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ABSTRACT: To examine whether fibrin N-terminal AR 17-23 and Bâ 15-25 may contain high-affinity
polymerization sites, GPRVVER and GHRPLDKKREE analogs were prepared, and their abilities to inhibit
fibrin monomers from repolymerizing were compared in turbidity and clottability assays. Within AR
17-23, GPR is the most active site (IC30 of 0.95-1.36 mM). Its extension into GPRVVER (IC30 of
1.75-2.3 mM) reduced activity. Within Bâ 15-25, acyl-DKKREE (IC30 of 0.30-0.53 mM) can account
for GHRPLDKKREE activity (IC30 of 0.33-0.44 mM). Comparison of the assays showed that calcium,
whose presence induces thick fibrin fibers, elicited a higher turbidity than clottability inhibition. Similarly,
the lateral-association-promoting GHRP (IC30 of 1.25-1.43 mM) gave a high turbidity vs clottability
inhibition ratio (137%). In contrast, low ratios were found for the linear-association-initiating GPR (73%)
and for acyl-DKKREE (34%). Structure-activity correlation showed that fibrinogen-like acyl-GPRP
and acyl-GHRP could inhibit D‚E association at the millimolar range, but in a manner different from
fibrin-related GPR peptides did, which required the NH2 as well as Arg presence. To explain Bâ 20-25
masking, it is proposed that DKKREE in fibrinogen may engage in ionic and hydrogen bonds with KDSDW,
the AR 29-33 sequence implicated in thrombin binding. To explain acyl-GPRP and acyl-GHRP inhibition
of D‚E association, it is proposed that fibrinogen packing may be mediated by E domain association with
RC (AR 220-609) fragments of adjacent molecules, and byRC-RC association. A modified
polymerization mechanism is deduced by taking into account fibrinogen N-terminal conformation as well
as E domain binding to thrombin vsRC fragments. This model proposes the following. (1) Upon thrombin
binding to fibrinogen KDSDW, DKKREE may become exposed. (2) Fibrinopeptide A cleavage further
unmasks the NH2 and Arg group of GPR, leading to DKKREE and GPR initiation of polymerization. (3)
The micromolar-effective thrombin-fibrin(ogen) binding may initiate a partialRC repulsion. Subsequent
DKKREE and GPR binding to D domains of other fibrin(ogen) will lead to the formation of the trimer
and bring additional molecules to fibrin N-terminal region, and the combined steric congestion may lead
to a completeRC repulsion from the overcrowded E domain. (4) Repulsion of the large AR 220-609
fragments may unmask multiple polymerization sites beyond the fibrin N-terminal region.

Fibrinogen is a soluble plasma protein composed of two
identical units in a six-chain (AR,Bâ,γ)2 structure (Blomback
et al., 1976; Doolittle, 1984; Henschen et al., 1983). At the
site of injury, thrombin is generated to sequentially cleave
two pairs of fibrinopeptides (FpA1 and FpB) from circulating
fibrinogen (Davie et al., 1991; Blomback et al., 1978; Mann
et al., 1992; Shafer & Higgins, 1988). The resulting
desAABB-fibrin spontaneously polymerizes into the in-
soluble three-dimensional clot (Drake et al., 1989; Weisel,
1986; Mosesson et al., 1989). Concurrently, polymerizing
fibrin selectively adsorbs platelets (Niewiarowski et al., 1972;
Jen & Hsu, 1987) and thrombin (Liu et al., 1979; Wilner et

al., 1981), thereby reinforcing the hemostatic plug and
preserving thrombin from heparin-antithrombin inactivation
(Ruggeri, 1995; Hogg & Jackson, 1989; Weitz et al., 1990).
Fibrin-bound thrombin is thrombogenic and could proteolyze
FpA as well as accelerate factor V- and VIII-dependent
coagulation (Hogg & Jackson, 1990; Weitz et al., 1990;
Kumar et al., 1994). In addition, fibrin clots markedly
enhanced the procoagulant activity of platelets (Kumar et
al., 1995), which bound more fibrin than fibrinogen [520 vs
363 ng/(109 platelets); Harfenist et al., 1985]. Thus, some
fibrin sites exposed during polymerization appear to propa-
gate thrombosis. Identification of these sites is of interest
for thrombus detection with fibrin-specific antibodies and
for targeting fibrinolytics to the clot (Procyk et al., 1991;
Koblik et al., 1989; Runge et al., 1987).

