bstract. Thrombospondin and histidine-rich
glycoprotein are two proteins with diverse biological ac-
tivities which have been associated with human platelets
and other cell systems. Using an enzyme-linked immu-
nosorbent assay, we have demonstrated that purified hu-
man platelet thrombospondin formed a complex with
purified human plasma histidine-rich glycoprotein. The
formation of the thrombospondin-histidine-rich glyco-
protein complex was specific, concentration dependent,
and saturable. Significant binding was detected when his-
tidine-rich glycoprotein was incubated with thrombos-
pondin immobilized on anti-thrombospondin IgG-coated
plates, indicating that the observed complex formation
was not due to a thrombospondin interaction with the
plastic surface. Sucrose-density-gradient ultracentrifuga-
tion of a mixture of thrombospondin and histidine-rich
glycoprotein also revealed the formation of fluid-phase
complexes, with an estimated stoichiometry of 1 throm-
bospondin: 3.5 histidine-rich glycoprotein. Fibrinogen,
which has been previously shown to bind to adsorbed
thrombospondin, did not inhibit the formation of the
thrombospondin-histidine-rich glycoprotein complex.
Histidine-rich glycoprotein complexed with thrombos-
pondin was capable of binding heparin and neutralizing
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the anticoagulant activity of heparin in plasma. Specific
complex formation between thrombospondin and histi-
dine-rich glycoprotein may play a significant role in in-
fluencing platelet blood vessel wall interactions as well
as modulating the association of various cells with the
extracellular matrix.

Introduction

Thrombospondin (TSP)' is a major glycoprotein located in the
a-granules of human platelets (1, 2). TSP is a 450-kD protein
and is composed of three disulfide-linked subunits (3, 4). It is
secreted upon thrombin stimulation and binds to the platelet
membrane in the presence of calcium (5). During the process
of aggregation, thrombin-stimulated platelets develop a mem-
brane-bound lectin activity that originates from a-granules and
appears to play an important role in mediating platelet aggre-
gation by binding to a specific receptor on adjacent platelets (6,
7). Fibrinogen is the receptor for the platelet lectin (8). We have
recently found that TSP has hemagglutinating (lectin-like) ac-
tivity and specifically binds fibrinogen, suggesting that TSP may
be similar to the previously identified platelet lectin and may
participate in the platelet aggregation process (9, 10).

In addition to platelets, TSP is found in other cell systems.
Both cultured human umbilical vein endothelial cells and bovine
aortic endothelial cells synthesize and secrete large amounts of
TSP (11, 12). Cultured human fibroblasts and aortic smooth
muscle cells also synthesize and secrete TSP and incorporate it
into extracellular matrix (13, 14). The incorporation by fibro-
blasts of TSP into extracellular matrix is reminiscent of the role
of fibronectin (14). A specific interaction of TSP with fibronectin
and collagen has been demonstrated (10, 15). These data suggest
that TSP may have multiple functions. In addition to its role
in platelet aggregation, TSP may play a role in the formation
and organization of the extracellular matrix and in cell-cell and
cell-matrix interactions.
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1. Abbreviations used in this paper: CM, carboxymethyl; C, complement;
ELISA, enzyme-linked immunosorbent assay; VIIIR:Ag, Factor VIII
Related:Antigen; GP, glycoprotein; HRGP, histidine-rich glycoprotein;
TSP, thrombospondin.
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Histidine-rich glycoprotein (HRGP) is an a,-glycoprotein
in human plasma (16, 17) of apparently diverse biological func-
tions. HRGP interacts with several divalent metals, suggesting
that HRGP may have a role in the transport or homeostasis of
metals in vivo (18, 19). HRGP interacts with the high affinity
lysine-binding site of plasminogen (20), which mediates the
binding of plasmin(ogen) to fibrin and of plasmin(ogen) to ;-
plasmin inhibitor (21). By reducing the binding of plasminogen
to fibrin, HRGP may represent a physiological counterpart of
antifibrinolytic amino acids, such as 6-aminohexanoic acid,
which results in an antifibrinolytic effect. More recently, HRGP
was found to interact strongly with heparin, resulting in neu-
tralization of the anticoagulant activity of heparin (22). HRGP,
therefore, may play a role in the modulation of the anticoagulant
properties of heparin in plasma. HRGP is also immunochem-
ically identical with a serum factor that inhibits autorosette
formation between erythrocytes and peripheral lymphocytes;
this suggests that HRGP may modulate the immune responses
of lymphocytes (23). We have recently found that HRGP is
present in human platelets and is released following thrombin
stimulation (24). In this study, we present evidence demon-
strating specific complex formation between HRGP and TSP.
The complex contained heparin-binding and neutralizing ac-
tivity.

Methods

Materials. p-Nitrophenyl phosphate and type VII calf mucosa al-
kaline phosphatase were obtained from Sigma Chemical Co. (St. Louis,
MO). Protein A was obtained from Pharmacia Fine Chemicals (Piscat-
away, NJ). Microtitration plates and a Titertek multiscan photometer
were purchased from Flow Laboratories, Inc. (McLean, VA). All reagents
were of analytical grade.

