. Louis, Mo.) were used as molecular weight standards.
Proteins were stained with silver by the procedure of Mor-
risey (16).
Western blot assay. Bacterial components were separated

by'SDS-PAGE and then electrotransferred to nitrocellulose
paper (25). The resulting blot was incubated sequentially
with 1% BSA, with goat antiserum to S. mutans or affinity-
purified antibody (700 ng/ml), and with alkaline phosphatase-

conjugated rabbit antibodies to goat immunoglobulin G, as
previously described (4).
ELISA. S. mutans was suspended in PBS to a density of

109 cells per ml, and 0.1-ml aliquots were transferred to wells
of a polystyrene 96-well plate. After 18 h at 4°C, the
bacterium-coated wells were incubated sequentially with 1%
BSA, affinity-purified antibodies to HBP (1.5 jig per ml), and
enzyme-linked immunosorbent assay (ELISA) reagents (4).
Chemical analysis. Protein was determined by using BCA

protein assay reagent (Pierce Chemical).
Materials. Carbohydrates, glycosaminoglycans, and cati-

onic proteins were purchased from Sigma. Other chemicals
were reagent grade and were obtained from local vendors.

RESULTS

Kidney-binding assays. To define the binding characteris-
tics of HBP, cryostat-cut sections of rabbit kidney were
pretreated with purified HBP and incubated sequentially
with affinity-purified antibodies to HBP and fluorescein
isothiocyanate-conjugated rabbit antibodies to goat immuno-
globulin G. The immunofluorescence staining pattern (Fig. 1)
indicates that HBP was deposited on the basal laminae of
Bowman's capsule, glomerular capillaries, and tubules, but
not on other renal components. Kidney sections pretreated
with PBS instead ofHBP did not stain with these antibodies.
Similar staining patterns were also observed on thin sections
of normal human, monkey, and mouse kidneys (data not
shown).

Binding activity of the radiolabeled HBP was studied on
rabbit kidney homogenates coated onto plastic microtiter
wells. Figure 2 shows that binding of HBP to kidnfy tissue
increased proportionately with the protein concentration, up
to 15 ,ug/ml, after which binding sites on the tissue became
saturated. On the basis of specific radioactivity, a maximum
of 170 ng of streptococcal protein was bound to the kidney-
coated wells. Control wells without kidney tissue did not
bind significant amounts (<100 cpm or 1 ng) of radiolabeled
protein. At concentrations below the saturating dose, 28% of
the available protein bound to kidney tissue. A Scatchard
plot of the binding data is also shown in Fig. 2 (inset). The
apparent dissociation constant (Kd) is 0.62 ,uM or 5 ,ug of
protein per ml. Binding of the radiolabeled protein to kidney
tissue was time dependent, whereby 65% of binding oc-
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FIG. 2. Binding of the radiolabeled streptococcal HBP to kidney-coated microtiter wells after 1 h at room temperature. Less than 100 cpm

bound to control wells coated only with BSA. A Scatchard plot of the binding data is shown in the inset.

curred within 10 min and reached saturation (100%) within
60 min (Fig. 3).
The specificity of HBP binding and the effect of the

extrinsic radiolabel on binding activity was tested with
unlabeled HBP in an isotopic dilution experiment (Fig. 4A).
A sixfold excess of unlabeled HBP competitively inhibited
82% of the binding of radiolabeled HBP to kidney tissue. In
addition, radiolabeled protein was competitively dissociated
from preformed complexes with kidney tissue by unlabeled
protein; 85% of the radiolabeled protein was released by a
sixfold excess of competitor (Fig. 4B). Less than 5% of the
complexes were solubilized during incubation with PBS.

Binding characteristics. Binding of streptococcal HBP to
renal basal laminae (Fig. 1) indicated that the tissue gly-
cosaminoglycans, such as heparan sulfate, chondroitin sul-
fate, and hyaluronic acid, may constitute the binding site. To
determine the specificity of streptococcal HBP for tissue
glycosaminoglycans, selected polyanions were tested as
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FIG. 3. Effect of time on binding of radiolabeled protein to
kidney-coated microtiter wells at room temperature. HBP (1.5 jig)
was added to each well and removed by washing at the indicated
times.

competitive inhibitors. Dextran sulfate and streptococcal
lipoteichoic acid were also evaluated as binding inhibitors.
The order of inhibitory activity among the glycosaminogly-
cans tested was as follows: heparin > heparan sulfate >
dermatan sulfate > chondroitin sulfate > keratan sulfate >
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TABLE 1. Inhibition of kidney-binding activity by
glycosaminoglycans and polyanions

