
CELL REGULATION, Vol. 2, 905-913, November 1991

Distinct determinants on collagen support a2,1
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Recent studies have revealed that the sequence of
amino acids asp-gly-glu-ala represents an essential
determinant of the site within the alc(l)-CB3 frag-
ment of collagen recognized by the a2c, integrin
cell surface collagen receptor (Staatz et al., 1991).
Studies employing chemical modifications of col-
lagen amino acid side chains confirm both the es-
sential nature of the acidic side chains of aspartic
acid and glutamic acid residues and the nonessen-
tiality of lysine e-amino groups in supporting adhe-
sion mediated by the a2ft, integrin. The approach
also indicates the presence of a distinct determi-
nant on collagen separate from the a26,1 recognition
site that contains essential lysine side chains and
that is necessary for subsequent interactions with
the platelet surface that give rise to collagen-in-
duced platelet activation and secretion. The two-
step, two-site model for cellular signaling involving
both an integrin and a signal-transducing corecep-
tor suggested by these data may be common to
other integrin-mediated processes.

Introduction

Fibrillar collagen is the most thrombogenic
macromolecular constituent of the vascular
subendothelium (Baumgartner, 1977). It serves
not only as an effective substrate for platelet
adhesion but is a potent initiator of platelet ac-
tivation. The a231 integrin (very late activation
antigen 2, extracellular matrix receptor 11, gly-
coprotein la-Ila) serves as a cell surface colla-
gen receptor on platelets and fibroblastic cells
(Wayner and Carter, 1987; Kunicki et al., 1988;
Santoro et al., 1988; Takada et al., 1988; Coller
et al., 1989; Elices and Hemler, 1989; Languino
et al., 1989; Staatz et al., 1989; Kirchofer et al.,
1990) and as both a collagen and a laminin re-

ceptor on endothelial cells and some epithelial
cells (Elices and Hemler, 1989; Languino et
al., 1989; Kirchofer et al., 1990). Virtually all
of the Mg2"-dependent adhesion of platelets
to collagen is mediated by the a2,1 integrin
(Kunicki et al., 1988; Coller et al., 1989; Staatz
etal., 1989). In an earlier study, we established
that platelets that adhere to fibrillar collagen
substrates via the a2fl1-mediated, Mg2+-de-
pendent mechanism subsequently undergo
activation and secretion of granule contents
(Santoro, 1986). Under some, but not all,
conditions, monoclonal antibodies directed
against the a2f1 integrin specifically inhibit
collagen-induced platelet aggregation (Coller
et al., 1989). Platelets deficient in the a2f31 in-
tegrin or from patients who have acquired an-
tibodies directed against the a2A1 integrin ex-
hibit not only impaired adhesion to collagen
but also markedly impaired collagen-induced
platelet aggregation (Nieuwenhuis et al., 1985;
Deckmyn et al., 1990). Collectively, these ob-
servations suggest that adhesion to collagen
mediated by the a2f1 integrin is an important
step along the pathway of collagen-induced
platelet activation.
We recently established that a binding site

for the a2,1 integrin is located within the al (1)-
CB3 fragment of collagen (Staatz et aL, 1990)
and that the amino acid sequence asp-gly-glu-
ala (DGEA) is an important structural determi-
nant of the a2f1 recognition site (Staatz et al.,
1991). We now describe the use of chemical
modification of collagen amino acid side chains
to confirm that the acidic side chains of aspartic
acid and glutamic acid residues, but not the e-
amino groups of lysine side chains, are critical
determinants for Mg2+-dependent adhesion of
platelets to collagen. This approach has also
enabled us to delineate a distinct determi-
nant, separate from the a2f1 recognition site
on collagen, that contains essential lysine
side chains and that is necessary for subse-
quent interactions with the platelet surface
that give rise to collagen-induced platelet
activation.
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Results

To examine the role of lysine residues of colla-
gen in mediating Mg2+-dependent platelet
adhesion, the amino groups of collagen sub-
strates were modified by acetylation, succinyl-
ation, reductive methylation, or guanidination.
These reactions are illustrated schematically in
Figure 1A. The modifications preserve centers
of positive charge (reductive methylation,