Protein purification. HRGP was purified with minor changes in
the method of Haupt and Heimburger (16) as modified by Lijnen et
al. (20). Soybean trypsin inhibitor (100 mg/liter final concentration) was
added to acid citrate dextrose plasma. 50% polyethylene glycol, 4,000
mol wt, was added to a final concentration of 6% to remove the fibrinogen
and the precipitate was removed by centrifugation. The supernatant was
processed as detailed by Lijnen et al. (20) by adsorption to carboxymethyl
(CM)-cellulose 52, elution with NH,HCO;, and affinity chromatography
of the eluate on a column containing the high affinity lysine-binding
site of plasminogen. Traces of IgG, fibrinogen, and plasminogen were
detected in the HRGP preparation by enzyme-linked immunosorbent
assays (ELISA) (10, 25). These were removed by affinity chromatography
utilizing the insolubilized IgG fraction of rabbit antisera directed against
these contaminants. Purified plasma HRGP, which was kindly supplied
by Dr. Norbert Heimburger, Behringwerke AG, served as a standard.
When analyzed on sodium dodecyl sulfate (SDS)-polyacrylamide gel
electrophoresis, purified HRGP showed a single band with apparent M,
of 60,000 unreduced, and two bands with apparent M, of 74,000 and
67,000 when reduced with 2% dithiothreitol. This is in agreement with
previously published results (16, 18, 20). A recent study suggests that
HRGP purified by this procedure, in the absence of aprotinin, may
represent a proteolytic derivative of a native molecule with apparent
M, = 75,000. (22). Purified human platelet TSP was isolated from
thrombin-stimulated platelet releasate by Sepharose 4B gel exclusion
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chromatography and heparin-Sepharose affinity chromatography by the
method of Lawler et al. (3), as previously described (10). The isolation
and purification of Factor VIII Related:antigen (VIIIR:Ag), fibronectin,
ay-plasmin inhibitor, antithrombin 111, and platelet membrane glyco-
proteins (GP) IIb and Illa have been described in detail (25-28). Factor
X was a generous gift from Dr. J. Jesty, State University of New York,
Stony Brook. Peak I human fibrinogen was kindly supplied by Dr. M.
Mosesson, Mt. Sinai Medical Center, Milwaukee, WI. Heparinase (Lot
No. EL17403) was purchased from Miles Laboratories Inc. (Elkhart,
Ind.). [N-sulphonate-**S) heparin (mol wt 16,000-17,000) was purchased
from Amersham Corp. (Arlington Heights, IL). Purified human albumin
and vy-globulin were purchased from Behring Diagnostics, Inc. (Wood-
bury, NY). Clinical grade heparin (1,000 USP units/ml) was purchased
from Elkins-Sinn, Inc. (Cherry Hill, NJ).

Antisera. Antisera to the purified HRGP were raised in rabbits by
using methods previously described (25). Insolubilized HRGP-depleted
plasma was used to remove traces of contaminating antibodies from
the HRGP antisera. HRGP-depleted plasma was prepared by utilizing
the fibrinogen-depleted plasma supernatant as detailed above for the
purification of HRGP. The supernatant was mixed with CM-cellulose
52 (1 g/40 ml supernatant) for 1 h and the resin removed by centrif-
ugation. This adsorption step was repeated and a portion of the super-
natant was coupled to Sepharose beads. The absorbed HRGP antisera
produced a single precipitin arc when diffused against human serum
and yielded a reaction of immunologic identity between serum and the
purified HRGP. y-globulin fractions of the absorbed anti-HRGP sera
and normal rabbit sera were prepared as previously described (25). The
absorbed anti-HRGP IgG did not react by ELISA with purified human
fibrinogen, VIIIR:Ag, IgG, albumin, plasminogen, fibronectin, or TSP.

The monospecificity of the antisera to TSP, VIIIR:Ag, fibronectin,
a,-plasmin inhibitor, antithrombin III, and platelet membrane GPIIb
and GPIlla have been described in detail previously (10, 25, 28). Mono-
specific antisera to complement (C) components Cl,, C3, C4, and C5
were kindly supplied by Dr. Margaret Polley, Cornell University Medical
College, New York. Monospecific anti-Factor X was kindly supplied by
Dr. J. Jesty, State University of New York, Stony Brook. Antisera to
Factor XII and high molecular weight kininogen were purchased from
Miles Laboratories, Inc.

ELISA. The assay was performed according to the method of Voller
et al. as described previously (10, 29). Briefly, microtitration plates were
coated with purified TSP by incubating TSP (0.2 ml) in the bicarbonate-
coating buffer (15 mM Na,CO;, 35 mM NaHCO;, pH 9.6, 0.02% NaN;)
for 3 h at 37°C. The wells were washed three times with Tris-Tween
buffer (0.01 M Tris-HC], 0.15 M NaCl, 0.05% Tween 20, pH 7.4).
Purified HRGP diluted in Tris-Tween buffer was added in duplicate to
coated wells for 18 h at 4°C. The washing procedure was repeated and
alkaline phosphatase-conjugated, immunopurified anti-HRGP IgG (1:300
dilution) was added for 3 h at 37°C. After washing, the substrate p-
nitrophenyl phosphate was added and color development was followed
by repeated readings at 405 nm in a Titertek multiscan photometer.
The formation of the TSP-HRGP complex was expressed as the en-
zymatic activity of the bound alkaline phosphatase (AA405 min™"). For
the double antibody ELISA, anti-TSP IgG (8 ug/ml) in coating buffer
was applied to the plastic wells for 3 h at 37°C. After washing, TSP (4
wg/ml) in Tris-Tween buffer was added for 4 h at 37°C. The washing
step was repeated, and HRGP in Tris-Tween buffer was added and the
remaining steps were carried out as described above.