Inhibitorsa ID50
(pg/mi)"

Heparin.0.75
Heparan sulfate.1.7
Dermatan sulfate.5.3
Chondroitin sulfate type A.25
Chondroitin sulfate type C.35
Keratan sulfate.200
Hyaluronic acid .......................................... >1,000
Dextran sulfate .......................................... 1.0
Lipoteichoic acid.100

a Inhibitors were added to the radiolabeled protein (10 pLg/ml) at the level of
0.1, 1, 10, 100 and 1,000 ,ug/ml in duplicate and preincubated for 1 h before
adding to tissue-coated wells.

b ID50, 50% inhibitory dose.

hyaluronic acid (Table 1). No significant difference was

observed between the inhibitory activities of chondroitin
sulfate type A and chondroitin sulfate type C. Of the other
substances tested, dextran sulfate inhibited binding as effec-
tively as heparin whereas lipoteichoic acid was only weakly
inhibitory. To further define the binding specificity of HBP,
various monosaccharides were tested for their abilities to
inhibit HBP binding to kidney tissue (Table 2). Strong
inhibition (>50%) was exhibited by glucosamine 2,6-disul-
fate, glucosamine 2,3-disulfate, glucuronic acid, glucose
6-sulfate, and glucose 6-phosphate, whereas N-acetylglucos-
amine 6-sulfate and glucosamine 2-sulfate were weak inhib-
itors. N-acetylneuraminic acid, N-acetylglucosamine 3-sul-
fate, glucosamine 6-sulfate, glucose, galactose, mannose,
N-acetylgalactosamine, and N-acetylglucosamine did not
inhibit binding activity.
HBP was shown previously to be a basic protein (pl, 9.5)

and to contain a large amount of lysine (16 residues per 100
residues) (4). Thus, several other basic proteins and poly-
cations were tested for their abilities to inhibit binding of
HBP to kidney tissue (Table 3). Polylysine, protamine, and a
copolymer of lysine and alanine strongly inhibited binding
activity. They were more effective inhibitors of binding than
unlabeled HBP. Lysine, spermine, spermidine, BSA, cy-
tochrome c, and lysozyme did not significantly inhibit bind-
ing activity.

Location and distribution of the HBP. Goat antibodies to
HBP were purified from antiserum to S. mutans by affinity

TABLE 2. Inhibition of binding activity by monosaccharides"

Inhibitor (50 mM) (mean SD)

Glucuronic acid ..................... 69.9 6.3

Glucosamine 2,6-disulfate ..................... 72.4 3.3

Glucosamine 2,3-disulfate ..................... 66.0 2.7

N-Acetylglucosamine 6-sulfate ..................... 29.6 5.1

N-Acetylglucosamine 3-sulfate ..................... 5.7 12.0

Glucosamine 2-sulfate ..................... 27.3 0.4

Glucosamine 6-sulfate .................... 0

N-Acetylneuraminic acid..................... 2.2 ± 5.1

Glucose 6-sulfate ... .................. 49.7 ± 3.4
Glucose 6-phosphate .... ................. 61.4 ± 6.3

a Sugars were mixed with radiolabeled protein (10 ,ug/ml) for 1 h and
incubated with immobilized kidney at pH 7.2. Data are expressed as the
means of triplicate assays ± SD. The following neutral sugars exerted less
than 5% inhibition: galactose, glucose, mannose, N-acetylgalactosamine, and
N-acetylglucosamine.

TABLE 3. Inhibition of binding activity by polycations
and basic proteins'

Inhibitr.Amt % InhibitionInhibitor (jig/ml) (mean ± SD)

BSA 100 2.2 ± 5.2

Cytochrome c 10 0
100 8.5 ± 17.9

Lysozyme 10 26.8 ± 10.2
100 14.1 ± 9.6

Lysine 100 8.6 ± 15.2

Spermine 10 8.9 ± 10.0
100 0

Spermidine 10 16.1 ± 8.1
100 5.7 ± 15.9

Protamine 10 90.7 ± 1.6
100 96.9 ± 0.5

Polylysine 10 95.1 ± 1.0
100 98.5 ± 0.2

Lysine/alanine copolymer 10 88.3 ± 2.5
100 97.1 ± 0.2

HBP 10 43.1 ± 10.0
100 83.3 ± 8.1

a Inhibitors were added to radiolabeled protein (10 pug/ml) before incubation
with immobilized kidney. Inhibition data are expressed as the means ± SD of
triplicate assays.