guanidination), convert positively charged side
chains to neutral side chains (acetylation), or
convert positively charged side chains to neg-
atively charged side chains (succinylation). After
modification by acetylation, succinylation, or
reductive methylation, collagen substrates
supported platelet adhesion determined in ei-
ther Mg2+- or EDTA-containing media to extents
that did not substantially differ from the levels
observed on untreated or reagent-control sub-
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Figure 1. Adhesion of platelets to lysine-modified collagen substrates. (A) Summary of modifications showing the protein
with an e-amino group (P-NH'), the modifying reagent, and the resultant modified amino group: 1. acetylation with acetic
anhydride, 2. succinylation with succinic anhydride, 3. reductive methylation with formaldehyde and sodium borohydride, 4.
guanidination with o-methylisourea to yield homoarginine residues. (B) Platelet adhesion to collagen substrates with lysine
side chains modified (M) by either acetylation or succinylation. Controls included unmodified collagen substrates (unmod) or
reagent controls (C) from which the modifying agent was omitted. (C) Platelet adhesion to collagen substrates modified by
reductive methylation (M). Controls included unmodified collagen substrates (unmod) and reagent controls in which either
formaldehyde (CF) or sodium borohydride (CH) was omitted. (D) Platelet adhesion to collagen substrates in which lysine
residues were converted to homoarginine residues by guanidination with o-methylisourea (M). Control substrates consisted
of unmodified collagen (unmod) and a reagent control (C) from which o-methylisourea was omitted from the reaction mixture.
Adhesion to BSA was also routinely measured. Hatched bars represent adhesion in the presence of 2 mM Mg2". Solid bars
represent adhesion in the presence of 2 mM EDTA. Data are presented as the mean of duplicate determinations.
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Figure 2. Adhesion of platelets to collagen substrates with chemically modified
aspartic acid and glutamic acid residues. (A) Summary of the reactions showing
the starting protein (P-COO-), the modifying reagent, and the resultant modifications:
1. addition of ethylene diamine, 2. addition of glycine methyl ester, 3. addition of
taurine, 4. esterification in anhydrous acidic methanol. Reactions 1-3 were mediated
by carbodiimide (CMC). (B) Platelet adhesion to collagen substrates modified with
ethylene diamine (Et(NH2)2), glycine methyl ester (Gly-o-Me), or taurine. Controls
included substrates incubated in the presence of Et(NH2)2, Gly-o-Me, or taurine,
respectively, but in the absence of CMC. Results shown are the mean of duplicate
determinations. Cross-hatched bars are total adhesion measured in the presence
of 2 mM Mg2+; solid bars are divalent cation-independent adhesion in the presence
of 2 mM EDTA; dotted bars are Mg2+-dependent adhesion determined as the dif-
ference between total adhesion and adhesion measured in the presence of EDTA.

strates (Figure 1,B and C). After guanidination
of the collagen substrates with o-methylisourea
to convert lysine residues to the more basic
homoarginine residues, adhesion measured in
EDTA increased from essentially undetectable
levels to 8.5°/o (Figure 1 D). Total adhesion mea-
sured in Mg2"-containing buffer increased com-
parably from 17 to 26%. The Mg2+-dependent
component of adhesion onto guanidinated col-
lagen substrates was not altered (Figure 1 D).
Adhesion to both native collagen substrates and
substrates subjected to amino group modifi-
cation by acetylation was inhibited by the P1 H5
monoclonal antibody directed against the a2#1
integrin.

Virtually identical results were obtained when
collagen was first modified in solution and then
used to prepare substrates for use in adhesion
assays (data not shown). Under the conditions
employed for the studies described above, 90%
of collagen amino groups was modified by acet-
ylation, 75% by succinylation, 90% by reductive
methylation, and 60% by guanidination.
The carboxyl groups of aspartic acid and glu-

tamic acid side chains were modified by car-
bodiimide-mediated conjugation with ethylene

diamine, glycine methyl ester, or taurine. As il-
lustrated in Figure 2A, these reactions resulted
in the addition of positively charged, uncharged,
or negatively charged groups, respectively, to
the initially negatively charged carboxyl side
chains.
As shown in Figure 2B, modification of the

carboxyl groups of collagen substrates with
ethylene diamine reduced total adhesion, mea-
sured in the presence of 2 mM Mg2+, to -50%/o
of control levels. The divalent cation-indepen-
dent component of adhesion, measured in
EDTA-containing buffer, increased ninefold over
control levels after modification with ethylene
diamine. In contrast, the Mg2+-dependent com-
ponent of adhesion was diminished by 950/o
(from 30 to 1.6%) after reaction of collagen car-
boxyl groups with ethylene diamine.
The results of the glycine methyl ester and

taurine modifications are also shown in Figure
2B. In general, the effects were comparable with
those described above for ethylene diamine:
slightly decreased total adhesion, increased
divalent cation-independent adhesion, and
marked inhibition of the Mg2+-dependent com-
ponent of adhesion. The effects of modification
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Figure 3. Effect of acetylation of fibrillar collagen substrates on platelet adhesion and activation. (A) Adhesion was
measured to substrates of BSA, fibrillar collagen, or acetylated fibrillar collagen in the presence of 2 mM Mg2+ (0) or 2 mM
EDTA (m). Data shown are the means ± SD of quadruplicate determinations. (B) Lack of ['4C]serotonin secretion by platelets
adherent to acetylated fibrillar collagen substrates. Serotonin secretion from platelets adherent to control or acetylated
fibrillar collagen substrates was determined in medium containing 2 mM MgCI2 (C1) or 2 mM EDTA (L). Data are the mean
of duplicate determinations.

with glycine methyl ester or taurine on Mg2+-
dependent adhesion were somewhat less
marked (80%/o and 850/o inhibition, respectively)
than the effect of modification with ethylene di-
amine. As the a2f1 integrin is dependent on di-
valent cations for ligand-binding activity (Staatz
et al., 1989), it is unlikely that the platelet adhe-
sion onto collagen substrates containing mod-
ified carboxyl groups, which is mostly indepen-
dent of divalent cations, is mediated by the a2f1

integrin (Figure 2B). The inability of the P1 H5
monoclonal antibody directed against the a231

integrin to inhibit effectively adhesion to sub-
strates in which collagen carboxyl groups were
modified with taurine (Walsh and Santoro, un-
published observations) is consistent with this
interpretation.

