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Abstract

Utilizing affinity chromatography, a C3-specific binding protein
was isolated from "2I surface-labeled human platelets. Analysis
by sodium dodecyl sulfate-polyacrylamide gel electrophoresis
demonstrated two bands with mean Mr of 64,000 and 53,000,
characteristic variability in the relative density of the two bands
in a given individual, and the presence of N-linked complex oli-
gosaccharides as well as sialic acid residues not associated with
N-linked sugars. These characteristics are similar to those of a
human leukocyte iC3- and C3b-binding glycoprotein, termed
gp45-70. Further analysis showed that leukocyte gp45-70 and
the platelet C3-binding glycoprotein have identical Mr and other
similar structural features. Functional characterization of solu-
bilized platelet preparations indicated that gp45-70 has cofactor
activity. This membrane glycoprotein is structurally and anti-
genically distinct from decay accelerating factor (DAF), a com-
plement regulatory protein previously identified on human
platelet membranes. DAFand gp45-70 have complementary ac-
tivity profiles inasmuch as DAF can prevent assembly of and
dissociate the C3 convertases but has no cofactor activity,
whereas gp45-70 has cofactor activity but no decay accelerating
activity. Wesuggest that these two proteins function conjointly
to prevent autologous complement activation.

Introduction

A number of membrane proteins capable of binding the third
component of complement (C3) have been identified (1-3). On
human peripheral blood cells, the C3b/C4b receptor (CR1) was
the first to be described biochemically (4, 5) and is a single-chain
integral membrane glycoprotein with an Mr of -200,000. This
molecule has been identified on erythrocytes, granulocytes,
monocytes, macrophages, B lymphocytes, and a subpopulation
of T cells and glomerular podocytes (6). It exhibits a number of
interesting cell-specific structural features and a polymorphism
in which four autosomal codominantly inherited alleles have
Mr between 160,000 and 250,000 (7-1 1). CR2, the C3d or C3dg
receptor, is a single-chain integral membrane glycoprotein with
a Mr of 140,000 (12-14). This molecule is found on B lympho-
cytes (1-3) and has also recently been shown to be the "receptor"
for the Epstein-Barr virus (15, 16). CR3, the receptor for C3bi,
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is a glycoprotein composed of two polypeptide chains of Mr
165,000 and 95,000 and is found on neutrophils and monocytes
(17-22).

An additional C3b/C4b-binding membrane protein, termed
gp45-70, has been identified (23, 24). It binds iC3 and C3b but
not C3d and is widely distributed on human peripheral blood
mononuclear cells. On most cells this glycoprotein is a doublet
with a predominant upper band and has an Mr between 45,000
and 70,000. Gp45-70 has a similar Mr to C3b-binding proteins
previously described on rabbit macrophages (25, 26) and, more
recently, on murine cells (27). The human and murine molecules
do not appear to mediate rosette formation and the physiologic
function of gp45-70 is unknown.

Humanplatelets do not possess CR1, CR2, or CR3but have
been shown to possess decay accelerating factor (DAF)' (28,
29). This - 70,000-Mr regulatory membrane protein is also found
on erythrocytes and leukocytes and facilitates the decay of both
the classical and alternative pathway C3 convertases (28-30).
However, DAFdoes not bind to C3b or C4b affinity columns
and, in contrast to other human peripheral blood cells, no C3b-
binding molecules have been identified on platelets (1-3). In
this report, we have identified a C3-binding membrane protein
of human platelets and provided evidence that it has regulatory
activity for the complement system.

Methods

Purification of platelets and leukocytes. Platelets and leukocytes were
purified from 150 ml of blood collected in 3.5 ml of 0.25 MNa2EDTA
from normal individuals on the day of use. Platelets were purified as
described (3 1) with minor modifications. All procedures were performed
at room temperature using plastic ware only. After centrifugation of
whole blood at 1,000 g for 3 min at 25°C, platelet-rich plasma was
removed. Platelets were then sedimented by centrifugation at 2,000 g
for 10 min at 25°C. The pellet was then resuspended with wash buffer
(0.113 M NaCl, 4.3 mMK2HPO4, 4.3 mMNa2HPO4, 24.5 mM
NaH2PO4, 5.5 mMdextrose, pH 6.5) and centrifuged at 120 g for 10
min to sediment contaminating erythrocytes and leukocytes. This cen-
trifugation step was then repeated twice more. Platelets were then again
sedimented and washed twice with wash buffer. Approximately 4 X 109
platelets were obtained from 150 ml of whole blood. Microscopic ex-
amination of the purified platelet preparations revealed less than one
leukocyte per 104 platelets.

Mononuclear leukocytes were purified from whole blood by dextran
sedimentation followed by bouyant density centrifugation employing
Ficoll-Hypaque (24, 32). U937, a human monocytelike cell line, was
obtained from the Center of Basic Cancer Research, Washington Uni-
versity School of Medicine, and grown under conditions as re-
ported (24).

Surface-labeling and solubilization of cells. Platelets were prepared
for surface radioiodination by resuspension in labeling buffer (0.14 M
Tris-HCI, 0.13 MNaCl, 52 mMglucose, pH 7.4) (31) at a concentration

1. Abbreviations used in this paper: DAF, decay accelerating factor, Endo
F, endoglycosidase F; PAGE, polyacrylamide gel electrophoresis.
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of 1 X 109 cells/ml. Purified leukocytes were prepared for radiolabeling
by suspension in phosphate-buffered saline (PBS) (0.15 MNaCi, 1.92
mMNaH2PO4, 8.7 mMK2HPO4, pH 7.4) at a concentration of 2 X 107
cells/ml. Surface iodination with 1251 (Amersham) was performed by a
modified lactoperoxidase method (8, 33). Cells were then solubilized at
4VC in PBS, 1% Nonidet P-40 (NP-40, Sigma Chemical Co., St. Louis,
MO), 2 mMphenylmethylsulfonyl fluoride, 3 mMEDTA, 1 gM pep-
statin, and 20 mMiodoacetamide. Platelets were solubilized at 5 X I0/
ml and leukocytes at 108 cells/ml.