chromatography on a column of HBP coupled to CNBr-
Sepharose. In Western blot assays of S. mutans extracts, the
purified antibodies bound only to HBP (Fig. 5). The affinity-
purified antibodies were also incubated with intact S. mutans
cells to determine if HBP is expressed on the cell surface.
The ELISA results (Fig. 6) show that the quantity of bound
antibody was proportional to the number of bacteria. Con-
trol bacteria, treated with PBS instead of antibodies to HBP,
did not react with the alkaline phosphatase-conjugated sec-
ondary antibodies. The antibodies to HBP did not bind to
BSA-coated wells devoid of streptococci.
The natural distribution ofHBP among different species of

streptococci was indicated by Western blot assays of SDS
extracts of bacteria (Fig. 7). A single polypeptide was
detected in most extracts by using affinity-purified poly-
clonal antibodies. The molecular weights of the immunolog-
ically cross-reactive proteins ranged from 7,000 for S. sali-
varius to 9,000 for S. sanguis. The significance of the
apparent quantitative differences in the HBP content of
streptococcal extracts cannot be accurately determined from
this experiment because several factors may be responsible
for these differences, including the number of epitopes
shared by the respective proteins, the quantity of proteins
extracted from each species by SDS, the phase of bacterial
growth, and the cultural conditions necessary for production
of cross-reactive protein. For example, a cross-reactive
protein was not detected in S. pyogenes M6 or S. lactis cells
grown on chemically defined medium (Fig. 7) but was
present in bacteria grown on tryptic soy broth supplemented
with 0.1% yeast extract (Difco Laboratories, Detroit,
Mich.). Thus, all species of streptococci tested (Fig. 7)
produce a cross-reactive protein of similar molecular weight.
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DISCUSSION

Immunofluorescence assays show that purified HBP of S.
mutans binds selectively to heparan-sulfate proteoglycan-
containing structures (basal laminae) of kidney. Binding of
radiolabeled protein to kidney tissue exhibits a high degree
of specificity (8), as indicated by saturation kinetics, time
dependence, and sensitivity to competitive inhibition by
selected glycosaminoglycans and HBP. Specificity of bind-
ing is substantiated by competitive dissociation (83%) of
preformed complexes between 125I-HBP and kidney tissue
by the native protein. This observation also indicates that
the extrinsic radiolabel on the protein did not significantly
change its binding properties. Although quantitative mea-
surements indicated that only 25 to 30% of the available
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FIG. 7. Silver stain (I) and Western blot assay (II) of streptococ-
cal extracts after SDS-PAGE. Lanes: A, S. mutans MT703, 60 RI1;
B, S. mutans 10449, 60 ,ul; C, S. sobrinus KMR, 60 1±1; D, S. cricetus
AHT, 60 ,ul; E, S. sanguis G9B, 20 R1; F, S. salivarius, 20 ,ul; G, S.
mitis ATCC 9811, 7.5 ,ul; H, S. pyogenes ATCC 14289, 30 pul; I, S.
pyogenes M6, 30 ,ul; J, S. pyogenes M12, 30 ,ul; K, S. agalactiae
ATCC 13813, 60 ,ul; L, S. lactis, 20 p.l. Shown at left are kilodalton
values of standard proteins. Affinity-purified antibodies were used at
a concentration of 700 ng/ml.

'25I-protein bound to kidney tissue, the contribution of the
radiolabeling procedure to this apparent low binding activity
is unclear because the percent activity of the unlabeled
protein cannot be measured with the same degree of accu-
racy. Alternatively, the nature of the assay could also be
responsible for this observation. The extensive washing

0 1 2 3 4 5 procedure used to remove unbound reactants may also

109 BACTERIA/ml remove a large proportion of glycosaminoglycan-HBP com-

6. Detection ofHBP on the surface of S. mutans cells in the plexes from the tissue homogenate on the plastic wells.
by using affinity-purified antibodies. 0, Bacteria treated Because of the heterogeneous nature of the ligand (homog-
mary and secondary antibodies; *, bacteria treated with enized kidney), the dissociation constant of 6.2 x 10-7 M
ry antibodies only. should be considered an average of multiple interactions of