Studies of the polymerization mechanism indicate that this
process is initiated upon the exposure of desAA-fibrin
(Blomback et al., 1978). In contrast, thrombin exposure of
desBB-fibrin from fibrinogens Ledyard and Metz, whose
mutated AR 16 (Arg to Cys) did not release FpA, produced
defective clots with a lowA350 turbidity (Lee et al., 1991;
Mosesson et al., 1987). As fibrinogen Detroit with the
mutated GPR (AR 19 Arg to Ser) exhibited a lowA450
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turbidity for its desAABB-fibrin polymers (Blomback et al.,
1978), fibrin polymerization appears to be mediated by the
GPR (AR 17-19) and GHRP (Bâ 15-18) sites exposed
upon FpA and FpB cleavage. Taken together with the
affinity labeling of D domainγ-363 andγ-373 by GPR
peptides (Yamazumi & Doolittle, 1992; Cierniewski &
Budzynski, 1993), and the impaired GHRP binding to
fibrinogen lacking a portion of its C-terminal AR-chain
(Hasegawa & Sasaki, 1990), it is thought that FpA or FpB
cleavage exposes N-terminal polymerization sites for interac-
tion with their respective complementary sites in D domains,
leading to fibrin linear or lateral association.
In accord with this concept, atomic-force-microscopy

visualization of the polymerization process showed that
addition of thrombin to fibrinogen initially generated fibrin
trimers, which subsequently formed linear protofibrils, whose
lateral packing and branching led to the mature clot (Drake
et al., 1989). However, the N-terminal linear and lateral
association sites of GPR and GHRP bound to the fibrinogen
D domain in the 104 M-1 range (Laudano et al., 1983),
whereas desAA-fibrin associated with an equilibrium con-
stant of 107 M-1 (Lewis et al., 1985). The events leading to
the over 100-fold improved affinity are not understood. For
example, it is not known whether the small FpA and FpB
(16 and 14 residues) may directly mask high-affinity po-
lymerization sites. If so, how might fibrinogen at high
concentrations (3× 10-4 vs 10-5 M in plasma) pack into
fibrin-like polymers (Voter et al., 1986) and undergo cross-
linking by factor XIIIa (Kanaide & Shainoff, 1975)? If not,
where are the additional sites, and how are they masked in
fibrinogen?
Because fibrin N-terminal AR 17-23 (GPRVVER) and

Bâ 15-25 (GHRPLDKKREE) are unmasked by FpA and
FpB cleavage, this study examined the polymerization
inhibitory activities (IC30) of their homologs in functional
(turbidity and clottability) assays. The IC30 values of 10-3,
10-3, and 10-4 M for, respectively, GPR and acylated GPRP,
GHRP and acyl-GHRP, and acyl-DKKREE indicate that FpA
or FpB unmasking alone does not directly generate micro-
molar-effective sites, for which additional mechanisms may
be involved. The millimolar-effective acyl-GPRP analogs
and acyl-GHRP show that fibrinogen-like N-acylated pep-
tides can inhibit D‚E packing, but in a manner different from
that of fibrin-related GPR peptides. A modified polymeri-
zation mechanism is proposed to explain the results. This
mechanism takes into account the fibrinogen N-terminal
folding inferred from NMR and recombinant studies (Marsh
et al., 1985; Lord et al., 1990), the E domain association
with its own C-terminal AR 220-609 observed in morphol-
ogy studies (Veklich et al., 1993; Gorkun et al., 1994), and
thrombin interaction with fibrin GPRVVER, GHRP, acyl-
DKKREE (Hsieh, 1997), and AR 27-50 (Binnie & Lord,
1993) during clotting.

MATERIALS AND METHODS

All chemicals were reagent grade. Boc-amino acids,
including that of Abu (γ-aminobutyric acid),âAla (â-
alanine), and Ahx (ε-aminohexanoic acid), were from
Bachem (Torrance, CA). The 2-indan amino acid [2Ind,
C6H4(CH2)2C(NH2)COOH] and Boc-2Ind were prepared as
described (Hsieh et al., 1989). Sephadex G-25 and SP-
Sephadex C-25 were from Pharmacia (Piscataway, NJ).