Determination of protein-coating efficiency on microtitration plates.
Purified human plasma HRGP was labeled with '>*I by using the modified
chloramine T method (30). Microtitration plates were coated in duplicate



with 0.2-ml portions of labeled HRGP at different concentrations in
the bicarbonate-coating buffer for 3 h at 37°C. After washing three times
with Tris-Tween buffer, each well was cut out, the radioactivity of the
coated protein counted, and the coating efficiency of HRGP at different
concentrations determined. The coating efficiency of TSP has been de-
termined in previous studies (10).

Sucrose-density-gradient ultracentrifugation. TSP and HRGP were
incubated in 10 mM Tris-HCI, 0.15 M NaCl, pH 7.4, with | mM Ca**
for 1 h at 37°C. 0.2-ml aliquot of the incubation mixture was layered
on top of a 10-40% linear sucrose gradient (5 ml) in the same buffer
and centrifuged at 165,000 g for 18 h at 4°C in a SW65 rotor (Beckman
Instruments Inc., Fullerton, CA). The gradient was fractionated by col-
lecting eight drop-fractions, and an aliquot (0.16 ml) of each fraction
was coated onto the microtitration well by incubating at 4°C for 18 h.
TSP and HRGP in each fraction were detected and quantified by the
corresponding specific ELISA. The following proteins were used for
calibration: thyroglobulin, S,w = 19; catalase, S)yw = 11.3; human
serum albumin, Syw = 4.6. Linearity of the sucrose gradients was con-
firmed by measuring the refractive indices of alternating fractions.

¥S-heparin-binding studies. Purified HRGP, TSP, and albumin
were coupled separately to CNBR-activated Sepharose 4B beads as de-
scribed (31). An aliquot of TSP coupled beads was incubated with HRGP
at 1 mg/ml for 1 h at 37°C. The beads were washed extensively with
Tris-Tween buffer and then incubated with 100,000 dpm (0.045 xCi)
3S-heparin (sp act 0.015 uCi/ug) in 20 mM Tris-HCl, 0.15 M NaCl, 2
mM CaCl,, pH 7.4, for 1 h at 37°C. The beads were washed five times
with Tris-Tween buffer containing 2 mM CaCl,. **S-heparin was eluted
from the beads by boiling in 2% sodium dodecyl sulfate for 10 min and
counted in a liquid scintillation counter.

Thrombin time assays. The influence of the TSP-HRGP complex
on the neutralization of heparin in plasma was evaluated by determination
of thrombin times of normal plasma, plasma depleted in HRGP, and
the depleted plasma in the presence of TSP beads preincubated with
HRGP. 0.2 ml of plasma (diluted one-half with water), and 0.1 ml of
beads (or buffer) were incubated in the presence of clinical grade heparin
(0.25 unit/ml final concentration) for 20 min at 37°C. 0.1 ml of thrombin
solution (~0.2 NIH units/ml final concentration) was added and the
clotting time recorded. Thrombin times reported represent mean values
of at least two separate measurements. HRGP-depleted plasma was
prepared by repeated absorption of normal plasma with CM-cellulose
52 as described above.

Results

ELISA of purified plasma HRGP. A specific ELISA for
the detection and quantification of plasma HRGP was developed.
HRGP in increasing concentrations was passively adsorbed to
the wells of a microtitration plate. Affinity-purified, monospe-
cific, anti-HRGP IgG which was directly conjugated with alkaline
phosphatase (1:800 dilution) was added. The resulting hydrolysis
of the substrate p-nitrophenyl phosphate was linear with the
concentration of HRGP added to the well up to 1,000 ng/ml.

By using '*I-labeled HRGP, the actual amount of HRGP
bound to the plastic well was determined at each concentration
of protein added and this was correlated with the color generated
in the ELISA (Fig. 1). No differences in reactivity with specific
antibody were noted when nonlabeled HRGP was compared
with '%-labeled HRGP.

Figure 1. HRGP standard curve by
ELISA. The amount of HRGP bound
was correlated with the color
generated in the ELISA. The
radiolabeled purified HRGP varying
from 10 ng/ml-1 pg/ml in coating
buffer was applied to the plastic wells
for 3 h at 37°C. After washing,
alkaline phosphatase-conjugated,
immunopurified anti-HRGP IgG
(1:800 dilution) was added for 3 h at
37°C. After washing, the substrate p-
nitrophenyl phosphate (1:1,000) was
added and color development
followed in a Titertek multiscan
photometer. The reaction was expressed as the enzymatic activity of
the bound alkaline phosphatase (10* X AA405 min~'). The wells
were then washed, cut out, and counted, and the amount of protein
in each well determined. Y = 18.13x + 13.8, r = 0.991.
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Complex formation of HRGP with TSP. An ELISA was
used to determine whether HRGP forms a complex with ad-
sorbed TSP. TSP in increasing concentrations was coated directly
on the wells of a plastic microtitration plate. Incremental
amounts of purified plasma HRGP were added and followed
by the sequential addition of alkaline phosphatase-conjugated,
immunopurified monospecific, anti-HRGP IgG and the enzyme
substrate. The extent of the formation between fluid-phase
HRGP and adsorbed TSP was detected and quantified by the
enzymatic activity of the bound alkaline phosphatase (Fig. 2).
A dose-response relationship of HRGP binding to adsorbed
TSP was demonstrated, with maximal binding occurring at about
1.0 ug/ml HRGP. The apparent dissociation constant (Kp) for
the complex formation was ~0.42 ug/ml or 7 nM. No inhibition
of the complex formation was noted in the presence of 2 mM
EDTA.
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Figure 2. ELISA detection of TSP-HRGP complex formation. TSP at
three concentrations in coating buffer was applied to the plastic wells
for 3 h at 37°C. After washing, HRGP at various concentrations in
Tris-Tween buffer was added for 18 h at 4°C. After washing, alkaline
phosphatase-conjugated anti-HRGP IgG and the enzyme substrate
were sequentially added as described in Fig. 1.
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Figure 3. Time course study of TSP-HRGP complex formation. TSP
(4 ug/ml) in coating buffer was applied to the plastic wells for 3 h at
37°C. After washing, HRGP (2 ug/ml) in Tris-Tween buffer was
added for various periods of incubation time (hours). The remaining
steps were carried out as described in Fig. 1.

