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Abstract

Activated protein C (APC) exerts its physiologic anticoagulant role by proteolytic inactivation of the blood co-
agulation cofactors Va and VIIIa. The synthetic peptide-(311-325) (KRNRTFVLNFIKIPV), derived from the heavy
chain sequence of APC, potently inhibited APC anticoagulant activity in activated partial thromboplastin time
(APTT) and Xa-1-stage coagulation assays in normal and in protein S-depleted plasma with S0% inhibition at
13 uM peptide. In a system using purified clotting factors, peptide-(311-325) inhibited APC-catalyzed inactiva-
tion of factor Va in the presence or absence of phospholipids with 50% inhibition at 6 uM peptide. However,
peptide-(311-325) had no effect on APC amidolytic activity or on the reaction of APC with the serpin, recombi-
nant [Arg**®)a,-antitrypsin. Peptide-(311-325) surprisingly inhibited factor Xa clotting activity in normal plasma,
and in a purified system it inhibited prothrombinase activity in the presence but not in the absence of factor Va
with 50% inhibition at 8 uM peptide. The peptide had no significant effect on factor Xa or thrombin amidolytic
activity and no effect on the clotting of purified fibrinogen by thrombin, suggesting it does not directly inhibit
these enzymes. Factor Va bound in a dose-dependent manner to immobilized peptide-(311-325). Peptide-(311-
315) inhibited the binding of factor Va to immobilized APC or factor Xa. These data are consistent with the hy-
pothesis that residues 311-325 in APC bind to factor Va at a site that can bind either APC or factor Xa, and that
peptide-(311-325) interferes with both APC inactivation of factor Va and expression of factor Xa activity in the

prothrombinase complex by binding to this site.
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Protein C, a vitamin K-dependent zymogen of a serine
protease (Stenflo, 1976), is activated in blood by the
thrombin-thrombomodulin complex (Kisiel, 1979a; Es-
mon & Owen, 1981; Esmon et al., 1982). Activated pro-
tein C, in conjunction with its nonenzymatic cofactor
protein S, acts as a natural anticoagulant by proteolytic
inactivation of the blood coagulation factors Va and
VIlla (Kisiel et al., 1977; Walker et al., 1979; Walker,
1980; Vehar & Davie, 1980; Marlar et al., 1982). The im-
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portant role of PC for the hemostatic balance in vivo is
demonstrated by the fact that heterozygous PC deficiency
in some families is associated with venous thromboembo-
lism (Griffin et al., 1981), whereas homozygous PC de-
ficiency or acquired inhibitors of PC have been associated
with severe and generalized thrombotic disease (Branson
et al., 1983; Seligsohn et al., 1984; Mitchell et al., 1987).
The functional importance of the Gla-containing region
(Stenflo & Suttie, 1977; Esmon et al., 1983; Sugo et al.,
1985; Zhang & Castellino, 1990, 1991) and the EGF-like
regions (Johnson et al., 1983; Hill et al., 1987; Ohlin &
Stenflo, 1987; Ohlin et al., 1988a,b, 1990) to the biolog-
ical activity of APC has been described, and potential se-
quences of bovine factor Va and human factor VIIla for
the binding to bovine APC have been reported (Walker
et al., 1990). Studies of synthetic peptides as inhibitors of
APC activities and protein-protein interactions support
the suggestion that residues 390-404 of APC provide a
site for recognition of factor Va by APC (Mesters et al.,
1991). Studies using the synthetic peptide-(311-325) de-
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rived from the sequence in the heavy chain of APC are
presented here that suggest that the sequence of residues
311-325 in APC provides an important factor Va recog-
nition site, and that the complementary site in factor Va
is also a factor Xa binding site.