In a manner consistent with the above results,
modification of collagen carboxyl groups by es-
terification with methanol also markedly inhib-
ited Mg2+-dependent platelet adhesion to col-
lagen (data not shown). Comparable results
were obtained when collagen was modified in
solution and the modified collagen used to pre-
pare substrates, rather than modifying pre-
formed substrates as in the experiments
described above. The results of these chemical-
modification experiments demonstrating the
essential contribution of collagen carboxyl
groups to Mg2+-dependent platelet adhesion are

entirely consistent with our recent determina-
tion, using synthetic peptides, that the DGEA
sequence plays a critical role in the recognition
of collagen by the a2fll integrin (Staatz et al.,
1991).
We have previously demonstrated that plate-

lets that adhere to fibrillar collagen substrates
via the a231 integrin-mediated, Mg2+-dependent
adhesive mechanism become activated and
secrete the contents of their dense storage
granules (Santoro, 1986), a process readily
monitored by quantitating the secretion of
[14C]-serotonin. In contrast to the lack of effect
of amino group modification on a2f1 integrin-
mediated adhesion we have observed in this
study (Figure 1), earlier studies revealed that
collagen-induced platelet aggregation was
markedly inhibited by modifications that dimin-
ished the positive charge of collagen amino
group side chains (Wilner et aL, 1968, 1971;
Balleisen et al., 1976; Chesney, 1983). This sug-
gested to us that distinct determinants on col-
lagen might be involved in the two processes.

This issue was addressed by examining the
effect of acetylation of the amino groups of fi-
brillar collagen substrates on their ability to
support both adhesion and activation as judged
by the secretion of ['4C]serotonin. As shown in
Figure 3A, Mg2+-dependent adhesion of plate-
lets to the fibrillar collagen substrate was not
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Figure 4. Concentration-dependence of platelet adhesion
to acetylated and unmodified collagen substrates. Sub-
strates were prepared with the indicated concentrations of
monomeric collagen and were then either treated with acetic
anhydride or with reagent control. Platelet adhesion to the
unmodified (-, 0) and acetylated substrates (A, A) was then
determined in the presence of either 2 mM MgCI2 (e, A) or
2 mM EDTA (0, A). Values shown are the mean of duplicate
determinations.

altered by acetylation of the substrate. This ob-
servation is in agreement with the data shown
in Figure 1 for substrates composed of mono-
meric collagen. As expected from our earlier
study and shown in Figure 3B, platelets adher-
ent to the fibrillar collagen substrate in the
presence of Mg2+ were activated and secreted
[14C]serotonin from the dense granule pool into
the assay medium. Under the assay conditions
employed, serotonin in the medium is derived
entirely from the adherent population with no
contribution from nonadherent platelets (San-
toro, 1986). The secreted serotonin corre-
sponds to -30% of the initial [14C]serotonin
content of the adherent population. As also
shown in Figure 3B, in the presence of 10 ,M
prostaglandin El (PGE1), an inhibitor of platelet
activation that has no effect on Mg2"-dependent
adhesion to either fibrillar or monomeric colla-
gen substrates (Santoro, 1986), secretion was
inhibited by 90%. Despite unimpaired adhesion
to substrates of acetylated fibrillar collagen
(Figure 3A), there was virtually no secretion of
serotonin from platelets adherent to the acet-
ylated substrate (Figure 3B). The low level of
serotonin detected in the medium was not dif-
ferent from that observed in the presence of
PGE, (Figure 3B) or the combination of PGE1
and EDTA (data not shown).

It is unlikely that the disparity between the
ability of acetylated collagen to support adhe-

sion and the ability to induce secretion is due
to a decreased affinity of the a2f31 integrin for
acetylated collagen such that adhesion still oc-
curs, but activation and secretion do not. As
shown in Figure 4, substrates composed of un-
modified or acetylated collagens supported
comparable extents of adhesion even at sub-
optimal concentrations where any differences
due to impaired affinity should have been most
apparent. The rates of platelet adhesion to the
two substrates were also comparable (Fig-
ure 5).