Affinity chromatography. Affinity chromatography was peformed as
previously described (8, 24, 34). Affinity columns were prepared by two
methods: (a) iC3, BSA, or human IgG was coupled to cyanogen bromide-
activated Sepharose (Sepharose 6B, Sigma Chemical Co.) as previously
described (7, 8) or (b) C3b- and C3d-thiol-Sepharose were prepared by
methods also described previously (13, 24).

Solubilized preparations were first preincubated with IgG-Sepharose
for I h with constant mixing at room temperature (0.2 ml of packed
beads per 1 ml of solubilized preparation). The supernatant was then
removed, diluted threefold to 0.05 MNaCi with distilled water, and
incubated with the protein-coupled Sepharose for 1 h at room temperature
with constant mixing. The affinity column was then washed with 0.05
MPBS, 1% NP-40 and eluted with 400 mMNaCl, 1% NP-40. After
dialysis against distilled H20, Iyophilization and acetone precipitation,
samples were prepared for sodium dodecyl sulfate-polyacrylamide gel
electrophoresis (SDS-PAGE) or enzyme treatments.

Evaluation of the efficiency of this methodology showed that >80%
of the leukocyte or platelet-binding proteins specific for a given column
were removed by the initial incubation. A second or third incubation
removed >95%of specific binding proteins. The pattern on SDS-PAGE
of the eluates from these additional incubations was identical to that of
the first eluate. Also, C3b-affinity columns were eluted first with high
salt and then with 6 Mguanidine. The eluates were compared by SDS-
PAGE. No new specific bands were eluted by 6 Mguanidine. Further,
>70% of the counts in the C3b-specific bands were eluted by high salt.

Immunoprecipitation. Immunoprecipitation was performed as pre-
viously described (8, 34). Antibodies utilized were monoclonal anti-CRI
antibody 57F (gift of V. Nussenzweig, Department of Pathology, New
York University, New York City) and polyclonal antibodies raised in
rabbits to H, C4-binding protein (C4bp), DAF, and CR1 (8, 35). For all
immunoprecipitations, parallel conditions were run with MOPC-21 (as
a nonspecific monoclonal antibody of the same isotype as 57F) and
rabbit serum or rabbit IgG (as a control for the polyclonal antisera). The
antibody to DAF was a generous gift of Dr. Michael Pangburn (De-
partment of Biochemistry, University of Texas Health Science Center,
Tyler) and was an IgG fraction.

Briefly, solubilized preparations were first precleared of nonspecific
proteins with Staphylococcus aureus (Cowan I strain) and then incubated
with either specific or nonspecific polyclonal or monoclonal antibody
for 1 h at 4°C. For the monoclonal immunoprecipitation, a rabbit anti-
mouse second antibody was then added and incubation continued for
I h at 4°C. This preparation was then incubated in Staph Cowan for 15
min and, after several washings with PBSand 1%NP40, bound proteins
were eluted.

Enzyme treatment. Enzyme treatments were performed as described
(34, 36) with minor modifications. Radioiodinated material was resus-
pended in 0.10 ml of the appropriate buffer for treatment with neur-
aminidase (50 mMsodium acetate, I mMCaC12, 0.2% NP40, pH 5.5)
or endoglycosidase (Endo) F (100 mMNaH2PO4, 50 mMEDTA, 1%
NP40, 0.1% SDS, 1%0-mercaptoethanol, pH 6.1). The preparation was
heated at 80°C for 10 min and then allowed to cool to room temperature.
For most experiments Endo F or neuraminidase was then added in a
0.02-ml aliquot containing 60 mUand a second 60-mU was added at 3
h. After a total incubation period of 6 h at 370C, treatment was terminated
by precipitating the samples with I ml of acetone at -200C for 5 h.
Precipitated samples were then recovered by centrifugation and prepared
for additional enzyme treatments or SDS-PAGE.

SDS-PAGE and autoradiography. SDS-PAGE was performed as
previously described (7, 8, 37, 38), using a 7.5% or 6-18% polyacrylamide

gel. All samples were loaded onto a 3% stacking gel. On reduced gels,
samples were treated with 5% (3-mercaptoethanol and heated at 80C
for 10 min. Autoradiographic methodology has been described (8).
Quantification of the relative intensity of bands observed on autoradio-
graphs was performed with a Zeineh Soft Laser Scanning Densitometer
(Biomed Instruments, Chicago, IL) (8, 24).

Determination of cofactor activity in the solubilized platelet prepa-
ration. Plasma complement regulation proteins H and I and C3 were
purified as reported (35). I was also purchased from Cordis and one C3
sample was a gift from Dr. R. P. Levine, Dept. of Genetics, Washington
University School of Medicine. C3 was freeze-thawed to prepare he-
molytically inactive C3 (iC3) and then radioiodinated by the chloramine-
T method (35).