Results

When a limited number of synthetic pentapeptides com-
prising APC sequences were screened for their ability to
inhibit APC activity (Mesters et al., 1991), we found that
the synthetic peptide-(317-331) appeared to be a weak
inhibitor of APC anticoagulant activity in APTT and
Xa-1-stage coagulation assays with 50% inhibition at
=500 uM peptide. To define whether this observation was
artifactual or whether the 317-331 region of APC was
important for APC function, we tested several peptides
containing neighboring or overlapping sequences, and
peptide-(311-325) was chosen for further detailed study.
Peptide-(311-325) potently inhibited APC anticoagulant
activity in APTT and Xa-1-stage assays in NHP and in
APTT assays in PSDP, with 50% inhibition at 7-20 uM
and 90% inhibition at approximately 50 uM (Fig. 1). A
control peptide with a randomized sequence of the 311-
325 residues had no significant effect on APC anticoag-
ulant activity when tested at various concentrations up to
500 uM peptide (Fig. 1).

Studies were performed to test if the inhibitory peptide
inhibited more specific functional activities of APC using
purified proteins and chromogenic substrates. In contrast
to the observations of APC inhibition in the coagulation
assays, when 250 uM peptide-(311-325) was preincubated
with 10 nM APC for 30 min at 37 °C prior to the addi-
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Fig. 1. Inhibition of APC anticoagulant activity by peptide-(311-325).
The APTT and Xa-1-stage coagulation assays were performed as de-
scribed in the Materials and methods. Solid lines with solid circles
represent inhibition of anticoagulant activity of 5.0 nM APC by
peptide-(311-325) in an APTT assay in NHP, solid lines with open cir-
cles represent inhibition of anticoagulant activity of 5.0 aM APC by
peptide-(311-325) in an APTT assay in PSDP, and solid lines with solid
squares represent inhibition of anticoagulant activity of 30.0 nM APC
by peptide-(311-325) in a Xa-1-stage assay in NHP, and dashed lines
with solid triangles represent APC activity in APTT assays in the pres-
ence of the control peptide.
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tion of the chromogenic substrate, it had no significant
effect on APC amidolytic activity toward the chromo-
genic substrate S-2366 (data not shown). Because the
number of amino acid residues involved in the neutral-
ization of APC by macromolecular plasma protease in-
hibitors is likely to be higher than the number of residues
of APC involved in the cleavage of a small tripeptide
chromogenic substrate like S-2366 (Janin & Chothia,
1990), we investigated the effect of peptide-(311-325) on
the interaction of APC with the recombinant mutant
[Arg*®a,-AT using previously described methods (Mes-
ters et al., 1991). Substitution of Met**® by Arg in the re-
active center of recombinant «;-AT results in an increase
of over 4,400-fold in the association rate constant for
APC (Heeb et al., 1990). Peptide-(311-325) 250 uM fi-
nal) had no significant effect on the second-order rate
constant, k,, for inhibition of APC by recombinant
{Arg®*®*]a,-AT (data not shown). The value of k, for this
reaction in the presence of peptide was 3.3 x 10* M~ 5!
versus 3.8 X 10* M~! s~! for the control.

To see if peptide-(311-325) directly affected recognition
of factor Va by APC, studies were performed using only
purified proteins. Peptide-(311-325) was tested for its
ability to inhibit APC-catalyzed inactivation of factor Va
in the presence of phospholipid vesicles in a system using
0.25 nM APC, 10.0 nM Va, and 50 uM phosphatidylcho-
line/phosphatidyiserine (80/20%, M/M) vesicles. As
shown in Figure 2, peptide-(311-325) inhibited the APC-
catalyzed inactivation of factor Va with half-maximal in-
hibition at 6 uM peptide and with >95% inhibition at
50 uM peptide. Moreover, peptide-(311-325) inhibited the
APC-catalyzed inactivation of factor Va in the absence
of phospholipids (data not shown). For example, at 5 nM
APC and 40 nM Va, the rate of factor Va inactivation un-
der conditions described in the Materials and methods
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Fig. 2. APC-catalyzed inactivation of factor Va in the presence of
peptide-(311-325) and phospholipids. The assay was carried out in TBS-
BSA, 2.5 mM CacCl,, pH 7.4, using 0.25 nM APC, 10.0 nM Va, 50 uM
phospholipid vesicles, and 0-100 uM peptide-(311-325) that had been
preincubated for 20 min at 22 °C with factor Va. Factor Va inactivation
by APC was monitored using the cofactor activity of factor Va in a pro-
thrombinase assay. Residual APC activity in the presence of the pep-
tide was calculated from a standard curve constructed using varying APC
concentrations in the absence of peptide,
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was —4.0% factor Va/min in the absence of peptide and
—0.5% factor Va/min in the presence of 50 uM peptide-
(311-325), corresponding to 87% inhibition of APC ac-
tivity in this assay. Thus, peptide-(311-325) potently
inhibited the activity of APC on purified factor Va in the
presence or absence of phospholipids.