Discussion

The experiments described in this report estab-
lish two points relevant to the process of col-
lagen-induced platelet activation. First, chemi-
cal modification of carboxyl and amino group
side chains revealed that carboxyl side chains
of collagen, but not amino group side chains,
are essential for the Mg2+-dependent platelet
adhesion to collagen mediated by the a2/1 in-
tegrin. The essential nature of the acidic side
chains is in complete agreement with the results
of our recent studies using synthetic peptides
that delineated the sequence DGEA as a critical
recognition site on collagen for the a231 integrin
(Staatz et al., 1991). Side chain length, as well
as negative charge, appears to be important in
the recognition because modification with tau-
rine, which preserves negative charge but ex-
tends side chain length, also resulted in loss of
the ability to support Mg2+-dependent adhesion.
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Figure 5. Rate of adhesion to acetylated and unmodified
collagen substrates. Substrates were prepared by coating
plates with monomeric collagen (10 Ag/ml) and then treated
with either acetic anhydride (0, A) or reagent control (0,
A). Adhesion at the indicated times was measured in the
presence of 2 mM MgCI2 (-, 0) or 2 mM EDTA (A, A). Values
shown are the mean of duplicate determinations.
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Studies of other-integrin recognition sites have
yielded similar conclusions. The very conser-
vative substitution of glutamic acid for aspartic
acid has been shown to markedly impair the
ability of arg-gly-asp peptides to inhibit ligand
binding to the a5f1 integrin fibronectin receptor
(Pierschbacher and Ruoslahti, 1984) and the
platelet llb-Illa complex (Ginsberg et al., 1985;
Haverstick et al., 1985; Plow et al., 1985).
The second major finding of this study is that

chemically distinct determinants on collagen
support a2fl1-mediated platelet adhesion and
subsequent platelet activation. The DGEA se-
quence plays a critical role in the former,
whereas the latter determinant includes the
positive charge of one or more amino group side
chains. The receptor that recognizes the amino
group-containing determinant remains to be
identified. A corollary to this finding is that in-
teraction of the DGEA sequence of collagen with
the a2f1 integrin cell surface collagen receptor
alone is insufficient to induce platelet activation.
These observations and other previously

published observations discussed below have
been incorporated into a model of the platelet-
collagen interaction shown in Figure 6. Platelet-
collagen adhesive reactions have been classi-
fied as direct (primary) or indirect (secondary)
interactions depending on whether adhesion to
collagen is mediated by a plasma membrane
protein that binds directly to collagen or by an
intermediary bridging molecule such as von
Willebrand factor or fibronectin (Santoro, 1988).
The initial direct or primary interaction of plate-
lets with collagen occurs via the divalent cation-
dependent recognition of the DGEA sequence
of collagen by the a2f1 integrin on the platelet
surface. This high-affinity adhesive interaction
brings and holds in close proximity a lower-af-
finity receptor that binds the determinant con-
taining the critical amino group(s). It is the oc-
cupancy of this second receptor site, likely
mediated through multiple, simultaneous, linked
interactions as proposed earlier (Santoro and
Cunningham, 1977), that leads to activation,
secretion, and subsequent aggregation. Once
activation has occurred, other indirect interac-
tions such as those mediated by fibronectin and
von Willebrand that can bind to both the acti-
vated lIb-Ilila complex and collagen would fur-
ther strengthen adhesion to collagen (Santoro,
1986).
Several issues regarding each of the steps in

the model merit discussion. Obviously, other
plasma proteins, such as von Willebrand factor
and fibronectin that mediate indirect adhesive
reactions of platelets with collagen, contribute

Figure 6. Model for adhesion of platelets to collagen and
subsequent platelet activation. Platelets initially adhere to
collagen fibers in a divalent cation-dependent manner
through a mechanism mediated by binding of the a2f31 in-
tegrin to the DGEA sequence (1) of collagen. This high-
affinity interaction facilitates the binding of a distinct de-
terminant on collagen containing a critical amino group(s)
(A) to a second lower-affinity receptor in a divalent cation-
independent manner. Occupancy of the second receptor
site results in platelet activation and secretion of granule
contents.

to the early adhesive interactions (Baumgartner
et aL, 1980; Houdijk et aL, 1985). For example,
under the conditions present in citrate-antico-
agulated plasma, undefined plasma proteins
and platelet receptors can substitute, at least
partially, for the a2f1 integrin in facilitating initial
adhesive interactions (Coller et al., 1989). Under
other conditions, interaction with collagen
through the a2#1 integrin alone is adequate to
support initial adhesion leading to activation and
aggregation (Santoro, 1986; Coller et al., 1989).
Study of a patient deficient in surface expres-
sion of the a2f1 integrin indicated that under
more physiological flow conditions, neither von
Willebrand factor nor other plasma adhesive
proteins could substitute for the direct inter-
action of the a2f1 integrin with collagen to pro-
mote platelet deposition onto vascular suben-
dothelium (Nieuwenhuis et al., 1986). Platelets
from a patient with a2#1 integrin deficiency ex-
hibited not only impaired adhesion but also im-
paired collagen-induced aggregation (Nieu-
wenhuis et al., 1985), as predicted by the model
shown in Figure 6.
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As established earlier, the adhesive mecha-
nism mediated by the a2f1 integrin supports
much greater rates and extents of adhesion
than does the operationally distinct divalent
cation-independent mechanism (Santoro,
1986). In contrast to the divalent cation-depen-
dent adhesive mechanism mediated by the a2#1
integrin, the lower-affinity divalent cation-inde-
pendent mechanism is sensitive to amino group
modifications such as acetylation and succi-
nylation that diminish centers of positive charge
(Wilner et al., 1968; Balleisen et al., 1975; San-
toro, unpublished observations). The essential
role for collagen amino groups in the second
step of the model shown in Figure 6 is consis-
tent with the several earlier reports document-
ing the essential nature of collagen amino
groups for induction of secretion and aggre-
gation (Wilner et al., 1968, 1971; Balleisen et al.,
1976; Chesney et al., 1983).