For these functional studies, purified platelets solubilized in the pres-
ence of protease inhibitors (2 mMphenylmethylsulfonyl fluoride, 3 mM
EDTA, 1 uM pepstatin, 20 mMiodoacetamide) were first precleared.
Anti-human C4bp and anti-human CR1 rabbit polyclonal antibodies
were prepared as described (35). Anti-human H rabbit antibody was
purchased from Calbiochem-Behring Corp. (San Diego, CA). To remove
C4bp, CRI, and H, sufficient antibody to remove >90% of C4bp or H
from 0.1 ml of serum or of CR1 from 5 X 108 solubilized E was first
bound to Staph Cowan at 4°C for 15 min. After several washings with
PBS, 1%NP40, the pellet was incubated with 0.5 ml (5 X I09 cell equiv-
alents) of solubilized platelet preparation for I h at 4°C and the super-
natant was removed and tested for cofactor activity. These samples or
H (5 Mg) were incubated with 125I-labeled iC3 (5 Mg) and I [50 inhibitory
units (Cordis)] at 37°C for 1 h. These experiments were also performed
using purified 1 (35) and identical results were obtained. The buffer used
throughout this assay was PBS, pH 7.4. At timed intervals, samples were
removed for analysis by SDS-PAGE(reducing conditions) and autora-
diography.

For assessment of cofactor activity of iC3- or BSA-Sepharose eluates,
samples were first dialyzed against dH2Oand then against PBS, pH 7.4.
The assay was then performed as described above. Alpha chain cleavage
was determined by densitometric scanning of the a2 and
a2 fragments.

Results

Identification of a C3-binding platelet membrane protein. In-
cubation of labeled solubilized platelet preparation with IgG-,
BSA-, or iC3-Sepharose beads, elution of these columns, and
analysis of the eluates by SDS-PAGE followed by autoradiog-
raphy revealed an iC3-binding protein with an Mr between
50,000 and 68,000 (Fig. 1). This molecule specifically binds to
iC3 (track 3) and is a doublet consisting of two relatively broad
bands. The mean Mr of the "upper" and "lower" bands is 64,000
and 53,000, respectively. Molecules with M, of 42,000 and 53,000
are prominent in the IgG lane; this Mr is in the range expected
for the Fcy receptor (39-41). Two prominent bands with an Mr
of 132,000 and 90,000 bound to all three columns. These bands
also appear in autoradiographs of immunoprecipitations of sol-
ubilized platelet preparations (see below) and are the most heavily
labeled bands of solubilized material applied directly to gels.
Furthermore, while the bands at 64,000 and 53,000 Mr are spe-
cifically inhibited by fluid phase iC3 (see below), the 132,000-
and 90,000-Mr bands are unaltered.

Consistent with previously reported functional studies (1,
2), CR1 with an Mr of - 200,000 or CR2with an Mr of 140,000
was not found in the iC3 eluate (also see Fig. 7). This lack of
CR1 was further confirmed by an immunoprecipitation em-
ploying a polyclonal anti-CR1 antibody (not shown). Finally,
no band with an Mr of 70,000-75,000 corresponding to that
reported for DAFis present on the autoradiograph in Fig. 1. To
further substantiate this finding, DAFwas immunoprecipitated
from solubilized platelet preparations and analyzed in parallel
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Figure 1. Autoradiograph of
eluates of IgG-, BSA-, and iC3-
Sepharose to which surface-la-

0<z zS beled solubilized platelet prepa-
o0 X U rations were applied. Two non-

-specific contaminants at

Mxir3) 132,000 and 90,000 M,
(marked by arrows) bind to all

- 200 three columns (see Results). In
addition, the putative two-band

NS- -116 Fcyreceptor(meanMrof
N5 - r 1 _ -94 42,000 and 35,000 and marked

by brackets) bind specifically to
*- IgG-Sepharose (track 1). Eluate
PU of proteins binding iC3-Sepha-

FF m 45 rose (track 3) include the con-C- taminants and an iC3-specific
W -30 binding protein (plt-C3BP)

consisting of two bands with
mean M, of 64,000 and 53,000.
On this and subsequent autora-
diographs, the higher M, band
is marked with a solid arrow-
head and the lower M, band is
marked with an open arrow-
head. 6-18% gradient gel, non-

1 2 3 reducing.

with eluates of iC3 affinity chromatography of the same prep-
arations (Fig. 2). The M, of DAFwas greater than that of plt-
C3BPand plt-C3BP was not immunoprecipitated by anti-DAF
(the variability in the density of the two bands of plt-C3BP is
addressed below).

A screen of the platelet iC3-binding protein (plt-C3BP) of
eight unrelated individuals demonstrated that both bands of the
doublet migrate at identical Mr; however, the relative distribution
in the "upper" and "lower" bands ofthe molecule varied among
donors (Fig. 3 a). The most commonpattern observed was one
in which >70%of the radioactivity was located in the higher Mr
band, as determined by direct counting of the gel slice or by
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<
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- 200 Figure 2. Comparison of pro-
teins isolated from platelet sol-

-116 ubilized preparations by iC3 af-
_ 94 finity chromatography and by

immunoprecipitation with anti-
-68 DAF. The arrow points to

DAF; the open and closed ar-
_ 4 5 rowheads identify plt-C3BP.

Nonspecific rabbit IgG did not
lead to the precipitation of
DAF(not shown). In this and
most other gels, a variable
quantity of labeled material
whose identity is unknown is
observed at the top of the gel.
Autoradiograph of a 6-18%

4 gradient gel, nonreducing.
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b
Figure 3. (a) An analysis of the platelet iC3-binding protein of three
selected individuals. The three patterns observed for this molecule are
shown here: predominant upper band (track 2), approximately equal
doublet (track 3) and predominant lower band (track 4). Autoradio-
graph of 6-18% gradient gel, non-reducing. (b) Effect of reduction on
M, of plt-C3BP. Reduction produces a 6,000 increase in M, for both
bands of the molecule (tracks 3 and 4, also see text). 6-18% gradient
gel.

densitometric scanning. This ratio (Fig. 1, track 3 and Fig. 3,
track 2) was observed in six of the eight donors studied. The
other two patterns, observed in one donor each, are an approx-
imately "equal doublet" in which at least 30% of counts are in
each band (Fig. 3, track 3), and one in which >70%of the counts
are in the lower Mr band (Fig. 3, track 4). Multiple (more than
three) purifications of one individual of each type over a 12-mo
period have shown that the pattern is stable.