To study the time course of the HRGP binding to adsorbed
TSP, complex formations with different incubation time periods
were determined (Fig. 3). Maximum binding occurred at 3 h
of incubation at 4°C.

Since HRGP binds heparin (17, 22), and TSP isolation in-
volves heparin-Sepharose affinity chromatography, the possibility
was raised whether the observed TSP-HRGP interaction might
be due to HRGP binding to a trace amount of heparin in the
adsorbed TSP sample. Adsorbed TSP was incubated with en-
zymatically active heparinase (0.1 U/ml) prior to the addition
of HRGP. There was no decrease in the binding of HRGP to
the heparinase-treated, adsorbed TSP. Alternatively, TSP was
preincubated with heparinase before adsorption to the plastic
plate. No decrease in the HRGP binding was noted. The activity
of heparinase was demonstrated by its ability to abolish the
prolongation of the plasma thrombin time by 0.1 U/ml heparin.

Specificity of the TSP-HRGP complex formation. To dem-
onstrate the specificity of the TSP-HRGP interaction, compet-
itive inhibition studies of the TSP-HRGP complex formation

100 Figure 4. Competitive
— inhibition of TSP-HRGP
o—0 1 ug/mi complex formation by
fluid-phase TSP. TSP (4
ug/ml) in coating buffer
was applied to the plastic
wells for 3 h at 37°C. After
washing, HRGP (1 and 2
ug/ml) in Tris-Tween
buffer was added alone or
M in the presence of
L v L L s increasing concentrations of
TSP for 18 h at 4°C. The
remaining steps were
carried out as described in Fig. 1. TSP-HRGP complex formation in
the absence of fluid-phase TSP was considered 100% complex
formation.
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Figure 5. Interaction of HRGP with adsorbed proteins. The proteins
(4 ug/ml) in coating buffer were applied to the plastic wells for 3 h at
37°C. After washing, HRGP in Tris-Tween buffer at concentrations
indicated was added for 18 h at 4°C. Detection of complex
formation of HRGP with the adsorbed proteins were carried out as
described in Fig. 1. AT III, antithrombin III; FN, fibronectin.

by excess fluid-phase TSP were carried out. Following the coating
of TSP (4 ug/ml) on the microtitration plate, HRGP (1 ug/ml
and 2 ug/ml) was incubated in Tris-Tween buffer in the presence
of increasing concentrations of TSP. 50% inhibition of the com-
plex formation was achieved by 1.5 ug/ml TSP (3.6 nM) (Fig.
4). The small amount of HRGP which complexed to adsorbed
TSP in the presence of excess soluble TSP (~15%) was con-
sidered “nonspecific” binding. No significant inhibition of
HRGP complex formation with TSP was detected by excess
fluid-phase albumin or fibrinogen.

The specificity of the HRGP interaction with adsorbed TSP
was studied further by incubating fluid-phase HRGP with other
adsorbed proteins (Fig. 5). Minimal complex formation was
detected with purified VIIIR:Ag, fibronectin, and antithrombin
I11. Previous studies using '*’I-radiolabeled proteins had shown
that the coating efficiency for VIIIR:Ag and fibronectin on the
microtitration plate was comparable with that of TSP (10).

We have previously shown that adsorbed TSP did not bind
fluid-phase albumin, y-globulin, VIIIR:Ag, a,-plasmin inhibitor,
antithrombin III, and platelet membrane GPIIb and GPIlla
(10). In addition, there was no significant complex formation
of adsorbed TSP with complement components Cl,, C3, C4,
C5, high molecular weight kininogen, or Factor X and XII (data
not shown).

Demonstration of TSP-HRGP complex formation by double
antibody ELISA. To demonstrate that HRGP binding to ad-
sorbed TSP was not due to denatured TSP molecules following
interaction with the plastic surface, a double-antibody ELISA-
binding system was used. Plastic microtitration plates were
coated with monospecific anti-TSP IgG. TSP was added in Tris-
Tween buffer and immobilized on the surface by anti-TSP. This
was followed by the addition of fluid-phase HRGP, and detection
of complex formation of HRGP with the antibody-immobilized



TSP was carried out as previously described. Significant complex
formation between HRGP and TSP was demonstrated by using
this double-antibody ELISA system (Table I). The binding of
HRGP to the antibody-immobilized TSP was also concentration
dependent with maximal binding occurring at 1 ug/ml.

The amount of complex formation demonstrated by using
the double-antibody ELISA was less than that detected when
HRGP was added to TSP coated directly on the microtitration
plate (Fig. 2). By using '*’I-radiolabeled TSP, the amount of
TSP immobilized on the anti-TSP coated plate was determined
to be 32.8 ng, which was significantly less than the amount of
TSP coated directly on the plate (262.7 ng).