Several platelet membrane components (re-
viewed in Santoro, 1988), including a 65-kDa
polypeptide (Chiang and Kang, 1982), a 61-kDa
polypeptide (Kotite and Cunningham, 1986;
Moroi et aI., 1989), and glycoprotein IV (Tandon
et al., 1989), have been proposed as mediators
of divalent cation-independent platelet inter-
actions with collagen. Interestingly, antibodies
against the 65-kDa polypeptide (Chiang et al.,
1987) as well as a 62-kDa polypeptide (Sugi-
yama et aL, 1987) have been shown to inhibit
collagen-induced platelet aggregation. Anti-
bodies against glycoprotein IV have been re-
ported to inhibit collagen-induced as well as
ADP- and epinephrine-induced aggregation
(Tandon et al., 1989). Although these are ex-
pected properties of the lower-affinity divalent
cation-independent signal-transducing recep-
tor, the identity of the receptor that actually
transmits the signal giving rise to collagen-in-
duced platelet activation remains to be estab-
lished.
Although the model depicted in Figure 6

shows the critical amino group interacting with
a receptor-binding site distinct from the a2f1
integrin, at present the available data do not
exclude the possibility that the critical collagen
amino group(s) is part of an extended a2/31 bind-
ing site composed of both the amino group and
the DGEA sequence. Independent evidence that
suggests that adhesion- and aggregation-in-
ducing sites are located on spatially distinct de-
terminants has been presented (Morton et aL,
1989).
There is at present considerable interest in

the mechanisms by which integrin adhesive re-
ceptors transmit signals from the extracellular

matrix through the cell membrane to the cell
interior despite their generally extremely short
cytoplasmic domains (Ruoslahti, 1991). The
findings of this investigation concerning the
mechanisms of platelet activation and the role
of the a2f1 integrin cell surface collagen recep-
tor in the process may well be relevant to the
more general issue of integrin signaling. The
model depicted in Figure 6 and the data on
which it is based suggest that inhibition of a
cell-signaling process by an inhibitory anti-in-
tegrin antibody cannot alone be considered ad-
equate evidence that the signaling event is me-
diated directly through the integrin receptor.
Other molecules, as delineated in this report,
may also be involved.

Materials and methods

Materials
Bovine acid-soluble type I calf skin collagen (C351 1), bovine
serum albumin (BSA), glycine methyl ester, ethylenediamine,
and taurine were obtained from Sigma Chemical (St. Louis,
MO). 1-cyclohexyl-3-(2-morpholinyl4-ethyl) carbodiimide
metho-p-toluene sulfonate (CMC) was obtained from Pierce
Chemical (Rockford, IL). Acetic anhydride, succinic anhy-
dride, sodium borohydride, and formaldehyde were pur-
chased from Fisher Scientific (St. Louis, MO). 0-methyl iso-
urea was from Aldrich Chemical (Milwaukee, WI). Na51CrO4
was obtained from ICN, Biomedicals, Inc. (Costa Mesa, CA).
('4C]serotonin was purchased from New England Nuclear
Research Products (Boston, MA). The P1 H5 monoclonal
antibody was provided by Dr. William G. Carter, Fred Hutch-
inson Cancer Research Center, Seattle, WA.

Platelet preparations
Platelets were isolated from freshly drawn, citrate-antico-
agulated whole blood by centrifugation and washing as pre-
viously described (Haverstick et al., 1985). Platelets were
radiolabeled with either ['4C]serotonin or Na51CrO0 as pre-
viously described in detail (Santoro, 1983, 1986; Haverstick
etal., 1985). For use in adhesion or secretion assays, washed
platelets were resuspended in 0.15 M NaCI, 0.05 M
tris(hydroxymethyl)aminomethane (Tris) HCI (pH 7.4), 5 mM
glucose, 0.5% BSA at 1-2 x 1 8 platelets/ml. MgCI2 or EDTA
was added as indicated for individual experiments.