Reduction of plt-C3BP with ,8-mercaptoethanol results in a
6,000-Mr increase for both bands, suggesting the presence of
intrachain disulfide linkages. Upon reduction, the lower band
is more sharply focused and thus appears to be more prominent
(Fig. 3 b, two additional gels comparing reducing and nonre-
ducing patterns are shown in Fig. 7). Also, with reduction a third
band slightly below the lower band, although faint, is usually
observed.

Specificity ofplt-C3BPfor C3 and its fragments. To further
demonstrate that plt-C3BP isolated by iC3-Sepharose affinity
chromatography is a C3-specific binding protein, fluid-phase in-
hibition and binding specificity studies were performed.

In fluid-phase inhibition studies, proteins were preincubated
or simultaneously incubated with the solubilized platelet prep-
aration and iC3-Sepharose. Fluid-phase iC3 inhibited binding
of plt-C3BP to iC3-Sepharose (Fig. 4) but had no effect on the
two proteins of 90,000 and 132,000 Mr (not shown). Increasing
amounts of fluid-phase iC3 led to increased inhibition and a
threefold excess of fluid-phase iC3 over that coupled to the Se-
pharose resulted in >90% inhibition of binding of plt-C3BP.
Incubation ofthe solubilized platelet preparation with fluid-phase
human IgG resulted in <30% inhibition, even up to a 10-fold
excess. In these studies, inhibition of binding by fluid phase iC3
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FLUID-PHASE INHIBITION OF BINDING
TO iC3-SEPHAROSE
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Figure 4. Effect of fluid-phase proteins on binding of plt-C3BP to iC3-
Sepharose. The tabular data present results for two experiments, in-
cluding the one (exp. 1) corresponding to the autoradiograph. In both
experiments <30% inhibition was observed with the same concentra-
tions of IgG. In exp. 1 the solubilized platelet preparation and iC3-Seph-
arose beads (0.1 ml of packed beads coupled at 1.40 mg/ml) were in-
cubated together with the fluid-phase inhibitory proteins (iC3 or IgG),
whereas in exp. 2 the solubilized platelet preparation was pre-incu-
bated with a fluid-phase protein for I h before incubation with iC3-
Sepharose. The autoradiograph is of labeled platelet material bound to
iC3-Sepharose (under conditions of exp. I) in the presence of 0 mg

(track 1) or 0.42 mg (track 2) of fluid-phase iC3 (1.64 mg/ml). The
presence of a reduced amount of plt-C3BP in track 2 is confirmed by
an eightfold greater exposure (track 3). Also, a condition with 0.42 mg

of IgG was employed in this same experiment and the resulting gel
track was identical to that of track I (not shown). Percent inhibition
was calculated from data obtained by densitometric scanning of the
autoradiograph. 6-18% gradient gel, nonreducing.

was greater than anticipated based on the quantity of iC3 bound
to the Sepharose (assuming that there is equal affinity of the
binding protein for fluid phase and Sepharose-bound iC3). This
may be due to a number of factors, including the possibility that
a fraction of the iC3 coupled to the Sepharose is oriented such
that the binding site is not optimally exposed.

In a second type of study binding specificity of plt-C3BP for
C3 and its derivatives was evaluated. Radiolabeled platelet
membranes were evaluated by affinity chromatography with iC3-
Sepharose and C3b- and C3d-thiol-Sepharose (Fig. 5). Multiple
experiments indicated that plt-C3BP bound to iC3-Sepharose
and to C3b-thiol-Sepharose (Fig. 5 a), but binds minimally to
C3d-thiol-Sepharose (Fig. 5 b). Taken together, these results in-
dicate that the binding region for plt-C3BP resides in the C3c
portion of C3 (24).

Effect of glycosidase treatments on the Mr ofplt-C3BP. One
explanation for the Mr heterogeneity observed for plt-C3BP is
a variation in oligosaccharide structure. To address this possi-
bility, labeled plt-C3BP was purified by affinity chromatography
and subjected to treatment with neuraminidase, an enzyme that
cleaves sialic acid residues, and Endo F, an enzyme that removes

N-linked oligosaccharides. The effects of these enzymatic treat-
ments were assessed by SDS-PAGEand autoradiography using
an individual with a predominant upper band pattern (Fig. 6).

As seen in this and other similar experiments, treatment
with Endo F results in the upper and lower Mr bands of plt-
C3BPeach being resolved into two bands (track 2). There is a

3,000-4,000 reduction in M, of part of each band ofthe molecule,
suggesting the presence of at least one and possibly two N-linked
oligosaccharide unit(s). However, the Mr difference between the
upper and lower bands is not reduced. Incomplete digestion (42,
43) or the presence of two separate classes of molecules could
explain this result.