Human fibrinogen was from Kabi (grade L), Helena Lab
(Beaumont, TX), and human thrombin (3000 units/mg) was
from Sigma (St. Louis, MO).
Peptide Synthesis. The following peptides were prepared

by solid-phase synthesis (Marshall & Merrifield, 1965; Hsieh
et al., 1996). These included the NH2-terminus-containing
GPRP (Gly-Pro-Arg-Pro), GHRP (Gly-His-Arg-Pro), PRP
(Pro-Arg-Pro), AbuRP (γAbu-Arg-Pro), AhxRP (εAhx-Arg-
Pro),âAPRP (âAla-Pro-Arg-Pro), dAPRP (D-Ala-Pro-Arg-
Pro), FPRP (Phe-Pro-Arg-Pro), 2IndPRP (2Ind-Pro-Arg-Pro),
dFPRP (D-Phe-Pro-Arg-Pro), and GPR2Ind (Gly-Pro-Arg-
2Ind), in addition to the NH2-acylated Pr-PRP (propionyl-
Pro-Arg-Pro), Boc-PRP, Boc-GPRP, Boc-dAPRP, Boc-
2IndPRP, Boc-dFPRP, Boc-GPR2Ind, and Boc-GHRP.
Synthesis of fibrin AR 17-23 and Bâ 15-25 homologs,
including GPR and its guanidine-acetylated GPR(Ac), Boc-
DKKREE and itsγ-methylated Boc-DKKREE(OMe), and
Ac-GPRP has been reported (Hsieh et al., 1981, 1996).
The first Boc-amino acid was attached to the resin by the

cesium procedure, and stepwise amino acid coupling utilized
the side chain protection of Arg(NO2) and His(Bzl). Boc-
peptides were removed from the resin and the side chain
protecting groups by catalytic hydrogenation. This approach
provided N-protected peptides without contamination by the
NH2-terminal free species. Subsequent deprotection (trif-
luoroacetic acid) of the former gave the latter. The peptides
were purified by ion-exchange and gel filtration chromatog-
raphy until homogeneous to TLC and with the correct amino
acid composition (Supporting Information).
Polymerization Inhibition Assays. Fibrin monomers (Bross-

tad et al., 1977) were prepared by clotting human fibrinogen
(10 mg/mL saline) with human thrombin (1 unit) at 37°C
for 30 min. The clot was wound tightly around a glass rod,
washed with water, blotted dry, and dissolved in 20 mM
acetic acid (AcOH) for 30 min. This was diluted with 100
mM NaBr/5 mM NaOAc (bromide-acetate buffer, pH 5.3)
and centrifuged (2000 rpm, 20 min) to give a fibrin (2 mg/
mL) solution in 3:2 (v/v) AcOH/bromide-acetate. Freshly
prepared fibrin monomers were>99% clottable in clottability
assays and remained>95% clottable for 3 months when
stored at 4°C (storage of this saturated solution at-20 °C
will lead to fibrin precipitation).
In turbidity assays (Hasegawa & Sasaki, 1990; Belister et

al., 1968), fibrin monomers (40µL) were repolymerized by
mixing with 760 µL of Tris buffer (60 mM, pH 6.7)
containing the peptide, and theA280 of the mixture was
assessed after 40 min. The controlA280 increase due to
polymerization alone wasA280 of polymerized fibrin in Tris
buffer - 0.15 for A280 of the fibrin added. The level of
polymerization in the presence of peptide was (A280 of
polymerized fibrin in the peptide solution- 0.15- peptide
blank)/(the controlA280 increase). Turbidity inhibition was
100% minus the level of polymerization. At least three
experiments were performed for each peptide dose, and the
IC30 values were determined from dose-response curves.
Clottability assays were performed for the inactive GPR-

(Ac), âAPRP, PRP, AbuRP, and AhxRP, and for fibrin AR
17-23 and Bâ 15-25 homologs, in order to verify their
results in turbidity assays. In these studies, fibrin monomers
(40 µL) were repolymerized in 760µL of Tris (60 mM, pH
6.7) or Tris-CaCl2 (50:10 mM, pH 6.7) containing the peptide
and centrifuged (2000 rpm, 10 min) after 40 min. Unpo-
lymerized fibrin in the supernatant was assessed byA280. In

9382 Biochemistry, Vol. 36, No. 31, 1997 Hsieh



Tris, Tris-Ca2+ control, or inactive peptide solution, a zero
A280 was found for the supernatant. The level of unpoly-
merized fibrin was (A280 of supernatant- peptide blank)/
0.15, theA280 of fibrin added. Clottability was 100% minus
unpolymerized fibrin, and clottability inhibition was 100%
minus clottability. Therefore, clottability inhibition equaled
(A280 of supernatant- peptide blank)/0.15. At least three
experiments were performed for each peptide dose, and the
IC30 values were determined from dose-response curves.
The ratios of turbidity vs clottability inhibition for fibrin

homologs were calculated for each peptide dose, and mean
values were reported.