Adhesion and secretion assays
Adhesive substrates were prepared as previously described
in detail (Santoro, 1986). Polystyrene dishes were coated
with BSA (5 mg/ml) and monomeric type I collagen (20 g/g
ml) dissolved in 0.5% acetic acid or reconstituted collagen
fibers (100 ug/ml) prepared by dialysis of monomeric col-
lagen against 0.02 M Na2HPO4 as described (Bruns and
Gross, 1974). The adhesion of 5'Cr-labeled platelets to col-
lagen-coated or BSA-coated substrates in 30-mm polysty-
rene dishes was determined in media containing either 2
mM MgCI2 or 2 mM EDTA exactly as described earlier (San-
toro, 1986). The secretion of [14C]serotonin into the medium
by adherent platelets also was determined as previously
described in detail (Santoro, 1986).
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Chemical modifications
Monomeric and fibrillar collagen substrates were subjected
to chemical modification as described below after coating
onto plastic plates. The e-amino groups of lysine were acet-
ylated with acetic anhydride in sodium acetate buffer under
the conditions described by Fraenkel-Conrat (1957). Amino
groups were modified with succinic anhydride in carbonate
buffer as described by Chu et al. (1969). Reductive meth-
ylation with formaldehyde and sodium borohydride was car-
ried out as described (Means and Feeney, 1968). Guanidi-
nation was carried out with 0-methylisourea as described
by Klee and Richards (1957). Controls included reagent
blanks that were identical to the reaction conditions above
except for omission of the reactive species, as well as un-
treated collagen substrates. At the conclusion of the re-
actions, substrates were washed extensively with water to
remove soluble reactants and reaction products and then
with 0.15 M NaCI, 0.05 M Tris-HCI (pH 7.4) containing 0.5%
BSA. The extent of amino group modification was deter-
mined by measurement of residual unmodified amino groups
with trinitrobenzene sulfonic acid under quantitative con-
ditions (Habeeb, 1966).

Carboxyl groups of aspartate and glutamate residues were
modified by conjugation with ethylene diamine, glycine
methyl ester, and taurine using the carbodiimide coupling
method (Hoare and Koshland, 1967). Reactions were carried
out for 22 h at 4°C in the presence of 7.5 M urea and 0.4
M CMC as described (Hoare and Koshland, 1967). Plates
were then washed extensively and blocked with BSA as de-
scribed above before use as substrates for platelet adhesion.
Controls included reactions with ethylene diamine, glycine
methyl ester, or taurine in the absence of CMC, as well as
untreated substrates.

Carboxyl groups of collagen substrates were also ester-
ified in anhydrous methanol adjusted to pH 4.5 with HCI
(Fraenkel-Conrat and Olcott, 1945). Reactions were carried
out for 72 h at 230C, then stopped by the addition of water
and thorough rinsing. Control reactions included samples
from which either the methanol or the HCI was omitted and
the use of 50%o aqueous methanol instead of anhydrous
methanol.

For some experiments, modifications of collagen were
carried out in solution. In these cases the washing steps
described above were replaced by extensive dialysis against
3%o acetic acid, followed by lyophilization. Control and mod-
ified collagens were then dissolved in 0.05% acetic acid
and used to prepare adhesive substrates.

Acknowledgments
This investigation was supported by research grant HL-
40506 from the National Institutes of Health. Samuel A.
Santoro was an Established Investigator of the American
Heart Association during the course of these studies. We
thank Jenny Boedeker for expert secretarial assistance.

Received: July 1, 1991.
Revised and accepted: August 5, 1991.

References
Balleisen, L., Marx, R., and KUhn, K. (1975). Uber die sti-
mulierende Wirkung von kollagen und kollagenderivaten auf
die ausbreitung und folien-adhasion von thrombozyten in
defibrinogenisierten menschencitratplasma und in tierischen
citratplasmen. Blut 31, 95-106.