In the course of coagulation assay studies performed
in the absence of exogenously added APC, peptide-(311-
325) was unexpectedly anticoagulant (Fig. 3). For exam-
ple, peptide-(311-325) inhibited factor Xa clotting activity
in NHP with 50% inhibition at 7 uM peptide, whereas
the control peptide with the randomized sequence only
slightly affected factor Xa activity (Fig. 3). In order to test
whether peptide-(311-325) interfered with the interaction
of factor Xa or prothrombin with the cofactor factor Va,
studies using purified proteins were performed. Peptide-
(311-325) potently inhibited the generation of thrombin
in the prothrombinase assay in the presence of factor Va
(in the absence or presence of phospholipid vesicles) with
50% inhibition of prothrombinase activity at 8 uM pep-
tide (Fig. 4). However, in the absence of factor Va even
at concentrations up to 200 uM of peptide-(311-325), very
little if any significant inhibition of prothrombinase ac-
tivity occurred (Fig. 4). A small amount of inhibition of
prothrombinase activity was also apparently observed for
the control peptide with a random sequence in the absence
as well as in the presence of factor Va (Fig. 4). Thus, the
presence of factor Va was essential for the inhibitory ef-
fect of the peptide on the prothrombinase complex.

To test if peptide-(311-325) directly inhibited the enzy-
matic activity of factor Xa or thrombin, further studies
were made. Peptide-(311-325) (250 uM final) as well as
the control peptide did not significantly inhibit the ami-
dolytic activity of 4 nM factor Xa or 2 nM thrombin to-
ward the chromogenic substrates, S-2222 and S-2238,
respectively, in the presence or absence of calcium ions
(data not shown). Furthermore, peptide-(311-325) and
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Fig. 3. Inhibition of factor Xa clotting activity by peptide-(311-325).
The assay was performed as described in the Materials and methods.
Solid circles with solid lines indicate factor Xa activity of 0.15 nM fac-
tor Xa in the presence of peptide-(311-325), and solid triangles with
dashed lines indicate factor Xa activity in the presence of the control
peptide.
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Fig. 4. Inhibition of prothrombinase activity by peptide-(311-325). The
assay was performed using 1 nM factor Xa, 0.4 nM factor Va, 1.2 uM
prothrombin in TBS-BSA, 2.5 mM CaCl,, pH 7.4. In the absence of
factor Va, 2.5 nM factor Xa was used. Unless otherwise specified, all
prothrombinase assays were carried out in the presence of 50 uM phos-
pholipid vesicles. In all cases solid symbols indicate prothrombinase ac-
tivity in the presence of factor Va, whereas open symbols indicate
prothrombinase activity in the absence of factor Va. Solid circles with
solid lines indicate prothrombinase activity (with factor Va) in the pres-
ence of peptide-(311-325), solid squares with solid lines indicate pro-
thrombinase activity (with factor Va) in the presence of peptide-(311-325)
but in the absence of phospholipid vesicles, and solid triangles with
dashed lines indicate prothrombinase activity (with factor Va) in the
presence of the control peptide. Open circles with solid lines denote pro-
thrombinase activity (without factor Va) in the presence of peptide-(311-
325), and open triangles with dashed lines represent prothrombinase
activity (without factor Va) in the presence of the control peptide.

the control peptide had no significant effect on the clot-
ting of purified fibrinogen by thrombin when tested at six
different peptide concentrations (0-500 uM final) (data
not shown).