29-
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HBP with tissue glycosaminoglycans. The number of bind-
ing sites on HBP cannot be calculated from this data for the
same reasons.
The binding activity of HBP for glycosaminoglycans de-

pended on the density of sulfate substituents on the polysac-
charide and to a lesser degree on the location of the sulfate
group on the monosaccharide subunits. Heparin, a serum
component, contains 2 to 3 sulfate groups and one uronic
acid per disaccharide unit, whereas heparan sulfate, a struc-
tural analog present in kidney basal laminae, is reported to
contain 0.2 to 3 sulfate groups and one uronic acid (5, 27).
The weak inhibitors, hyaluronic acid and keratan sulfate, are
devoid of sulfate and uronic acid, respectively. The presence
of uronic acid substituents is not an absolute requirement,
however, because dextran sulfate (two sulfates per disaccha-
ride) proved to be a highly effective inhibitor of HBP binding
to kidney tissue. The competitive inhibition experiments
with monosaccharides also emphasize the importance of
charge density and stereochemistry. Generally, sugars with
multiple anionic groups were the most effective inhibitors.
Carboxyl, phosphate, and sulfate groups on C-6 of glucose
showed equivalent inhibitory activities. Interestingly,
N-acetylneuraminic acid had no inhibitory activity for HBP,
nor did HBP bind to sialic acid-rich kidney structures, such
as the brush border of tubular epithelial cells.

Binding of HBP to kidney tissue is also sensitive to
inhibition by protamine sulfate, polylysine, and a random
polymer of lysine and alanine. Surprisingly, other cationic
proteins (lysozyme and cytochrome c) and low-molecular-
weight polycations (spermine) did not have inhibitory activ-
ities. These observations indicate that both molecular size
and distribution of cationic substituents are important in the
binding of HBP to kidney components. The high density of
amino groups in spermine or the pIs of cytochrome c and
lysozyme are not compatible with the binding sites on kidney
proteoglycans.
Heparan sulfate proteoglycans are ubiquitous in animal

tissues, particularly the extracellular matrix comprising
basal laminae of kidneys and other organs. Their relatively
large polyanionic and hydrated domains are believed to
influence the chemical and physical properties of basal
laminae and pericellular regions (5, 9, 27). Although the in
vivo effects of HBP remain to be determined, we anticipate
that its deposition on basal laminae may either exert direct
toxicity on epithelial and endothelial cells or interfere with
the passage of ions and proteins through glomerular capil-
laries by altering the net charge. Polycation substances, such
as protamine sulfate, have been found to cause structural
alterations in glomerular epithelia of perfused kidneys (2, 12,
18). This pathology is similar to that seen in some human
glomerulonephritis cases and is reversed by subsequent
perfusion with heparin (18). An alternative or concurrent
mechanism for pathogenesis involves serological events in
which binding of streptococcal HBP to kidney tissue leads to
in situ formation of immune complexes as specific antibodies
appear in the blood. Activation of complement through the
classical or alternative pathways may lead to localized
inflammation that is characteristic of delayed sequelae of
streptococcal infections.

S. mutans HBP is present on the cell surface and is
released into the culture medium during growth. Surface-
localized HBP is readily dissociated from the cell by NaOH
at pH 11.5 (3, 4), indicating that the protein is loosely
associated with the cell wall. We suspect that the strong
positive charge (pl 9.5) of HBP may cause it to associate
with anionic streptococcal proteins and lipoteichoic acid on

the cell surface and in the environment in which the bacteria
are growing. These molecular aggregates may bind to tissues
and exert enhanced pathogenicity through synergism. We
have found that lipoteichoic acid forms complexes with HBP
in vitro, as measured by gel filtration chromatography and
isoelectrofocusing (unpublished observations). Although the
kidney-binding activity of these complexes remains to be
determined, it is important that this study showed lipotei-
choic acid to be a relatively ineffective inhibitor of HBP
activity for kidney tissue. Lipoteichoic acid also possesses
kidney-binding and cytotoxic properties (11, 24).
The presence of HBP in all the Streptococcus species

tested in this study indicates that HBP has an essential but
still unknown physiologic function in these bacteria. Al-
though it is tempting to draw conclusions from the differ-
ences in staining intensities seen in the Western blot (Fig. 7),
it should be emphasized that this assay method does not
permit accurate quantitative measurements. In addition to
the relative amounts of protein, the number of epitopes
shared by the proteins determines their reactivities with the
primary antibodies. Furthermore, the quantity of protein
extracted from the cells may vary with species, cultural
conditions, or phase of growth. Further studies are neces-
sary to identify the conditions that regulate synthesis of HBP
by streptococci and to define the role of HBP in the
pathogenesis of streptococcus-associated nephritides. Cati-
onic antigens of S. pyogenes have been previously impli-
cated in acute poststreptococcal glomerulonephritis (26).
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