- --_-116
__ _-94

-45

- 45

-30

-30

a 1 2 3 b 1 2 3
Figure 5. Analysis of the binding specificity of plt-C3BP (a) This auto-
radiograph shows those molecules on human platelet membranes that
bind BSA-Sepharose (track 1), iC3-Sepharose (track 2), and C3b-thiol-
Sepharose (track 3). 6-18% gradient gel, nonreducing. (b) Autoradio-
graph of human platelet membrane proteins which bind BSA-Sepha-
rose (track 1), iC3-Sepharose (track 2), and C3d-thiol-Sepharose (track
3). Tracks 1 and 3 were exposed twice as long as track 2. 6-18% gra-
dient gel, nonreducing. Elution of the C3b and C3d by 2-mercaptoeth-
anol from the thiol-Sepharose indicated that >90% of the a-chain of
C3 was a' and only a single fiagment of 32,000 Mr, respectively.
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Figure 6. Effect of glycosidase digestions on M, of plt-C3BP. This au-
toradiograph shows affinity purified plt-C3BP treated with Endo F
(track 2), neuraminidase (track 4), or both neuraminidase and Endo F
(track 3). In track 3, a definite distinction between the upper and
lower band is not possible. 6-18% gradient gel, reducing.
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Upon treatment with neuraminidase (track 4), the upper
and lower bands are again reduced in Mr, indicating the presence
of sialic acid residues. However, the upper band is relatively
more reduced (- 12,000) in Mr than the lower (-5,000), sug-
gesting that the number of sialic acid residues is greater on the
higher band. Whenplt-C3BP is treated with both neuraminidase
and Endo F, a single band is seen reflecting a shift of - 15,000
for the upper band and -8,000 for the lower band. This M,
change is greater than that seen for either neuraminidase or Endo
F treatment alone. Taken together, these results of enzymatic
digestions indicate the presence of complex N-linked oligosac-
charides, as well as sialic acid residues not associated with these
sugars, and provide a partial explanation for the Mr heterogeneity
observed for plt-C3BP. More complete characterization of the
oligosaccharides of this molecule will require biosynthetic studies
but these results are entirely compatible (including the presence
of O-linked sugars) with other studies (44).

A comparison ofplt-C3BP and gp45-70 of human peripheral
blood leukocytes and cell lines. The two band pattern exhibited
by plt-C3BP on SDS-PAGE, its ligand specificity, and the effect
of glycosidase digestions on the Mr of this molecule suggested
that this glycoprotein shares many characteristics with a recently
described C3-binding glycoprotein of human peripheral blood
leukocytes and monocyte-derived cell lines, termed gp45-70 (24).
To further compare these proteins, human mononuclear leu-
kocytes (Ficoll-Hypaque interface) and platelets were purified
from the same donor and surface radioiodinated and solubilized.
C3-binding proteins were then isolated by affinity chromatog-
raphy and analyzed. Autoradiographs demonstrate that plt-C3BP
and gp45-70 align by SDS-PAGE(Fig. 7). In addition, the relative
band density of the two major bands of this protein is similar
for both cell types for a given individual. This is most clearly
demonstrated in tracks 3 and 4 (donor B) in which an individual
with a predominant lower band pattern was studied.

No band that aligns with CR1 is seen but a faint band mi-
grating at the Mr of approximately 140,000 is present (Fig. 7 a).
The possibility that this band represents CR2 (marked on leu-
kocyte lanes of Fig. 7) was discounted as it also binds to BSA-
Sepharose columns and does not align with CR2upon reduction
(Fig. 7 b). These data are consistent with prior functional and
structural studies indicating that human platelets do not possess
CR1 or CR2 (1-3). The absence of these receptors also indicates
that there is no significant contamination of the platelet prep-
arations with leukocytes, confirming our microscopic studies.

Cofactor activity of plt-C3BP. In preliminary experiments,
J. Turner (45) showed that eluates of an iC3-Sepharose column
to which solubilized preparations of U937 had been applied pos-
sessed cofactor activity for the I-mediated cleavage of C3. Our
laboratory has recently found that this cofactor activity is largely
attributable to gp45-70 and that purified gp45-70 from U937
and HSB-2 has cofactor activity (46). Wetherefore determined
if the platelet preparations contained such an activity (Fig. 8).

Purified human platelets solubilized in the presence of pro-
tease inhibitors were precleared of known cofactors, H, C4bp,
and CR1, and then incubated with '25I-labeled iC3 and I. As
controls, 1251-iC3 was incubated with H, H+ I, or I alone. Anal-
ysis of iC3 cleavage fragments by SDS-PAGEand autoradiog-
raphy (Fig. 8) shows that solubilized platelet preparations contain
I-dependent cofactor activity (lanes 3-7). The a-chain of iC3
was cleaved into a1 (Mr 75,000) and a2 (Mr 46,000), which was
further cleaved to a'2 (Mr 43,000). These cleavage products are
of identical Mr to those generated by I + H (Fig. 8, lane 8). In
addition, this cleavage exhibited dose-dependency since increas-
ing concentrations of platelet preparation resulted in greater a-
chain cleavage.

To evaluate whether this activity binds to iC3, platelet prep-
arations were incubated with IgG-Sepharose and then with either
BSA- or iC3-Sepharose. Eluates of these columns were then
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rate gel. In other similar experi-
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a2 and a2 fragments aligned. A
band of unknown identity is seen
below the E-chain in this iC3 prep-
aration. Autoradiograph of 6-18%
gradient gel, reducing.

evaluated for cofactor activity for iC3 a-chain cleavage (Fig. 9).
The eluate from iC3-Sepharose possessed cofactor activity,
whereas that from BSA-Sepharose did not, suggesting that the
cofactor present in the platelet preparation is an iC3-specific
binding molecule. In other experiments, the supernatants from
solubilized platelet preparations previously incubated with
IgG-, BSA-, or iC3-Sepharose were assessed for cofactor activity.
No depletion of activity was observed in the IgG or BSA super-

natants but there was >50% depletion in cofactor activity in the
iC3 supernatants (not shown), again suggesting an iC3-specific
cofactor. The cofactor is likely to be plt-C3BP as previous au-

toradiographs demonstrate it to be the sole iC3-specific binding
molecule of human platelet membranes.