To test whether factor Va bound to peptide-(311-325),
the peptide and a control peptide with random sequence
were coated to the wells of microtiter plates at concentra-
tions ranging from 12.5 to 225 uM. Factor Va at 3 nM
bound to the immobilized peptide-(311-325), but not to
the control peptide, in a manner dependent on the con-
centration of peptide coated (Fig. 5). These data demon-
strate that the sequence 311-325 in APC contains a
binding site for factor Va.

To test the hypothesis that the peptide-(311-325) bind-
ing site on factor Va was a site common for binding APC
or factor Xa, the ability of the peptide to inhibit factor
Va binding to immobilized APC or factor Xa was stud-
ied. The results in Figure 6 show that peptide-(311-325)
did inhibit binding of factor Va to each of these proteins
with 50% inhibition at ~10 uM peptide.

Discussion

Synthetic peptides offer useful probes of protein-protein
interaction, and these have been used to identify sites for
recognition of factor Va by the antithrombotic enzyme,
APC. Peptide-(311-325), containing the APC sequence,
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Fig. 5. Binding of factor Va to immobilized peptide-(311-325). Peptides
at the concentrations shown on the abscissa were coated to the wells of
microtiter plates as described in the Materials and methods. Factor Va
was incubated in the wells, the wells were washed, and bound factor
Va was detected as described. Closed circles indicate binding of factor Va
to wells containing peptide-(311-325), and open circles indicate bind-
ing to wells containing a control peptide with random sequence.

KRNRTFVLNFIKIPV, potently inhibits APC anticoagu-
lant activity in various coagulation assays. The inhibitory
effect of peptide-(311-325) is specific because a control
peptide with a randomized sequence of residues 311-325
has no significant effect on APC anticoagulant activity.
The observed dose-response of peptide-(311-325) is iden-
tical using APTT assays and either NHP or PSDP, sug-
gesting that the inhibitory effect of this peptide is not
dependent on the presence of protein S and therefore that
these residues are not involved in APC interactions with
protein S.

Peptide-(311-325) did not significantly affect the ami-
dolytic activity of APC toward the chromogenic substrate
S-2366 or the inhibition of APC by the serpin, recombi-
nant [Arg**®]a,-AT. These data indicate that peptide-
(311-325) does not affect the reactivity of the active-site
residues and does not exert its inhibition of APC antico-
agulant activity by blocking primary substrate binding
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Fig. 6. Inhibition of binding of factor Va to immobilized APC or factor
Xa by peptide-(311-325). A: Binding of factor Va to immobilized APC
in the absence or presence of various concentrations of peptide-(311-
325) (closed circles) or a control peptide with random sequence (open
circles). B: A similar experiment using immobilized factor Xa in place
of APC.
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sites close to the active-site serine that are involved in
cleavage of a small tripeptide substrate like S-2366 or in
recognition of the recombinant 55,000 M, [Arg>*®]a,-AT.

The observation that peptide-(311-325) inhibits APC-
catalyzed inactivation of purified factor Va in the pres-
ence as well as in the absence of phospholipids with 50%
inhibition at 6 uM suggests that the region of residues
311-325 represents an exosite on APC essential for its
anticoagulant activity and for the recognition of its mac-
romolecular substrate, factor Va. It furthermore excludes
the possibility that peptide-(311-325) exerts its action by
inhibiting binding of APC or factor Va to phospholipids.