RESULTS

The Concurrent Presence of the FibrinR-Chain NH2
Terminus and the Arg Side Chain of GPR (AR 17-19) Is
Important for D‚E Polymerization. To identify the critical
fibrin N-terminal features involved in polymerization, we
modified an AR 17-20 analog, GPRP (Laudano & Doolittle,
1978; Hsieh et al., 1981). Figure 1 shows that an about
1500-fold excess of GPRP (0.44 mM) over fibrin (0.29µM)
was needed to inhibit polymerization by 30%. Truncation
of the C-terminal Pro gave an active GPR, whose side chain
acetylation gave an inactive GPR(Ac), indicating a critical
role for Arg. Since N-terminal truncation to PRP, or
extension of the NH2 group by one atom inâAPRP and
AhxRP gave inactive analogs, the spatial distance between
the NH2 and the Arg side chain appears to be crucial. Not
surprisingly, shortening the distance between the NH2 and
Arg also gave an inactive AbuRP.
The importance of properly spaced NH2 and Arg is evident

in the highly active dAPRP (Figure 2), in contrast to the
inactiveâAPRP shown in Figure 1. Since Gly is the smallest
amino acid and also optically inactive due to the lack of a
side chain, we examined how increasing the size of the side
chain and changing its spatial orientation might affect GPRP
inhibition of polymerization. For this purpose, Gly was
replaced byL-Phe, D-Phe, and their optically inactive
homolog, 2Ind. As the resulting FPRP, 2IndPRP, and dFPRP

were similarly active (Figure 2), the steric orientation of the
N-terminal residue does not seem important. Instead, the
rank order (GPRP and dAPRP, FPRP< 2IndPRP<
dFPRP) of their IC30 values (Table 1) indicates that the small
GPRP and dAPRP were more effective than the bulky
analogs of FPRP, 2IndPRP, and dFPRP.
In accord with a required fibrin NH2 and Arg presence

for activity, the C-terminal modified GPR2Ind was active
(Table 1). Unexpectedly, Boc-GPRP and Ac-GPRP, whose
NH2 termini were acylated to resemble a fibrinogen-like
sequence, could also inhibit polymerization (Figure 2). Since
Pr-PRP, Boc-PRP, and Boc-GHRP were more active than
their NH2-containing fibrin-like counterparts, whose rank
order differed from that for N-acylated peptides (Table 1),
fibrinogen-like peptides appear to participate in D‚E packing
in a manner different from that of fibrin-like peptides.
Fibrin â-Chain DKKREE (Bâ 20-25) Contains an Ef-

fectiVe Polymerization Site. Although the turbidity assay has
been useful for identifying small peptide polymerization sites
(Laudano & Doolittle, 1978; Hasegawa & Sasaki, 1990), a
markedly lowerA350 turbidity was observed for desBB- than
for desAA-fibrin polymers (Mosesson et al., 1987; Lee et
al., 1991), in spite of the indistinguishable desBB-, desAA-,
and desAABB-fibrin fibers found in electron microscopy and
X-ray studies (Weisel, 1986; Voter et al., 1986). Paradoxi-
cally, theA350 turbidity of fibrin clots was decreased by 40%

FIGURE 1: Inhibition of polymerization by fibrin-related peptides
in turbidity assays. From left to right are the dose-response curves
for GPRP (b), GPR (O), GHRP (0), AbuRP (2), GPR(Ac) ([),
âAPRP (9), AhxRP (4), and PRP (]). Fibrin monomers (80µg)
were repolymerized for 40 min in 760µL of Tris buffer (60 mM,
pH 6.7) containing the peptide. Polymerization inhibition was 100%
- [(A280 of polymerized fibrin in peptide solution- 0.15 for the
A280 fibrin added- peptide blank)/(A280 of polymerized fibrin in
buffer control- 0.15)]. At least three determinations were made
for each dose, and results were mean( SD.