Discussion

In this report we have identified a specific C3-binding membrane
glycoprotein of human platelets. With the exception of the reg-

ulatory protein, DAF (28, 29), complement receptors, binding
proteins, or regulatory molecules have not previously been de-
scribed on human platelets. DAFdoes not bind to iC3 or iC4-
Sepharose affinity columns and is structurally, antigenically, and
functionally distinct from the molecule identified in this work.
This glycoprotein, termed platelet C3-binding protein (plt-
C3BP), is labeled by surface radioiodination and appears on

autoradiographs as two bands, an upper band with a mean Mr
of 64,000 and a lower band with a mean Mr of 53,000. Studies
of the binding specificity of plt-C3BP established it as an iC3 or

C3b binding protein with ligand specificity for the C3c portion
of C3. Lastly, evidence was obtained that this molecule possesses

cofactor activity.

In the course of these studies, we noted the similarities be-
tween plt-C3BP and gp45-70 of human leukocytes (24). The Mr
of the two bands of the molecule of both platelets and leukocytes
were identical on SDS-PAGE. Furthermore, individuals with a

predominantly upper or lower band pattern for their leukocyte
gp45-70 display the same pattern on their platelets. In addition,
results of glycosidase digestions of gp45-70 of U937 and HSB-
2 are identical to those obtained here for platelets (44-46). Anal-
ysis by two-dimensional gels also shows plt-C3BP (unpublished
data) and gp45-70 (44) to both have very acidic isoelectric points
(43, 44), compatible with the large amount of sialic acid on the
molecule. Both molecules also bind to the C3c portion of C3
(24). These similarities of structure and binding specificity in-
dicate that plt-C3BP and gp45-70 of human mononuclear leu-
kocytes are identical.

For all donors evaluated the two bands that comprise this
C3 binding protein have identical Mr. In contrast, the relative
amount of the upper and lower band varied widely among donors
but was reproducible in a given individual. A partial explanation
for the Mr difference between the two bands was provided by
glycosidase digestions. Platelet gp45-70 possesses complex N-
linked oligosaccharides and evidence was obtained for sialic acid
residues that were not associated with N-linked sugars (probably
O-linked oligosaccharides). An increased number of these sialic
acid residues was found on the higher M, form of this molecule.
In progress are studies of the inheritance pattern of this molecule
and further comparative structural analyses of the two bands.
Such experiments should permit us to determine if this unusual
two band pattern represents allelic variants or two distinct gly-
coprotein species.

In addition to the initial identification of this glycoprotein
on platelets and its structural and functional similarity to gp45-
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The findings in this report on platelet gp45-70 are pertinent
to the preceding discussion of DAF. Both molecules, although
antigenically distinct, display similar but not identical molecular
weights as well as cell specific variations in Mr (24, 50). Also,
DAFand gp45-70 are platelet and leukocyte membrane glyco-
proteins that both regulate the C3 convertases. Their activity
profiles are complementary; that is, DAFhas no cofactor activity
(30) but can prevent assembly and dissociate the C3 convertases
(30, 48), whereas gp45-70 has no decay accelerating activity (46,
47) but does possess cofactor activity. It is our hypothesis that
DAF and gp45-70 function conjointly to prevent autologous
complement activation on human platelets and leukocytes.
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Figure 9. Cofactor activity for I-mediated cleavage by eluates of iC3-
or BSA-Sepharose. Solubilized platelet preparation was precleared
with IgG-Sepharose and then applied to BSA- or iC3-Sepharose col-
umns. The eluate of these columns was then assessed for cofactor ac-
tivity. Eluates were incubated with I (tracks I and 2) or, as a control,
with buffer (tracks 3 and 4). Autoradiograph of a 6-18% gradient gel,
reducing.

70, another important finding was that platelet gp45-70 has co-
factor activity. The possibility that this cleavage was caused by
other known cofactors such as H, C4bp and CR1 was assessed
and excluded. In addition, the activity observed was not likely
to be due to nonspecific proteases as appropriate inhibitors were
present and the activity was I-dependent. This platelet-associated
cofactor activity was assigned to a C3-specific binding molecule;
that is, the activity in solubilized platelet preparations specifically
bound to and eluted from an iC3-Sepharose column. Affinity
chromatography of solubilized surface labeled platelets leads to
the isolation of platelet gp45-70 as the only C3-specific binding
protein on platelet membranes. It is likely, therefore, that platelet
gp45-70 is responsible for the cofactor activity. Finally, gp45-
70 has recently been purified from leukocytes and shown to
have cofactor activity (46, 47).

Though human platelets do not possess complement recep-
tors (CR1. or CR2), they have previously been shown to possess
another protein which regulates complement activation, decay
wcdcIrating factor or DAF (28, 29). DAFdissociates (30) and
prevents assembly of the C3 convertases (48); however, it has
no cofactir activity (30). DAFon human erythrocytes has several
other reties of note including the ability to insert into eryth-
rocyte membranes; in addition, it possesses decay accelerating
activity only for C3b or C4b inserted into the same membrane
upon which the IDAF itself is located (so called intrinsic decay
acceleratifng activity) (48,. 49).

1. Berger, M., T. A. Gaither, and M. M. Frank. 1982. Complement
receptors. Clin. Immunol. Rev. 1:471-545.

2. Fearon, D. T. 1984. Cellular receptors for fragments of the third
component of complement. Immunol. Today. 5:105-110.

3. Ross, G. D., and J. P. Atkinson. 1985. Complement receptor
structure and function. Immunol. Today. 6:115-119.

4. Fearon, D. T. 1979. Regulation of the amplification C3 convertase
of human complement by an inhibitory protein isolated from human
erythrocyte membrane. Proc. Natd. Acad. Sci. USA. 76:5867-5871.

5. Fearon, D. T. 1980. Identification of the membrane glycoprotein
that is the C3b receptor of the human erythrocyte, polymorphonuclear
leukocyte, B lymphocyte, and monocyte. J. Exp. Med. 152:20-30.