The heavy chain of APC is homologous to other ser-
ine proteases (Beckmann et al., 1985; Plutzky et al., 1986;
Greer, 1990) and this class of enzymes has a common
three-dimensional structure, allowing some inferences
about structure-function relationships of APC using
models based on structurally conserved regions of ho-
mologous enzymes. However, any inferences about the
detailed structure of the hypothetical exosite based on
homology to the X-ray crystallographic structure of chy-
motrypsin or trypsin are limited because human PC has
an insertion of four amino acids preceding residue 307.
Although the sequence of residues 311-325 in human
PC is highly conserved compared to the bovine sequence
(Table 1), bovine PC does not have this four-residue in-
sertion. The hypothesized exosite in APC can be located
in homology to residues 148-162 of chymotrypsin in the
three-dimensional X-ray crystallographic model. Residues
134-143 in trypsin or 148-157 in chymotrypsin, homolo-
gous to residues 311-320 in PC (Table 1), form an exposed
loop on the surface of the catalytic domain, whereas tryp-
sin residues 144-148 or chymotrypsin 159-162, homolo-
gous to 321-325 in PC, are rather buried in the structure.

Table 1. Alignment of residues 311-325 of human protein C
with homologous sequences in bovine protein C, human
Jfactor IX, factor X, prothrombin, factor VII, bovine
chymotrypsinogen, and bovine trypsinogen®

Protein Residue Sequence®

Human PC 311-325 KRNRTFVLNFIKIPV
Bovine PC 309-323 KRNRTFVLSFIKVPV
Factor 1X 316-330 KGRSALVLQYLRVPL
Factor X 330-344 KGRQSTRLKMLEVPY
Prothrombin 474-488 KGQ.PSVLQVVNLPI
Factor VII 290-304 RGATALELMVLNVPR
Chymotrypsinogen 148-162 NANTPDRLQQASLPL
Trypsinogen 134-148 GTSYPDVLKCLKAPI

# Amino acids in PC are numbered according to Plutzky et al.
(1986). Sequence alignment was performed as described (Mesters et al.,
1991) with the additional alignment of the sequences of bovine PC (Fern-
lund & Stenflo, 1982; Stenflo & Fernlund, 1982) and bovine trypsino-
gen (Mikes et al., 1966).

b Underlined letters indicate amino acids that are identical among all
listed proteins.
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Thus, based on the trypsin and chymotrypsin models, the
APC 320-325 sequence is unlikely to be involved in APC
interactions with substrates, whereas residues 311-319 of
PC (KRNRTFVLN) are probably surface exposed and
available for recognition by factor Va.

An unexpected finding was that peptide-(311-325)
alone potently inhibits factor Xa clotting activity both in
clotting assays in plasma with 50% inhibition at 7 uM
peptide and in prothrombinase assays with 50% inhibi-
tion at 8 uM peptide. No significant inhibition of pro-
thrombinase activity occurs in the absence of factor Va.
Thus, the presence of factor Va is a requirement for the
inhibitory effect of the peptide, suggesting that the pep-
tide interacts with factor Va. Peptide-(311-325) inhibits
prothrombinase activity in the absence or presence of
phospholipids. Peptide-(311-325) has no significant ef-
fect on factor Xa or thrombin amidolytic activity toward
chromogenic substrates and no effect on the clotting of
purified fibrinogen by thrombin. These observations ex-
clude the possibilities that the peptide has anticoagulant
properties due to inhibition of the binding of the compo-
nents of the prothrombinase complex to the phospholipid
vesicles, or due to direct inhibition of factor Xa or throm-
bin or of fibrin polymerization. These data, in combina-
tion with the inhibitory effect of peptide-(311-325) on
APC inactivation of purified factor Va, suggest that the
sequence of residues 311-319 in APC provides a factor Va
binding site and that peptide-(311-325) binds factor Va,
thereby interfering with both inactivation of factor Va and
expression of factor Xa activity in the prothrombinase
complex. This suggestion was tested and it was shown that
factor Va binds directly to peptide-(311-325).