FIGURE 2: Inhibition of polymerization by NH2-containing and
N-acylated peptides in turbidity assays. From left to right are dAPRP
(9), FPRP (2), 2IndPRP (O), dFPRP (4), Boc-GHRP (0), PrPRP
(b), Boc-GPRP (]), and Ac-GPRP ([). Fibrin polymerization and
data analysis were conducted as in Figure 1. Results (n g 3) were
mean values, and SD values (not shown) were similar to those of
Figure 1.

Table 1: Polymerization Inhibition IC30 of Fibrin-Related Peptides
and Their N-Acylated Analogs in Turbidity Assays

NH2-containing
peptide

IC30
(mM, no Ca2+)

N-acylated
peptide

IC30
(mM, no Ca2+)

PRP inactive Pr-PRP 1.41
Boc-PRP 2.67

GPRP 0.44 Boc-GPRP 1.85
dAPRP 0.44 Boc-dAPRP 2.02
FPRP 0.64
2IndPRP 0.71 Boc-2IndPRP 2.20
dFPRP 0.79 Boc-dFPRP 1.16
GPR2Ind 0.80 Boc-GPR2Ind 1.21
fibrin homologs

GPR (AR 17-19) 1.36
GPRVVER 1.88
GHRP (Bâ 15-18) 1.30 Boc-GHRP 1.10
GHRPLDKKREE 0.44 Boc-DKKREE 0.53
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when fibrin monomers were repolymerized in the presence
of calcium (from 1.066 to 0.641; Siebenlist et al., 1990;
Maekawa et al., 1992) but increased when fibrinogen was
clotted by thrombin, reptilase, or copperhead venom in the
presence of calcium (Siebenlist et al., 1989; Dang et al.,
1989b; Lee et al., 1991).
To unambiguously determine the level of polymerization,

we centrifugally removed the polymerized clot and assessed
the amount of unpolymerized fibrin monomers atA280. In
these clottability assays, GPR was the most active site within
AR 17-23 (Table 2). Extension of GPR into GPRVVER
(AR 17-23) reduced activity, indicating the lack of GPR
and VVER synergism, which would have increased activity.
Extension of GHRP into GHRPLDKKREE (Bâ 15-25) led
to a 4-fold improved activity, accounted for by the presence
of acyl-DKKREE. Masking of the carboxylate side chain
in acyl-DKKREE(OMe) decreased the ability to participate
in ionic and H bonds and reduced polymerization inhibitory
activity.
Comparison ofA280 turbidity vs clottability results gave

slightly different IC30 values for fibrin homologs (Tables 1
and 2). Calcium, whose presence increased the thickness
of fibrin fibers (Weisel, 1986; Siebenlist et al., 1990) and
improved the IC30 values of GPRVVER and Bâ homologs
(Table 2), reduced fibrinA280 turbidity (by 32%) but not
clottability (data not shown). The greater inhibition of
turbidity than clottability appears to be characteristic of fibrin
lateral association, and Figure 3 shows that the lateral GHRP
site also elicited a higher ratio (137%) of turbidity inhibition
(broken lines) than clottability inhibition (solid lines). In
contrast, a lower ratio (73 and 34%, respectively) of turbidity
than clottability inhibition was found for the linear associa-
tion-initiating GPR and for acyl-DKKREE. Side-by-side
comparison by simultaneous monitoring atA280andA350gave
similar IC30 values at both wavelengths for GPRP and acyl-
DKKREE in turbidity assays (data not shown), indicating a
similar A280 andA350 detection of fibrin polymerization.