Sucrose-density-gradient ultracentrifugation of TSP-HRGP
complexes. Sucrose-density-gradient ultracentrifugation was
used to assess whether HRGP and TSP formed a complex in
the fluid phase. Purified plasma HRGP showed a single peak
of reactivity with a sedimentation coefficient of 3.2 S, which is
in good agreement with the published value (17)(Fig. 6). When
a mixture of HRGP and TSP (at a molar ratio of 3:1) was
analyzed, there was a significant shift of the HRGP peak from
3.2S to 11.8S, demonstrating the formation of TSP-HRGP
complexes in the fluid phase. Purified TSP showed a major peak
with a sedimentation coefficient of 9S, which is also in good
agreement with the published sedimentation coefficient for TSP
(4, 32)(Fig. 7). In addition, a minor peak with a higher sedi-
mentation coefficient was noted, which possibly represents mul-
timeric forms of TSP. When a mixture of HRGP and TSP was
analyzed, there was a significant shift of the TSP peak from 9S
to 11.8S. A relatively minor peak with a higher sedimentation
coefficient was also noted, suggesting a heterogeneity of the
TSP-HRGP complexes. Assuming that the partial specific vol-
umes for TSP and the TSP-HRGP complex are similar, an
approximate estimation of the molecular weight of the complex
was obtained from the sedimentation coefficients.? The TSP-
HRGP complex has a mol wt of ~630,000, suggesting a stoi-
chiometry of TSP to HRGP of 1:3.5

Influence on TSP-HRGP complex formation by fibrinogen.
We have previously demonstrated that fibrinogen forms a specific

2. Assuming that the partial specific volumes for TSP and the TSP-
HRGP complex are similar, an approximate estimation of the molecular
weight of the complex can be obtained from the sedimentation coeffi-
cients, by using the equation (Martin, R. G., and B. N. Ames. 1961. A
method for determining the sedimentation behavior of enzymes: ap-
plication to protein mixtures. J. Biol. Chem. 236:1372-1379):

S (mol wt,)”’
mol wt, ’

5_2 =
Thus, from Fig. 7,

1188 _ (mol thsp.HRGp)’”
98 mol wirgp

Mol WiTsp.HRGP = mol Wtrsp X (1.31)3/2
= 420,000 X 1.5
= 630,000.

Table 1. Detection of TSP-HRGP Complex Formation by
Double-Antibody ELISA

Fluid-phase proteins 10* X AA405 min™'
None 6+2
TSP 112
HRGP 14+3
TSP plus HRGP 100£5

Anti-TSP IgG (8 pg/ml) in coating buffer was applied to the plastic wells
for 3 h at 37°C. After washing, TSP (4 ug/ml) in Tris-Tween buffer was
added for 4 h at 37°C. After washing, HRGP (1 pg/ml) in Tris-Tween
buffer was added for 18 h at 4°C. In control studies, TSP (4 ug/ml) and
HRGP (1 pg/ml) in Tris-Tween buffer were added separately to the
antibody-coated well. The remaining steps were carried out as described
in Fig. 1.

complex with adsorbed TSP (10). To test whether fibrinogen
interfered with the binding of HRGP to adsorbed TSP, fibrinogen
was added together with HRGP in the fluid phase to TSP. The
binding of HRGP to adsorbed TSP in the presence of fibrinogen
was similar to the binding obtained in the absence of fibrinogen
(Table II). Similarly, the binding of fibrinogen to adsorbed TSP
was not affected by the presence or absence of HRGP.
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Figure 6. Sucrose-density-gradient ultracentrifugation of HRGP and
TSP. HRGP, either alone or together with TSP (molar ratio of 3
HRGP:1 TSP), was incubated in 10 mM Tris-HCI, 0.15 M NaCL,
pH 7.4, with | mM Ca** for 1 h at 37°C. 0.2-ml aliquots of the
incubation mixtures were layered on separate 10-40% linear sucrose
gradients (5 ml each) in the same buffer and sedimented at 165,000 g
for 18 h at 4°C. The gradients were fractionated by collecting 8-drop
fractions and an aliquot (0.16 ml) of each fraction was coated onto
the microtitration well by incubating at 4°C for 18 h. HRPG in each
fraction was quantified by the specific ELISA for HRGP. The arrows
in the top panel corresponded to the three proteins used for
calibration: thyroglobulin S,w = 19; catalase, S;ow = 11.3; and
human serum albumin, S;,;w = 4.6.
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Figure 7. Sucrose-density-gradient ultracentrifugation of HRGP and
TSP. TSP, either alone or together with HRGP (molar ratio of 7
HRGP:1 TSP), was analyzed as described in Fig. 7 except that a
specific ELISA for TSP was used for detection of TSP in each
fraction of the gradients.