6. Fearon, D. T. 1983. The human C3b receptor. Springer Semin.
Immunopathol. 6:159-172.

7. Dykman, T. R., J. L. Cole, K. Iida, and J. P. Atkinson. 1983.
Structural heterogeneity of the C3b/C4b receptor (CR1) on human pe-
ripheral blood cells. J. Exp. Med. 157:2160-2165.

8. Dykman, T., J. Cole, K. lida, and J. Atkinson. 1983. Polymorphism
of human erythrocyte C3b/C4b receptor. Proc. Nat. Acad. Sci. USA.
80:1698-1702.

9. Wong, W. W., J. G. Wilson, and D. T. Fearon. 1983. Genetic
regulation of a structural polymorphism of human C3b receptor. J. Clin.
Invest. 72:685-693.

10. Dykman, T. R., J. A. Hatch, and J. P. Atkinson. 1983. Poly-
morphism of the human C3b/C4b receptor identification of a third allele
and analysis of receptor phenotypes in families and patients with systemic
lupus erythematosus. J. Exp. Med. 159:691-704.

11. Dykman, T. R., J. A. Hatch, M. S. Aqua, and J. P. Atkinson.
1985. Polymorphism of the C3b/C4b receptor: identification of a rare
variant. J. Immunol. 134:1787-1789.

12. Barel, M., C. Charriaut, and R. Frade. 1981. Isolation and char-
acterization of a C3b receptor-like molecule from membranes of a human
B lymphoblastoid cell line (Raji). FEBS(Fed. Eur. Biochem. Soc.). Lett.
136:111-114.

13. lida, K., L. Nadler, and V. Nussenzweig. 1983. Identification of
the membrane receptor for the complement fragment C3d by means of
a monoclonal antibody. J. Exp. Med. 158:1021-1033.

14. Weiss, J. J., T. F. Tedder, and D. T. Fearon. 1984. Identification
of a 145,000 Mr membrane protein as the C3d receptor (CR2) of human
B lymphocytes. Proc. Nadl. Acad. Sci. USA. 81:881-885.

15. Fingeroth, J. D., J. J. Weis, T. F. Tedder, J. L. Strominger, A.
Biro, and D. T. Fearon. 1984. Epstein-Barr virus receptor of human B

500 G. H. Yu, V. M. Holers, T. Seya, L Ballard, and J. P. Atkinson

rage

- % 2-



lymphocytes is the C3d receptor. Proc. Nail. Acad. Sci. USA. 81:4510-
4514.

16. Frade, R., M. Barel, B. Ehlin-Henriksson, and G. Klein. 1985.
gpl40, the C3d receptor of human B lymphocytes, is also the Epstein-
Barr virus receptor. Proc. Nail. Acad. Sci. USA. 82:1490-1493.

17. Breard, J., E. L. Reinherz, P. C. Kung, G. Goldstein, and S. F.
Schlossman. 1980. A monoclonal antibody reactive with human pe-
ripheral blood monocytes. J. Immunol. 124:1943-1948.

18. Ault, K. A., and T. A. Springer. 1981. Cross-reaction of a rat
anti-mouse phagocyte-specific monoclonal antibody (anti-Mac-i) with
human monocytes and natural killer cells. J. Immunol. 126:359-364.

19. Todd, R. F., L. M. Nadler, and S. F. Schlossman. 1981. Antigens
on human monocytes identified by monoclonal antibodies. J. Immunol.
126:1435-1442.

20. Beller, D. I., T. A. Springer, and R. D. Schreiber. 1982. Anti-
Mac- I selectively inhibits rosetting mediated by the type three comple-
ment receptor (CR3). J. Exp. Med. 156:1000-1009.

21. Wright, S. D., P. E. Rao, W. C. Van Voorhis, L. S. Craigmyle,
K. lida, M. A. Talle, E. F. Westberg, G. Goldstein, and S. C. Silverstein.
1983. Identification of the C3bi receptor of human monocytes and mac-
rophages by using monoclonal antibodies. Proc. Nail. Acad. Sci. USA.
80:5699-5703.

22. Arnaout, M. A., R. F. Todd III, N. Dana, J. Melamed, S. F.
Schlossman, and H. R. Colten. 1983. Inhibition of phagocytosis of com-
plement C3- or immunoglobulin G-coated particles and of C3bi binding
by monoclonal antibodies to a monocyte and granulocyte membrane
glycoprotein (Mol). J. Clin. Invest. 72:171-179.

23. Cole, J. L., T. R. Dykman, R. P. MacDermott, and J. P. Atkinson.
1983. Isolation of three distinct C3b-binding proteins (C3b-BP) from
human leukocytes. Immunobiology. 164:223.

24. Cole, J. L., G. A. Housley, Jr., T. R. Dykman, R. P. MacDermott,
and J. P. Atkinson. 1985. Identification of an additional class of C3-
binding membrane proteins of human peripheral blood leukocytes and
cell lines. Proc. Nail. Acad. Sci. USA. 82:859-863.

25. Schneider, R. J., A. Kulczycki, Jr., S. K. Law, and J. P. Atkinson.
1981. Isolation of a biologically active macrophage receptor for the third
component of complement. Nature (Lond.). 290:789-792.

26. Dixit, R., R. Schneider, S. K. Law, A. Kulczycki, Jr., and J. P.
Atkinson. 1982. Ligand binding specificity of a rabbit alveolar macro-
phage receptor for C3b. J. Biol. Chem. 257:1595-1597.

27. Wong, W. W., and D. T. Fearon. 1985. p65: A C3b-binding
protein on murine cells that shares antigenic determinants with the human
C3b receptor (CR1) and is distinct from murine C3b receptor. J. Im-
munol. 134:4048-4056.