DISCUSSION

Three questions are central to the understanding of the
polymerization mechanism. Where are the polymerization
sites? How may these sites be masked in fibrinogen? Why
can different enzymes like thrombin, reptilase, or copperhead
venom elicit morphologically similar three-dimensional clots?
The results show that, in addition to the N-terminal GPR

(Blomback et al., 1978; Laudano & Doolittle, 1978), fibrin
â-chain also contains an effective DKKREE polymerization
site. For GPR-mediated polymerization, the NH2 terminus
and the Arg side chain are important. Both features may be

masked by FpA (ADSGEGDFLAEGGGVR), via the amide
bond and by the FpA-GPR salt bridge. The latter is inferred
from NMR observations of FpA binding with GPRP (an AR
17-20 analog) at pH 7 in the absence of salt, but the lack
of such interaction in AR 1-23 under conditions which
interfered with salt bridge formation, i.e., high-ionic strength
buffer at pH 5.3 (Root-Bernstein & Westall, 1984; Marsh et
al., 1985; Ni et al., 1988). Mutagenesis of a fibrinogen AR
1-51-containing fusion protein showed that its optimal
proteolysis by thrombin was observed with Val substitution
for AR Gly-14 but not for Gly-12 or Gly-13 (Lord et al.,
1990), indicating a biologically important Gly-Glyâ-bend
at AR 12-13. Taken together, it is likely that salt bridges
and H bonds exist between fibrinogen Asp-2/Arg-23 and His-
24, Ser-3 or Ser(PO4)-3/Glu-22, and Glu-5 and Asp-7/Arg-
19 (Scheme 1, top). The millimolar IC30 value found for
GPRVVER suggests that FpA may not directly mask a
micromolar-effective site. Whether cleavage of a pair of FpA
may unmask a high-affinity polymerization site, with two
GPR groups linked via the AR 28-AR′ 28 disulfide, is not
presently known.

Table 2: Polymerization Inhibition IC30 of Fibrin Homologs in
Clottability Assays

IC30 (mM, no Ca2+) IC30 (mM, with Ca2+)

GPRP 0.51 0.51
R-chain homologs
GPR 0.95 1.23
VVER >2.1 >2.1
GPRVVER about 2.3 1.75

â-chain homologs
GHRP 1.43 1.25
Boc-DKKREE 0.38 0.30
Boc-DKKREE(OMe) 0.93 0.85
GHRPLDKKREE 0.35 0.33

FIGURE 3: Inhibition of polymerization by fibrin homologs in
turbidity (broken lines and open symbols) vs clottability (solid lines
and solid symbols) assays. From left to right are (A) GPRP ([
and]), GPR (9 and0), GPRVVER (2 and4), and VVER (b
andO) and (B) GHRPLDKKREE (2 and4), Boc-DKKREE (9
and0), Boc-DKKREE(OMe) ([ and]), and GHRP (b andO).
In clottability assays, fibrin monomers were repolymerized in Tris
buffer for 40 min as described for Figure 1. Polymerized fibrin
was removed (2000 rpm, 10 min), and unpolymerized monomers
in the supernatant were assessed byA280. Clottability inhibition was
(A280 of fibrin monomers in supernatant- peptide blank)/0.15, the
A280of fibrin added. Turbidity inhibition was analyzed as in Figure
1. Results (n g 3) were mean values, and SD values (not shown)
were simliar to those of Figure 1.
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How DKKREE (Bâ 20-25) is masked in fibrinogen has
not been examined. Morphology studies showed that Bâ
15-42 deletion impaired fibrin linear as well as lateral
associations (Siebenlist et al., 1990). Polymerization studies
showed that high-ionic strength (0.1 M NaCl) conditions
reduced theA350 for normal fibrin polymer but abolished the
A350 for the fibrin polymer lacking Bâ 15-42 (Kamura et
al., 1995). These results suggest Bâ 15-42 participation in
fibrin associations via reinforced ionic bonds, thus withstand-
ing highly ionic conditions. Interestingly, all DKKREE side
chains are capable of ionic bonds, which may reinforce one
another, and masking of the Glu-25 side chain reduced
activity (Table 2). Taken together, DKKREE may be
masked in fibrinogen, as well as exert its effect in fibrin,
via ionic bonds. A search of the N-terminal disulfide knot
sequence of (AR 1-51, Bâ 1-118, γ 1-78)2 shows that
only KDSDW (AR 29-33) is fully complementary to
DKKRE via ionic and H bonds (Scheme 1, top). In
comparison, FpB (ZGVNDNEEGFFSAR) is neither linked
with nor complementary to DKKREE.