Heparin binding by TSP-HRGP complex. Recent studies
demonstrate that HRGP interacts strongly with heparin both
in purified systems and in plasma, resulting in neutralization
of the anticoagulant activity of heparin (22). To determine
whether HRGP complexed to TSP binds heparin, purified TSP
was coupled to cyanogen bromide-activated Sepharose 4B beads.
The TSP coupled beads were incubated with purified plasma
HRGP. 35S-heparin binding to the TSP-HRGP complex on the
beads was determined (Table III). The amount of heparin bound
to TSP beads preincubated with HRGP was significantly greater
than that bound to TSP beads alone, indicating that HRGP
complexed with TSP retains the heparin-binding property. By
using the specific ELISA for HRGP, the amount of HRGP
complexed to TSP on the beads was determined to be 50 ng
HRGP/50 ul beads. Therefore, 50 ng HRGP specifically bound
20.55 ng heparin (Table III). Assuming a M, of 16,500 for

Table I1. Influence on TSP-HRGP Complex Formation
by Fibrinogen

Protein 10* X AA405

coat Fluid-phase Antibody probe min~'

TSP HRGP Anti-HRGP 189+10
HRGP plus fibrinogen Anti-HRGP 178+8
Fibrinogen Antifibrinogen 47+4
HRGP plus fibrinogen Antifibrinogen 44+3

Table III. Binding of **S-Heparin by TSP-HRGP Complex

33§-Heparin Bound

ng
Albumin beads 1.7£0.2
HRGP beads 178.8+2.6
TSP beads 17.8+0.85*
TSP beads preincubated with HRGP 38.35+0.15*

50 ul of the protein-coupled Sepharose 4B beads were incubated with
3S-heparin (sp act 0.015 uCi/ug) in 20 mM Tris-HCI, 0.145 M NaCl,
pH 7.4, containing 2 mM CaCl, for 1 h at 37°C. The beads were washed
five times with Tris-Tween buffer containing 2 mM CaCl,. Proteins
were eluted from the beads by boiling in 2% SDS for 10 min. Results
are the mean (£SD) of two separate experiments with duplicate deter-
minations in each experiment.

* P, 0.0009.

heparin, the data suggests a stoichiometry of HRGP-heparin
complex formation of 1:1.5, which is in good agreement with
recent published data (22). Control studies using HRGP-coupled
beads showed significant heparin binding while albumin-coupled
beads did not, demonstrating the specificity of heparin binding.

To determine whether HRGP complexed with TSP neu-
tralized the anticoagulant activity of heparin in plasma, thrombin
time assays were performed (Table IV). HRGP-depleted plasma
had a normal thrombin time in the absence of heparin but
showed a markedly prolonged thrombin time in the presence

Table 1V. Influence of TSP-HRGP Complex on the Thrombin
Time in the Presence of Heparin

Thrombin time in the

Plasma presence of 0.25 units/ml heparin
s

Normal plasma 18
HRGP-depleted plasma >180
HRGP-depleted plasma plus HRGP

beads 89.3
HRGP-depleted plasma plus TSP

beads >180
HRGP-depleted plasma plus TSP

beads preincubated with HRGP 107
HRGP-depleted plasma plus

albumin beads preincubated with

HRGP >180

TSP (4 pg/ml) in washing buffer was applied to the plastic wells for 3
h at 37°C. After washing, HRGP (2 pg/ml) and fibrinogen (4 ug/ml)
in Tris-Tween buffer were added either alone or together for 18 h at
4°C. The remaining steps were carried out as described in Fig. 1. An-
tifibrinogen was used in 1:1,500 dilution.
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The protein-coupled beads were incubated with HRGP-depleted plasma,
in the presence of 0.25 units/ml heparin, for 20 min at 37°C, before
the addition of thrombin. 100 ul of beads were used in each experiment
except for HRGP-coupled beads which were used in 50 ul. Thrombin
times reported represent mean values of two separate measurements.



of heparin, which was partially corrected by the addition of
HRGP-coupled beads, in agreement with recent published data
(22). TSP-coupled beads that were preincubated with purified
HRGP also partially corrected the prolonged thrombin time
while control studies using albumin beads preincubated with
HRGP or TSP beads alone had no effect.

Discussion

TSP and HRGP are two proteins with diverse biological prop-
erties. TSP has been identified in human platelet, endothelial
cells, fibroblasts, and smooth muscle cells (1, 2, 11-14). TSP
interacts with heparin, fibrinogen, fibronectin, and collagen,
suggesting that it may be important in cell-cell and cell-sub-
stratum interactions (3, 10, 15). HRGP, an a,-glycoprotein in
plasma, has specific interactions with heme, plasminogen, and
heparin (17-20, 22). It may also play a role in modulating the
immune responses of lymphocytes (23). HRGP is present in
human platelets and is released following thrombin stimulation
(24). In this study, we have demonstrated that purified human
plasma HRGP forms a complex with purified platelet TSP. This
was supported by three different lines of evidence: (a) There
was specific and saturable binding of HRGP to TSP adsorbed
on microtitration plates. (b) Significant complex formation was
detected when HRGP was incubated with TSP immobilized on
anti-TSP-coated plates, indicating that the observed TSP-HRGP
complex formation was not due to a TSP interaction with the
plastic surface. (c) Sucrose-density-gradient ultracentrifugation
of a mixture of HRGP and TSP revealed the presence of fluid-
phase TSP-HRGP complexes.

The sucrose-density-gradient ultracentrifugation analyses
revealed the presence of TSP-HRGP complexes with an apparent
stoichiometry of 3.5 HRGP:1 TSP (Fig. 7). Our recent finding
that TSP has hemagglutinating activity is consistent with the
concept that TSP is multivalent (9). Electron microscopic studies
have demonstrated that TSP has three to four well-defined nod-
ular domains connected by flexible regions (32). It remains to
be determined whether the HRGP-binding sites are located on
these nodular domains of the TSP molecule.