Balleisen, L., Marx, R., and Kohn, K. (1976). Platelet-collagen
interaction. The influence of native and modified collagen
(type 1) on the aggregation of human platelets. Haemostasis
5, 155-164.
Baumgartner, H.R. (1977). Platelet interaction with collagen
fibrils in flowing blood. I. Reaction of human platelets with
a-chymotrypsin digested subendothelium. Thromb. Hae-
mostasis 37, 1-16.
Baumgartner, H.R., Tschopp, T.B., and Meyer, D. (1980).
Shear rate dependent inhibition of platelet adhesion and
aggregation on collagenous surfaces by antibodies to human
factor Vill/von Willebrand factor. Br. J. Haematol. 44, 127-
139.
Bruns, R.R., and Gross, J. (1974). High resolution analysis
of the quarter stagger model of the collagen fibril. Biopoly-
mers 13, 931-941.
Chesney, C.M., Pifer, D.D., Crofford, L.J., and Huch, K.M.
(1983). Reevaluation of the role of the polar groups of col-
lagen in the platelet-collagen interaction. Am. J. Pathol. 112,
200-206.
Chiang, T.M., Jin, A., and Kang, A.H. (1987). Platelet-collagen
interaction. Inhibition by a monoclonal antibody raised
against collagen receptor. J. Immunol. 139, 887-892.
Chiang, T.M., and Kang, A.H. (1982). Isolation and purifi-
cation of collagen a 1 (I) receptor from human platelet mem-
brane. J. Biol. Chem. 257, 7581-7586.
Chu, F.S., Crary, E., and Bergdoll, M.S. (1969). Chemical
modification of amino groups in Staphylococcal enterotoxin
B. Biochemistry 8, 2890-2896.
Coller, B.S., Beer, J.H., Scudder, L.E., and Steinberg, M.H.
(1989). Collagen-platelet interactions: evidence for direct
interaction of collagen with platelet GPIa/lla and an inter-
action with platelet GPIlb/lila mediated by adhesive proteins.
Blood 74, 182-192.
Deckmyn, H., Chew, S.L., and Vermylen, J. (1990). Lack of
platelet response to collagen associated with an autoanti-
body against glycoprotein la: a novel cause of acquired
qualitative platelet dysfunction. Thromb. Haemostasis 64,
74-79.
Elices, M.J., and Hemler, M.E. (1989). The human integrin
VLA-2 is a collagen receptor on some cells and a collagen/
laminin receptor on others. Proc. NatI. Acad. Sci. USA 86,
9906-9910.
Fraenkel-Conrat, H. (1957). Methods for investigating the
essential groups for enzyme activity. In: Methods in Enzy-
mology, vol. 4, ed. S.P. Colowick and N.O. Kaplan, New
York: Academic Press, 247-269.
Fraenkel-Conrat, H., and Olcott, H.S. (1945). Esterification
of proteins with alcohols of low molecular weight. J. Biol.
Chem. 161, 259-268.
Ginsberg, M., Pierschbacher, M.D., Ruoslahti, E., Marguerie,
G., and Plow, E. (1985). Inhibition of fibronectin binding to
platelets by proteolytic fragments and synthetic peptides
which support fibroblast adhesion. J. Biol. Chem. 260, 3931-
3936.

Habeeb, A.F.S.A. (1966). Determination of free amino groups
in proteins by trinitrobenzenesulfonic acid. Anal. Biochem.
14, 328-336.
Haverstick, D.M., Cowan, J.F., Yamada, K.M., and Santoro,
S.A. (1985). Inhibition of platelet adhesion to fibronectin,
fibrinogen, and von Willebrand factor substrates by a syn-
thetic tetrapeptide derived from the cell-binding domain of
fibronectin. Blood 66, 946-952.

CELL REGULATION912



Collagen-induced platelet activation

Hoare, D.G., and Koshland, D.E. (1967). A method for the
quantitative modification and estimation of carboxylic acid
groups in proteins. J. Biol. Chem. 242, 2447-2453.
Houdijk, W.P.M., Sakariassen, K.S., Nievelstein, P.F.E.M.,
Sixma, J.J. (1985). Role of factor VIII - von Willebrand factor
and fibronectin in the interaction of platelets in flowing blood
with monomeric and fibrillar human collagen types I and IlIl.
J. Clin. Invest. 75, 531-540.
Kirchofer, D., Languino, L.R., Ruoslahti, E., and Piersch-
bacher, M.D. (1990). a2f13 integrins from different cell types
show different binding specificities. J. Biol. Chem. 265, 615-
618.
Klee, W.A., and Richards, F.M. (1957). The reaction of o-
methylisourea with bovine pancreatic rebonuclease. J. Biol.
Chem. 229, 489-504.
Kotite, N.J., and Cunningham, L.W. (1986). Specific absorp-
tion of a platelet membrane glycoprotein by human insoluble
collagen. J. Biol. Chem. 261, 8342-8347.

Kunicki, T.J., Nugent, D.J., Staats, S.J., Orchelowski, R.P.,
Wayner, E.A., and Carter, W.G. (1988). The human fibroblast
class 11 extracellular matrix receptor mediates platelet
adhesion to collagen and is identical to the platelet glyco-
protein la-Ila complex. J. Biol. Chem. 262, 4516-4519.
Languino, L.R., Gehisen, K.R., Wayner, E.A., Carter, W.G.,
Engvall, E., and Ruoslahti, E. (1989). Endothelial cells use
a2#31 integrin as a laminin receptor. J. Cell Biol. 109, 2455-
2462.

Means, G.E., and Feeney, R.E. (1968). Reductive alkylation
of amino groups in proteins. Biochemistry 7, 2192-2201.

Moroi, M., Jung, S.M., Okuma, M., and Shinmyozu, K. (1989).
A patient with platelets deficient in glycoprotein VI that lack
both collagen-induced aggregation and adhesion. J. Clin.
Invest. 84, 1440-1445.