Previously, we suggested that the region of APC com-
prising residues 390-404 represents an exosite for the
binding of APC to its macromolecular substrate, factor
Va (Mesters et al., 1991). Thus, it scems that APC may
have at least two spatially distinct exosites for recognition
of factor Va, namely the region of residues 390-404 and
the region of residues 311-325, and that the interactions
of APC with its substrate factor Va are remarkably ex-
tensive. Both peptide-(311-325) and peptide-(390-404) in-
hibit APC anticoagulant activity and APC inactivation
of purified factor Va (Mesters et al., 1991). However,
peptide-(311-325) has additional anticoagulant properties
due to inhibition of prothrombinase activity, a property
that peptide-(390-404) lacks. Both peptides most likely ex-
ert their inhibitory effect on APC activity by binding to
factor Va. These sites on factor Va to which those pep-
tides bind must be topologically distinct on factor Va be-
cause only peptide-(311-325) inhibits the expression of
factor Va-dependent prothrombinase activity.

Factor Xa protects factor Va from inactivation by APC
(Comp & Esmon, 1979; Walker et al., 1979; Nesheim
et al., 1982; Suzuki et al., 1983), suggesting that both en-
zymes might share certain binding sites on factor Va. We
therefore tested whether peptide-(311-325) binds to this

R.M. Mesters et al.

hypothesized common binding site in factor Va and
thereby blocks binding of either APC or factor Xa.
Peptide-(311-325) inhibits binding of factor Va to either
APC or factor Xa, providing support for this hypothe-
sis. Inspection of the sequence of factor Xa for sequences
homologous to residues 311-319 of APC yielded no se-
quence with four or more identities; the best identity for
three residues involved the factor X sequence (residues
270-273), KHNR, compared to KRNR (APC residues
311-314). A synthetic peptide presenting the sequence
of residues 263-274 of factor X inhibits interactions of
factor Xa with factor Va and could be cross-linked to
factor Va (Chattopadhyay et al., 1992). Thus, the tetra-
peptide sequence, K-basic-N-R, likely provides a motif
recognized by factor Va, and residues 263-274 of factor
Xa are very likely to bind to factor Va close to the site for
binding APC residues 311-319. Inspection of protein se-
quence alignments (Greer, 1990) and of three-dimensional
homology models for the protease domains of APC and
factor Xa and of the X-ray crystallographic structures of
trypsin, chymotrypsin, and kallikrein (C. Fisher & J.H.
Griffin, unpubl.) shows that residues 263-273 of factor
X correspond to chymotrypsin residues 83-93 and that the
KHNR sequence is in the so-called kallikrein loop. In con-
trast, APC residues 311-319 correspond to chymotryp-
sin residues 148-156 and the KRNR sequence is in the
so-called chymotrypsin autolysis loop. Both the “kalli-
krein loop” and the “autolysis loop” are fairly near the
active-site triad of serine proteases, but they are on op-
posite sides of the active site. Therefore, the binding of
factor Va either to KHNR on factor Xa in the Xa:Va com-
plex, or to KRNR on APC in the APC:Va complex, nec-
essarily would result in very different relative orientations
of factor Va and the active sites of APC or factor Xa.

For the region in factor VIla structurally homologous
to residues 311-325 of APC, a synthetic peptide compris-
ing residues 285-305 of factor VIla (Table 1) was reported
that inhibited the factor VIla-tissue factor-mediated con-
version of factor X to factor Xa (Kumar et al., 1991) and
a synthetic peptide derived from the homologous region
in thrombin corresponding to residues 467-478 in pro-
thrombin inhibited binding of thrombin to thrombomod-
ulin and thrombin-induced clotting of fibrinogen (Suzuki
et al., 1990). These findings, combined with our data here
for residues 311-325 of APC, indicate the general impor-
tance of this region, the so-called autolysis loop of chy-
motrypsin, of the homologous vitamin K-dependent
serine proteases APC, factor IXa, factor VIla, factor Xa,
and a-thrombin for recognition of macromolecular sub-
strates or cofactors.