TSP-HRGP-binding studies demonstrate an apparent Kp, of
7 nM (Fig. 2). It is possible that TSP adsorbed on the plastic
surface has an altered affinity for HRGP and this may not
represent an accurate estimation of Kp. However, it should be
noted that the competitive inhibition studies by fluid-phase TSP
(Fig. 4), as well as the distribution of the free and bound HRGP
in the sucrose-gradient ultracentrifugation analysis (Fig. 6), sug-
gest that the native TSP molecule has a high affinity for HRGP
in the fluid phase.

We have previously demonstrated that adsorbed TSP formed
a complex with fibrinogen and to a lesser extent with fibronectin
(10), suggesting that TSP may play an important role in the
platelet aggregation process. In this study, fibrinogen did not
inhibit complex formation of HRGP with TSP and conversely,
HRGP did not interfere with fibrinogen binding to adsorbed

TSP (Table II). This suggests that the binding sites of TSP for
HRGP are different from those for fibrinogen. The molecular
structure of TSP may be similar to that of fibronectin (33),
another major platelet a-granule protein of similar molecular
size, with different structural domains associated with indepen-
dent functional activities.

Recent studies demonstrate that HRGP interacts strongly
with heparin and neutralizes the anticoagulant activity of heparin
in plasma, suggesting that HRGP may play a role in the mod-
ulation of the anticoagulant properties of heparin (22). TSP
also binds heparin (3). In this study, HRGP complexed with
TSP was capable of binding heparin and neutralizing the an-
ticoagulant activity of heparin in plasma, with an estimated
stoichiometry of 1 HRGP:1.5 heparin, which is in agreement
with recent published data (22). This suggests that the TSP-
binding site and the heparin-binding site are two separate func-
tional domains on the HRGP molecule. It will be of interest
to determine whether the TSP-HRGP complex interacts with
heparan sulfate proteoglycans on vascular surfaces or extracel-
lular matrix and modulates vessel wall reactivity.

The biological significance of the TSP-HRGP interaction
remains to be fully defined. Thrombin-stimulated platelets re-
lease TSP from the a-granule, which binds to the activated
platelet surface in the presence of Ca**. HRGP is also present
in human platelets and is released following thrombin stimu-
lation (24). Our studies suggest the possibility that plasma HRGP,
as well as platelet HRGP, if both proteins have the same func-
tional capabilities, may interact specifically with TSP on the
activated platelet surface and regulate heparin action. In addition,
since HRGP interacts with the high affinity lysine-binding site
of plasminogen (20), the specific binding of HRGP to TSP on
the platelet surface may also serve to localize plasminogen onto
the activated platelet surface and modulate fibrinolysis in the
microenvironment of the platelet plug. Thus, the TSP-HRGP
complex in a focal area of active hemostasis and thrombosis
could serve as a prothrombotic mediator leading to an increased
deposition of fibrin.

It is of great interest that in addition to platelets, TSP has
been demonstrated in human endothelial cells, fibroblasts, and
smooth muscle cells (11-14). Recent studies suggest that a serum
factor that inhibits autorosette formation of murine thymocytes
and peripheral lymphocytes is immunochemically similar to
HRGP (23). Whether specific TSP-HRGP complex formation
plays a role in the cell-cell interaction between these various
cellular systems is a subject for further study.

Acknowledgments

We thank Dr. Margaret Polley for the purified complement components,
Dr. J. Jesty for purified Factor X, and Dr. M. Mosesson for Peak I
human fibrinogen. We are grateful to Ms. Barbara Ferris for excellent
technical assistance.

This work was supported by grant HL18828 (Specialized Center of
Research in Thrombosis) from the National Institutes of Health. Ad-
ditional support was provided by the Arnold Krakower Foundation.

1 Thrombospondin-Histidine-rich Glycoprotein Interaction



References

1. Hagen, I. 1975. Effects of thrombin on washed human platelets:
changes in subcellular fraction. Biochim. Biophys. Acta. 392:242-254.

2. Gerrard, J. M., D. R. Phillips, G. H. Rao, E. F. Plow, D. A.
Walz, R. Ross, L. A. Harker, and J. G. White. 1980. Biochemical studies
of two patients with the gray platelet syndrome. Selective deficiency of
platelet alpha granules. J. Clin. Invest. 66:102-109.

3. Lawler, J. W,, H. S. Slayter, and J. E. Coligan. 1978. Isolation
and characterization of a high molecular weight glycoprotein from human
blood platelets. J. Biol. Chem. 273:8609-8616.

4. Margossian, S. S., J. W. Lawler, and H. S. Slayter. 1981. Physical
characterization of platelet thrombospondin. J. Biol. Chem. 256:7495-
7500.

5. Phillips, D. R., L. K. Jennings, and H. R. Prasanna. 1980. Ca%*-
mediated association of glycoprotein-G (thrombin-sensitive protein,
thrombospondin) with human platelets. J. Biol. Chem. 255:11629-11632.

6. Gartner, T. K., D. C. Williams, F. C. Minion, and D. R. Phillips.
1978. Thrombin-induced platelet aggregation is mediated by a platelet
plasma membrane-bound lectin. Science (Wash. DC). 200:1281-1283.

7. Gartner, T. K., J. M. Gerrard, J. G. White, and D. C. Williams.
1981. The endogenous lectin of human platelets is an alpha-granule
component. Blood. 58:153-157.

8. Gartner, T. K., J. M. Gerrard, J. G. White, and D. C. Williams.
1981. Fibrinogen is the receptor for the endogenous lectin of human
platelets. Nature (Lond.). 289:688-690.

9. Jaffe, E. A, L. L. K. Leung, R. L. Nachman, R. I. Levin, and
D. F. Mosher. 1982. Thrombospondin is the endogenous lectin of human
platelets. Nature (Lond.) 295:246-248.