To initiate clotting, thrombin exosite-1 binds to the
fibrinogen KDSDW-containing AR 30-41 (Blomback et al.,
1977; Vali & Scheraga, 1988; Binnie & Lord, 1991;
Rasmussen et al., 1991), and the enzyme catalytic site binds
to the FpA-GPRVVER region (Martin et al., 1992; Hsieh,
1997). If DKKRE is indeed masked by KDSDW as
proposed, thrombin binding to the fibrinogen KDSDW region
alone should expose the DKKREE site, and subsequent
cleavage of FpA will further unmask the NH2 and Arg group
of GPR (Scheme 1, left). Since the ERHQS (AR 22-26)
region is also complementary to KDSDW, it is tempting to
speculate that reptilase cleavage of FpA may free ERHQS
to engage in ionic and H bonds with KDSDW, leading to a
similar expression of the GPR and DKKREE sites. In
contrast, copperhead venom cleavage of FpB may expose
the lateral GHRP site (Scheme 1, right). Finally, thrombin
cleavage of both FpA and FpB may expose GPR and

GHRPLDKKREE, capable of linear and lateral associations.
The proposed DKKREE and GHRP roles are in agreement
with the finding that Bâ 15-42 deletion impaired linear as
well as lateral associations. The functional importance of
the GPR and DKKREE sites is evident in the identical GPR
expression in human, bovine, and lamprey desAA-fibrins
(Cottrell & Doolittle, 1976), and in the highly conserved
DKKREE sequence among human, bovine, canine, ovine,
and porcine fibrinogens (Blomback et al., 1976; Chung et
al., 1981; Birken et al., 1975; Matsueda & Margolies, 1986).
Interestingly, the AR Gly-12 and AR 29-32 KDSD impor-
tant for, respectively, the proposedâ-bend and DKKREE
masking are also conserved in mammalian fibrinogens
(Henschen et al., 1983).

Although FpA and FpB cleavage may initially expose,
respectively, a linear and a lateral polymerization site
(Blomback et al., 1978), the resulting desAA-, desBB-, and
desAABB-fibrin eventually formed similar three-dimensional
clots regardless of whether they were generated by reptilase,
copperhead venom, or thrombin (Weisel, 1986; Voter et al.,
1986). Hence, a common mechanism is probably involved
in exposing additional linear, lateral, and branching sites on
fibrin. Because most (93%) fibrinogen molecules contain
an E domain associated with their ownRC fragments (Mr

of 40 000; Veklich et al., 1993; Gorkun et al., 1994), it is
likely that E domain binding with procoagulant enzymes like
thrombin (Mr of 36 500), which is 1/10 of the size of
fibrinogen (Mr of 340 000), will lead to steric repulsion of
RC, thus exposing multiple sites initially bound to this large
AR 220-609 fragment. The defective polymerization
displayed by fibrinogen Detroit with mutated GPR sites
(Blomback et al., 1978) further suggests that N-terminal
binding to the D domain also contributes to this process.
Taken together with the higher affinity of fibrin for thrombin
(Kd of 10-6 M) than for GPR and DKKREE (IC30 of 10-3-
10-4 M), it is proposed that thrombin binding to the E domain
initiates a partialRC repulsion which, in turn, promotes GPR

Scheme 1: A Proposed Folding of Fibrinogen AR 1-36 and Bâ 15-25a

a Selective FpA cleavage (left) may expose a linear GPR (AR 17-19) site and DKKREE (Bâ 20-25). Selective FpB cleavage (right) may
expose the lateral GHRP (Bâ 15-18) site. Thrombin cleavage of FpA and FpB may expose the GPR and GHRPLDKKREE sites, capable of linear
and lateral associations. The exposed sites are shown in bold. Lines and slashes indicate potential ionic and H bonds.
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binding to the D domain of other fibrin(ogen). The resulting
D‚E association may allow a completeRC repulsion, thus
exposing polymerization sites beyond fibrin N-terminal
region. In this manner, two GPR groups linked via an AR
28-AR′ 28 disulfide bridge will bring two D domains plus
thrombin to a congested fibrin N-terminal region, and the
collective steric crowding should markedly accelerateRC
repulsion. In contrast, GHRP or otherâ-chain sites in
desBB-fibrin are distantly linked via Bâ 65-AR′ 36, with
the latter being several residues from AR 28-AR′ 28. As a
result of less steric crowding, desBB-fibrin may induce a
less completeRC repulsion, leading to a lower turbidity for
desBB- than desAA-fibrin polymers. Since most (83%)RC
fragments in fibrin monomers are already repelled from the
E domain at pH 3.5 (Veklich et al., 1993), thrombin binding
is not needed for polymerization. The proposedRC role is
consistent with the findings thatRC was not required for
polymerization but effectively inhibited this process (Gorkun
et al., 1994; Lau, 1993) presumably by blockading multiple
sites.
The proposed polymerization mechanism may be relevant