Materials and methods

Materials
Human PC was purified and activated as described (Gru-
ber et al., 1989; Mesters et al., 1991). The specific anti-
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coagulant activity of APC was 250 U/mg. The human
vitamin K-dependent factors prothrombin, factor X, and
factor IX were isolated as previously reported (Stenflo,
1976; van der Graaf et al., 1983). Recombinant [Arg**®]«-
AT was a gift from Drs. Michael Courtney and Rainer
Bischoff (Transgene, Strasbourg, France); human factor
Va was a gift from Drs. Guido Tans and Jan Rosing (Uni-
versity of Limburg, Maastricht, The Netherlands). These
were purified and characterized as described (Heeb et al.,
1990; Tans et al., 1991). Human thrombin (specific activ-
ity 2,878 NIH U/mg), protein S, and human factor Xa
were obtained from Enzyme Research Laboratories (South-
bend, Indiana), and the molar concentrations were deter-
mined by active-site titration as described (Chase & Shaw,
1967). All proteins appeared to be >95% homogeneous
judged by SDS-PAGE. The molecular weights and extinc-
tion coefficients (E me ™ ) used in calculating protein
concentrations were as follows: prothrombin, 72,000 and
1.44 (Francis et al., 1986); APC, 62,000 and 1.45 (Kisiel,
1979b); and human factor X, 65,300 and 1.16 (DiScipio
et al., 1977). The chromogenic substrates S-2222 S-2238,
and S-2366 were purchased from Kabi-Vitrum (Franklin,
Ohio); rabbit brain cephalin, rabbit serum albumin, bo-
vine brain phosphatidylserine (CCl;/CH;OH solution,
95:5, v/v), and soybean phosphatidylcholine (Type III-S,
CCl, solution) from Sigma (St. Louis, Missouri); BSA
and human fibrinogen from Calbiochem (La Jolla, Cal-
ifornia); and the APTT reagent Thrombosil from Ortho-
Diagnostics (Raritan, New Jersey). Normal human
citrate-anticoagulated plasma (NHP) was purchased from
George King Bio-Medical, Inc. (Overland Park, Kansas),
and biotinylated goat anti-rabbit IgG, streptavidin alka-
line phosphatase, conjugated (SAAP), p-nitrophenylphos-
phate, and SPDP came from Pierce (Rockford, Illinois).
PSDP was prepared and characterized as previously re-
ported (Mesters et al., 1991). All other reagents were of
the highest quality available.

Synthesis and characterization

Synthetic peptides were prepared, purified to homogene-
ity by reverse-phase high performance liquid chromatog-
raphy, and characterized as described (Mesters et al.,
1991). The sequence of the control peptide with a ran-
domized sequence of residue 311-325 was obtained by
randomly drawing 15 individually labeled folded pieces
of paper, each paper representing one residue. The se-
quence of drawing each amino acid dictated the random
order of amino acids. This peptide had the sequence,
VKFTIRVFNPRNLKI, and was designated as control
peptide. Mass spectroscopic analyses of peptide~-(311-3253)
and the control peptide using the previously reported
method (Mesters et al., 1991) yielded in each case single
peaks and the exact expected molecular weight of 1,845
for the single protonated form of peptide-(311-325) and
the control peptide, respectively. Solutions of each pep-
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tide were prepared and the concentrations determined as
described (Mesters et al., 1991) using a molar extinction
coefficient of 400 M~! em ™.

Coagulation assays

The effect of the synthetic peptides on APC anticoagu-
lant activity was determined using recently described pro-
tocols (Mesters et al., 1991). Peptides were assayed in
APTT and Xa-1-stage assays using the same procedure
previously used for antibodies (Mesters et al., 1991), in
which peptides were preincubated for 10 min with APC
and/or factor Xa. Because peptide-(311-325) was antico-
agulant in the Xa-1-stage coagulation assays even in the
absence of APC, the residual factor Xa clotting activity
in the presence of each different peptide concentration
was calculated from a standard curve derived from the
double-logarithmic plot of clotting time versus added fac-
tor Xa. Therefore, in order to determine the inhibition of
APC by the peptide, different standard curves for APC-
induced prolongation of clotting time for each peptide
concentration were generated using the residual factor Xa
activity that was observed at the corresponding peptide
concentration. Because factor Xa activity versus inhibi-
tory peptide concentration was linear on log-log plots, the
additional inhibition by APC was greater than twofold at
each peptide concentration, and the effect of APC was
readily determined as units or percentage of factor Xa ac-
tivity. All clotting times were determined in duplicate.