10. Leung, L. L. K., and R. L. Nachman. 1982. Complex formation
of platelet thrombospondin with fibrinogen. J. Clin. Invest. 70:542-549.

11. Mosher, D. F., M. J. Doyle, and E. A. Jaffe. 1982. Synthesis
and secretion of thrombospondin by cultured human endothelial cells.
J. Cell Biol. 93:343-348.

12. McPherson, J., H. Sage, and P. Bornstein. 1981. Isolation and
characterization of a glycoprotein secreted by aortic endothelial cells in
culture: apparent identity with platelet thrombospondin. J. Biol. Chem.
256:11330-11336.

13. Raugi, G.J.,S. M. Mumby, D. Abbott-Brown, and P. Bornstein.
1982. Thrombospondin: synthesis and secretion by cells in culture. J.
Cell Biol. 95: 351-354.

14. Jaffe, E. A., J. T. Ruggiero, L. L. K. Leung, M. J. Doyle, P. J.
McKeown-Longo, and D. F. Mosher. 1983. Cultured human fibroblasts
synthesize and secrete thrombospondin and incorporate it into extra-
cellular matrix. Proc. Natl. Acad. Sci. USA. 80:998-1002.

15. Lahav, J., M. A. Schwartz, and R. O. Hynes. 1982. Analysis of
platelet adhesion with a radioactive chemical cross-linking reagent: in-
teraction of thrombospondin with fibronectin and collagen. Cell. 31:253-
262.

16. Haupt, H., and N. Heimburger. 1972. Humanserumproteine
mit hoher Affinitat zu Carboxymethylcellulose 1. Hoppe-Seyler’s Z. Phy-
siol. Chem. 353:1125-1132.

12 L. L. K. Leung, R. L. Nachman, and P. C. Harpel

17. Heimburger, N., H. Haupt, T. Kranz, and S. Baudner. 1972.
Humanserumproteine mit hoher Affinitat zu Carboxymethylcellulose
I1. Hoppe-Seyler’s Z. Physiol. Chem. 353:1133-1140.

18. Morgan, W. T. 1978. Human serum histidine-rich glycoprotein
I. Interactions with heme, metal ions, and organic ligands. Biochim.
Biophys. Acta. 353:319-333.

19. Morgan, W. T. 1981. Interactions of the histidine-rich glyco-
protein of serum with metals. Biochemistry. 20:1054-1061.

20. Lijnen, H. R., M. Hoylaerts, and D. Collen. 1980. Isolation and
characterization of a human plasma protein with affinity for the lysine
binding sites in plasminogen. J. Biol. Chem. 255:10214-10222.

21. Lijnen, H. R., and D. Collen. 1982. Interaction of plasminogen
activators and inhibitors with plasminogen and fibrin. Semin. Thromb.
Hemostasis. 8:2-10.

22. Lijnen, H. R., M. Hoylaerts, and D. Collen. 1983. Heparin
binding properties of human histidine-rich glycoprotein. Mechanism
and role in the neutralization of heparin in plasma. J. Biol. Chem.
258:3803-3808.

23. Lijnen, H. R., D. B. Rylatt, and D. Collen. 1983. Physiochemical,
immunochemical, and functional comparison of human histidine-rich
glycoprotein and autorosette inhibition factor. Biochem. Biophys. Acta.
742:109-115.

24. Leung, L. L. K., P. C. Harpel, R. L. Nachman, and E. M.
Rabellino. 1983. Histidine-rich glycoprotein is present in human platelets
and is released following thrombin stimulation. Blood. 62:1016-1021.

25. Harpel, P. C. 1981. a,-plasmin inhibitor and a,-macroglobulin-
plasmin complexes in plasma. Quantitation by an enzyme-linked dif-
ferential antibody immunosorbent assay. J. Clin. Invest. 68:46-55.

26. Jaffe, E. A, and R. L. Nachman. 1975. Subunit structure of
factor VIII antigen synthesized by cultured human endothelial cells. J.
Clin. Invest. 56:698-702.

27. Resnick, G. D., and R. L. Nachman. 1981. Reed-Sternberg cells
in Hodgkin’s disease contain fibronectin. Blood. 57:339-342.

28. Leung, L. L. K., T. Kinoshita, and R. L. Nachman. 1981. Iso-
lation, purification, and partial characterization of platelet membrane
glycoproteins IIb and Illa. J. Biol. Chem. 256:1994-1997.

29. Voller A., D. Bidwell, and A. Bartlett. 1976. Microplate enzyme
immunoassays for the immunodiagnosis of virus infections. /n Manual
of Clinical Immunology. N. R. Rose and H. Friedman, editors. American
Association of Microbiology, Wash. DC. 506-512.

30. McConahey, P., and F. Dixon. 1966. A method of trace iodin-
ation of proteins for immunologic studies. Int. Arch. Allergy Appl. Im-
munol. 29:185-189.

31. Cuatrecasas, P. 1970. Protein purification by affinity chroma-
tography. J. Biol. Chem. 245:3059-3065.

32. Lawler, J., F. C. Chao, and C. M. Cohen. 1982. Evidence for
calcium-sensitive structure in platelet thrombospondin. J. Biol. Chem.
257:12257-12265.

33. Hynes, R. O., and K. M. Yamada. 1982. Fibronectins: multi-
functional modular glycoproteins. J. Cell Biol. 95:369-377.