to fibrinogen packing (Cohen et al., 1983; Voter et al., 1986)
and clot desorption of thrombin (Liu et al., 1979). At a high
fibrinogen concentration,RC fragments of different mol-
ecules will be crowded into close contact. SinceRC-RC
association andRC binding with the N-terminal region have
been observed (Veklich et al., 1993; Hasegawa & Sasaki,
1990), it is proposed thatRC crowding leads to its association
with the RC and E domain of adjacent molecules, thus
unmasking multiple sites for fibrinogen packing. Table 1
shows that unlike fibrin GPR, whose NH2 group is required
for a complementary site preferring a small N-terminal
residue, fibrinogen-like N-acylated peptides inhibited D‚E
packing with a different structural requirement and rank
order. Consistent with the nonidentical interaction, crystal-
lographic and computer modeling studies suggest a one-third
stagger in fibrinogen at low ionic strengths, but a one-half
stagger in fibrin and fibrinogen under high-ionic strength
conditions like 0.3 M KF (Cohen et al., 1983). Jointly, the
RC fragment and the millimolar-effective N-acylated GPR
and GHRP may allow concentrated fibrinogen (>10-4 M)
to pack in a manner similar, but not necessarily identical, to
that of fibrin, thus permitting fibrinogen cross-linking by
factor XIIIa.
As 5-fold more thrombin was adsorbed by polymerizing

fibrin than preformed clot (Wilner et al., 1981), yet a
significant amount (60% in 2 days at 37°C) of fibrin-bound
enzyme could diffuse out of the clot (Liu et al., 1979),
thrombin appears to initially bind fibrin polymerization sites
but become dislodged upon D‚E polymerization. Our results
show that GPRVVER, GHRP, and acyl-DKKREE inhibited
polymerization at 10-3-10-4 M and interacted with thrombin
at a similar range (Hsieh, 1997). These findings indicate
that thrombin binding and D‚E association involve similar
fibrin sites and that GPR alone is insufficient to initiate a
micromolar-affinity D‚E association. To surmount the
micromolar fibrin-thrombin binding (Liu et al., 1979; Binnie
& Lord, 1993), the concerted action of GPR with DKKREE,
the second GPR/DKKREE, and/or sites exposed by the
partial RC repulsion may be needed to synergistically
enhance D‚E binding to the micromolar range. Subsequent
fibrin trimer formation may lead to a completeRC repulsion
and high-affinity (107 M-1) polymerization, whose consump-

tion of thrombin-binding sites may dislodge the enzyme from
fibrin clot, thus re-exposing thrombin exosite-1 and the
catalytic site for fibrinolysis and wound healing.
In summary, fibrin E domain DKKREE, GPR, and

GHRPLDKKREE polymerization sites may be directly
exposed by thrombin binding, and by FpA and FpB cleavage.
Indirectly, fibrin E domain binding to thrombin and to D
domains of other fibrin(ogen) may promoteRC repulsion,
thus exposing other sites beyond the N-terminal region. As
FpA cleavage will disrupt salt bridges and H bonds within
AR 1-24, the newly unmasked sites may drive the fibrin
N-terminal region to form alternative ionic and H bonds,
thereby sequentially exposing additional sequences (Scheme
1). Such a conformation-driven mechanism may also
contribute toD-site formation. By a combination of mech-
anisms, discrete fibrin sequences on different chains may
be brought together to form high-affinity sites. The sequen-
tial nature of the proposed polymerization model may explain
two seemingly contradictory observations. On one hand, the
clotting defects displayed by various single-site-mutated
fibrinogens (Dang et al., 1989a; Bantia et al., 1990) may be
attributed to their interrupted polymerization-site formation.
On the other hand, abnormal fibrinogens still formed
defective gels (Mosesson et al., 1987; Siebenlist et al., 1990;
Kamura et al., 1995), as would be expected from the weak
D‚E interaction of their incompletely formed polymerization
sites.

SUPPORTING INFORMATION AVAILABLE

Analytical data of peptide analogs (1 page). Ordering
information is given on any current masthead page.
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