APC, factor Xa, and thrombin amidolytic assays

Amidolytic activities of APC, factor Xa, and thrombin
toward the appropriate respective peptide substrates S-
2366, S-2222, and S-2238 were assayed in the presence or
absence of S mM calcium ions as reported for APC (Mes-
ters et al., 1991). Kinetic studies of inhibition of APC by
recombinant [Arg>**]«;-AT in the absence or presence of
peptides were performed and based on measurement of
APC amidolytic activity as described (Mesters et al.,
1991).

Fibrinogen clotting

A total of 0.5 U/mL human thrombin was preincubated
with 0-1 mM peptide at six different concentrations in
200 pL of 0.05 M Tris/HCL, 0.1 M NaCl, 0.5% BSA,
0.02% NaN; (TBS-BSA), 2.5 mM CacCl, for 10 min at
37 °C in polystyrene cuvettes. Reaction was initiated by
addition of 200 pL of S-mg/mL human fibrinogen in
TBS-BSA, 2.5 mM CaCl,, and time in seconds from ad-
dition of fibrinogen to clot formation was measured in an
Electra 700 Automatic Coagulation Timer (Medical Lab-
oratory Automation, Inc., Mount Vernon, New York).
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Inactivation of factor Va by APC

The APC-catalyzed inactivation of factor Va in the pres-
ence and absence of phospholipid vesicles was carried out
as recently reported (Mesters et al., 1991). Phospholipid
vesicles consisting of phosphatidylserine/phosphatidyl-
choline (20:80%, M/M) were prepared by sonication as
described (Mesters et al., 1991).

Prothrombinase assays

Prothrombinase assays were performed as recently de-
scribed for the factor Va assay using a final concentration
of 0.4 nM factor Va (Mesters et al., 1991). In the absence
of factor Va or phospholipid vesicles, the time intervals
for quenching the prothrombinase by adding aliquots
of the prothrombinase mixture to a solution containing
10 mM EDTA were 5 min instead of 1 min as for the pres-
ence of factor Va and phospholipid vesicles. Synthetic
peptides were preincubated with factor Va for 20 min at
22 °C or, in the case of assays lacking factor Va, with pro-
thrombin in the presence of phospholipid vesicles for
20 min at 22 °C. Prothrombinase activity, expressed as the
amount of generated thrombin per unit of time, was
based on thrombin amidolytic activity toward the chro-
mogenic substrate S-2238.

Sequence alignment of various serine proteases was per-
formed as described (Greer, 1990; Mesters et al., 1991).

Binding assays

Peptides at different concentrations were coated to the
wells of microtiter plates, and the wells were blocked as
described (Heeb et al., 1993). Factor Va (3 nM) in the ab-
sence or presence of peptide was incubated in the wells at
37 °C for 50 min. The wells were washed, and bound fac-
tor Va was immunologically detected as described (Heeb
et al., 1993). Uncoated, blocked wells in the same plate
were used as controls for background and the absorbance
values for these wells were subtracted from the appropri-
ate data points.

In other experiments, APC or factor Xa were coated
at 4 ug/mL to the wells of microtiter plates, and the wells
were blocked. Factor Va (3 nM) was preincubated with
various concentrations of peptide in the wells of a sepa-
rate low-binding microtiter plate for 30 min at 23 °C be-
fore transferring to the plates coated with APC or factor
Xa. Following incubation at 37 °C for 50 min, bound fac-
tor Va was detected (Heeb et al., 1993).
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