Morton, L.F., Peachey, A.R., and Barnes, M.J. (1989). Plate-
let-reactive sites in collagens type I and type IlIl. Evidence
for separate adhesion and aggregatory sites. Biochem. J.
258, 157-163.

Nieuwenhuis, H.K., Akkerman, J.W.N., Houdijk, W.P.M., and
Sixma, J.J. (1985). Human blood platelets showing no re-
sponse to collagen fail to express surface glycoprotein la.
Nature 318, 470-472.

Nieuwenhuis, H.K. Sakariassen, K.S., Houdijk, W.P.M.,
Nievelstein, P.F.E.M., and Sixma, J.J. (1986). Deficiency of
platelet membrane glycoprotein la associated with a de-
creased platelet adhesion to subendothelium: a defect in
platelet spreading. Blood 68, 692-695.
Pierschbacher, M.D., and Ruoslahti, E. (1984). Variants of
the cell recognition site of fibronectin that retain attachment
promoting activity. Proc. Natl. Acad. Sci. USA 81, 5985-
5988.
Plow, E.F., Pierschbacher, M.D., Ruoslahti, E., Marguerie,
G.A., and Ginsberg, M.H. (1985). The effect of arg-gly-asp-
containing peptides on fibrinogen and von Willebrand factor
binding to platelets. Proc. NatI. Acad. Sci. USA 82, 8057-
8061.

Ruoslahti, E. (1991). Integrins. J. Clin. Invest. 87, 1-5.

Santoro, S.A. (1983). Differential effects of concanavalin A
and succinyl concanavalin A on the macromolecular events
of platelet activation. Biochim. Biophys. Acta 757, 101-1 10.
Santoro, S.A. (1986). Identification of a 160,000 dalton
platelet membrane protein that mediates the initial divalent
cation-dependent adhesion of platelets to collagen. Cell 46,
913-920.
Santoro, S.A. (1988). Molecular basis of platelet adhesion
to collagen. In: Platelet Membrane Receptors: Molecular
Biology, Immunology, Biochemistry, and Pathology, G.A.
Jamieson, ed. New York: Alan R. Liss, Inc., 291-314.
Santoro, S.A., and Cunningham, L.W. (1977). Collagen-me-
diated platelet aggregation. Evidence for multivalant inter-
actions of intermediate specificity between collagen and
platelets. J. Clin. Invest. 60, 1054-1060.

Santoro, S.A., Rajpara, S.M., Staatz, W.D., and Woods, V.L.
(1988). Isolation and characterization of a platelet surface
collagen binding complex related to VLA-2. Biochem. Bio-
phys. Res. Commun. 153, 217-223.

Staatz, W.D., Fok, K.F., Zutter, M.M., Adams, S.P., Rodri-
guez, B.A., and Santoro, S.A. (1 991). Identification of a tet-
rapeptide recognition sequence for the a2fl1 integrin in col-
lagen. J. Biol. Chem. 266, 7363-7367.
Staatz, W.D., Rajpara, S.M., Wayner, E.A., Carter, W.G., and
Santoro, S.A. (1989). The membrane glycoprotein la-Ila
(VLA-2) complex mediates the Mg++-dependent adhesion
of platelets to collagen. J. Cell Biol. 108, 1917-1924.

Staatz, W.D., Walsh, J.J., Pexton, T., and Santoro, S.A. (1990).
The a2f13 integrin cell surface collagen receptor binds to the
al (I)-CB3 peptide of collagen. J. Biol. Chem. 265, 4778-
4781.

Sugiyama, T., Okuma, M., Ushikubi, F., Sinsaki, S., Kanaji,
K., and Uchino, H. (1987). A novel platelet aggregating factor
found in a patient with defective collagen-induced platelet
aggregation and autoimmune thrombocytopenia. Blood 69,
1712-1720.

Takada, Y., Wayner, E.A., Carter, W.G., and Hemler, M.E.
(1988). Extracellular matrix receptors ECMR II and ECMR I
for collagen and fibronectin correspondence to VLA-2 and
VLA-3 in the VLA family of heterodimers. J. Cell. Biochem.
37, 385-393.

Tandon, N.N., Kralisz, U., and Jamieson, G.A. (1989). Iden-
tification of glycoprotein IV (CD36) as a primary receptor
for platelet-collagen adhesion. J. Biol. Chem. 264, 7576-
7583.

Wayner, E.A., and Carter, W.G. (1987). Identification of mul-
tiple cell adhesion receptors for collagen and fibronectin in
human fibrosarcoma cells possessing unique a and # sub-
units. J. Cell Biol. 105, 1873-1884.

Wilner, G.D., Nossel, H.L., and LeRoy, E.C. (1968). Aggre-
gation of platelets by collagen. J. Clin. Invest. 47, 2616-
2621.

Wilner, G.D., Nossel, H.L., and Procupez, T.L. (1971). Ag-
gregation of platelets by collagen: polar active sites of in-
soluble human collagen. Am. J. Physiol. 220, 1074-1079.

Vol. 2, November 1991 913