28. Nicholson-Weller, A., D. B. Spicer, and K. F. Austen. 1985.
Deficiency of the complement regulatory protein, "decay-accelerating
factor," on membranes of granulocytes, monocytes, and platelets in pa-
roxysmal nocturnal hemoglobinuria. N. Engl. J. Med. 312:1091-1097.

29. Kinoshita, T., M. E. Medof, R. Silber, and V. Nussenzweig. 1985.
Distribution of decay-accelerating factor in the peripheral blood of normal
individuals and patients with paroxysmal nocturnal hemoglobinuria. J.
Exp. Med. 162:75-92.

30. Nicholson-Weller, A., A. J. Burge, D. T. Fearon, P. F. Weller,
and K. F. Austen. 1982. Isolation of a human erythrocyte membrane
glycoprotein with decay-accelerating activity for C3 convertases of the
complement system. J. Immunol. 129:184-189.

31. Baenziger, N. L., and P. W. Majerus. 1974. Isolation of human
platelets and platelet surface membranes. Methods Enzymol. 31:149-
162.

32. Boyum, A. 1968. Isolation of mononuclear cells and granulocytes
from human blood. Scand. J. Clin. Lab. Invest. Suppl 97:77-89.

33. Kulczycki, A., V. Krause, C. Killion, and J. P. Atkinson. 1980.
Improved cell surface radioiodination of macrophages. J. Immunol.
Methods. 37:133-138.

34. Atkinson, J. P., and E. A. Jones. 1984. Biosynthesis of the human
C3b/C4b receptor during differentiation of the HL-60 cell line: identi-
fication and characterization of a precursor molecule. J. Clin. Invest. 74:
1649-1657.

35. Seya, T., V. M. Holers, and J. P. Atkinson. 1985. Purification
and functional analysis of the polymorphic variants of the C3b/C4b
receptor (CRI) and comparison with H, C4b-binding protein (C4bp),
and decay accelerating factor (DAF). J. Immunol. 135:2661-2667.

36. Elder, J. H., and S. Alexander. 1982. endo-B-N-Acetylglucosa-
minidase F: Endoglycosidase from Flavobacterium meningosepticum
that cleaves both high-mannose and complex glycoproteins. Proc. Nail.
Acad. Sci. USA. 79:4540-4544.

37. Laemmli, U. 1970. Cleavage of structural proteins during the
assembly of the head of bacteriophage T4. Nature. (Lond.). 227:680-
685.

38. Jones, P. P. 1980. Analysis of radiolabeled lymphocyte proteins
by one- and two-dimensional polyacrylamide gel electrophoresis. In Se-
lected Methods in Cellular Immunology. B. B. Mishell and S. M. Shiigi,
editors. W. H. Freeman & Co., San Francisco. 398-417.

39. Cheng, C. M., and J. Hawiger. 1979. Affinity isolation and char-
acterization of immunoglobulin GFc fragment-binding glycoprotein from
human blood platelets. J. Biol. Chem. 254:2165-2167.

40. Kulczycki, A., Jr., L. Solanki, and L. Cohen. 1981. Isolation and
partial characterization of Fc-y-binding proteins of human leukocytes.
J. Clin. Invest. 68:1558-1565.

41. Moore, A., and R. L. Nachman. 1981. Platelet Fc receptor. in-
creased expression in myeloproliferative disease. J. Clin. Invest. 67:1064-
1071.

42. Dahms, N. M., and G. W. Hart. 1985. Lymphocyte function
associated antigen 1 (LFA-1) contains sulfated N-linked oligosaccharides.
J. Immunol. 134:3978-3986.

43. Lublin, D. M., R. C. Griffith, and J. P. Atkinson. 1986. Influence
of glycosylation on allelic and cell-specific M, variation, receptor pro-
cessing, and ligand binding of the human complement C3b/C4b receptor
(CR1). J. Biol. Chem. 261:5736-5744.

44. Cole, J. L., L. L. Ballard, E. A. Jones, G. H. Yu, and J. P. Atkinson.
1985. Structural characterization of gp45-70, an integral membrane C3-
binding glycoprotein. Fed. Proc. 44:987. (Abstr.)

45. Turner, J. R. 1984. Structural and functional studies of the C3b
and C4b binding proteins of a human monocyte-like cell line (U937).
Masters thesis. Washington University, St. Louis, MO.

46. Seya, T., J. Turner, and J. P. Atkinson. 1985. Purification and
functional characterization of a complement regulatory protein with co-
factor activity. Complement. 2:86.

47. Seya, T., J. Turner, and J. P. Atkinson. 1986. Purification and
characterization of a membrane protein (gp45-70) which is a cofactor
for cleavage of C3b and C4b. J. Exp. Med. 163:837-855.

48. Medof, M. E., T. Kinoshita, and V. Nussenzweig. 1984. Inhibition
of complement activation on the surface of cells after incorporation of
decay-accelerating factor (DAF) into their membranes. J. Exp. Med.
160:1558-1563.

49. Medof, M. E., T. Kinoshita, R. Silber, and V. Nussenzweig. 1985.
Amelioration of the lytic abnormalities of paroxysmal nocturnal he-
moglobinuria with decay accelerating factor. Proc. Nail. Acad. Sci. USA.
82:2980-2984.

50. Nicholson-Weller, A., J. P. March, C. E. Rosen, D. B. Spicer,
and K. F. Austen. 1985. Surface membrane expression by human blood
leukocytes and platelets of decay accelerating factor, a regulatory protein
of the complement system. Blood. 65:1237-1244.

Third Component of Complement-binding Protein of Platelets 501


