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Abstract

Propagation of venous thrombi or rethrombosis after coronary
thrombolytic therapy can occur despite heparin administra-
tion. To explore potential mechanisms, we set out to determine
whether clot-bound thrombin is relatively protected from inhi-
bition by heparin-antithrombin III but susceptible to inactiva-
tion by antithrombin III-independent inhibitors. Using plasma
fibrinopeptide A (FPA) levels as an index of thrombin activity,
we compared the ability of thrombin inhibitors to block FPA
release mediated by fluid-phase thrombin with their activity
against the clot-bound enzyme. Incubation of thrombin with
citrated plasma results in concentration-dependent FPA gener-
ation, which reaches a plateau within minutes. ¥n contrast,
there is progressive FPA generation when fibrin clots are in-
cubated with citrated plasma. Heparin, hirudin, hirudin do-
decapeptide (hirugen), and D-phenylalanyl-L-prolyl-L-arginyl
chloromethyl ketone (PPACK) produce concentration-depen-
dent inhibition of FPA release mediated by fluid-phase throm-
bin. However, heparin is much less effective at inhibiting
thrombin bound to fibrin because a 20-fold higher concentra-
tion is necessary to block 70% of the activity of the clot-bound
enzyme than is required for equivalent inhibition of fluid-phase
thrombin (2.0 and 0.1 U/ml, respectively). In contrast, hirugen
and PPACK are equally effective inhibitors of fluid- and solid-
phase thrombin, while hirudin is only 50% as effective against
the clot-bound enzyme. None of the inhibitors displace bound
1251.]abeled thrombin from the clot. These studies indicate that
(a) clot-bound thrombin is relatively protected from inhibition
by heparin, possibly because the heparin binding site on
thrombin is inaccessible when the enzyme is bound to fibrin,
and (D) clot-bound thrombin is susceptible to inactivation by
antithrombin III-independent inhibitors because the sites of
their interaction are not masked by thrombin binding to fibrin.
For these reasons, antithrombin III-independent inhibitors
may be more effective than heparin in certain clinical settings.
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Introduction

Thrombin converts fibrinogen into insoluble fibrin by cleaving
fibrinopeptides A and B (FPA and FPB, respectively)' from the
amino-terminal regions of the Aa and Bg chains of fibrinogen,
respectively (1). During this reaction thrombin is adsorbed to
fibrin through a site distinct from its catalytic serine center
(2-7). Since thrombin bound to fibrin equilibrates slowly with
the external solution (3), its reactivity with inhibitors outside
the clot may be limited.

Heparin is an effective antithrombotic agent that acts pri-
marily by catalyzing the inactivation of thrombin and acti-
vated Factor X by antithrombin III (8-11). Recent studies
done in buffer systems have demonstrated that thrombin
bound to fibrin monomer is resistant to inactivation by hepa-
rin—-antithrombin III (12). This phenomenon may explain why
heparin is limited in its ability to inhibit the propagation of
venous thrombi, and to prevent rethrombosis after successful
coronary thrombolysis. In experimental animals, fibrin accre-
tion onto jugular vein thrombi is only 50% inhibited by high
concentrations of heparin (13). Similarly, propagation of
thrombi in the deep veins of the lower extremities occurs in
~ 10% of patients during heparin therapy (14-16). Further,
unless maintenance anticoagulant therapy is given to patients
with deep vein thrombosis, clot extension occurs in 29-47% of
patients treated with a 5-14-d course of heparin (17, 18). Fi-
nally, heparin does not prevent rethrombosis after successful
tissue plasminogen activator-induced coronary thrombolysis
in experimental animals (19) or in man (20).

The limitations of heparin therapy are consistent with the
hypothesis that in a plasma system, thrombin bound to fibrin
is protected from inactivation by heparin-antithrombin IIL
Accordingly, we have performed studies in plasma to deter-
mine whether thrombin bound to fibrin is (@) enzymatically
active, (b) relatively resistant to inhibition by heparin-an-
tithrombin III, and (¢) more susceptible to inactivation by
antithrombin IlI-independent inhibitors.

Methods

Reagents. Human a-thrombin, sp act 2,850 U/mg, was generously
provided by Dr. J. Fenton II, New York State Department of Health,
Albany, NY. Standard heparin from porcine intestinal mucosa (grade
II) was purchased from Sigma Chemical Co., St. Louis, MO, while
D-phenylalanyl-L-prolyl-L-arginyl chloromethyl ketone (PPACK) was
from Calbiochem Corp., San Diego, CA. Recombinant hirudin with a
Val-Val amino-terminal sequence was obtained from American Diag-
nostica, New York, NY. The synthetic, tyrosine-sulfated dodecapep-

1. Abbreviations used in this paper: FPA, fibrinopeptide A; PPACK,
D-phenylalanyl-L-prolyl-L-arginyl chloromethyl ketone; TBS, 0.1 M
NaCl buffered with 0.05 M Tris HCI, pH 7.4.
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tide hirugen (Biogen Inc., Cambridge, MA), comprising residues 53-64
of hirudin (H-peptide, BG 8865) was prepared by solid-phase peptide
synthesis, chemical sulfation of Tyr-11, and final purification using
reverse-phase HPLC (21). By forming a 1:1 complex with thrombin,
hirugen inhibits the fibrinogenolytic activity of the enzyme but does
not impair its amidolytic activity. Based on these findings, it is likely
that hirugen interacts with a noncatalytic site on thrombin (21).

Radioimmunoassay of FPA. FPA was assayed as previously de-
scribed (22) using antiserum R2. This antibody is specific for FPA (23,
24) and does not crossreact with fibrinogen or FPA-containing frag-
ments derived from the amino-terminal region of the Aa chain of
fibrinogen (24-26).

Thrombin-mediated FPA release from fibrinogen in plasma. Using
a 21-gauge butterfly needle, blood was collected from the antecubital
veins of healthy volunteers into plastic syringes prefilled with 1:10 vol
of 3.8% trisodium citrate. After thorough mixing with the anticoagu-
lant, the red cells were sedimented by centrifugation at 1,700 g for 15
min at 4°C, and the platelet-poor plasma was harvested.

Human a-thrombin, in concentrations ranging from 0.02 to 0.4
nM, was incubated with 500-ul aliquots of citrated plasma for 60 min
at 37°C in the presence or absence of varying concentrations of the
following thrombin inhibitors: heparin, hirudin, hirugen, and PPACK.
At intervals, 100-ul aliquots were removed and the reaction was termi-
nated and fibrinogen was precipitated by the addition of 300 ul of
chilled ethanol followed by centrifugation at 15,000 g for 5 min. The
ethanol supernatants were then evaporated to dryness in a Speed-Vac
concentrator (Savant Instruments, Inc., Hicksville, NY), reconstituted
to original volume with distilled water, and assayed for FPA.

Preparation of '*I-labeled fibrinogen. Fibrinogen was precipitated
from barium sulfate adsorbed plasma with 2 M S-alanine as described
elsewhere (27). The isolated fibrinogen was then trace-labeled with %1
by the method of McFarlane (28) to a sp act of 1005 uCi/mg.

Formation of '*I-labeled fibrin clots. Fresh citrated plasma was
supplemented with '?’I-labeled fibrinogen (~ 120,000 cpm/ml) and
500-ul aliquots were then transferred to polypropylene Eppendorf
tubes. '#’I-Labeled fibrin clots were formed around wire hooks by the
addition of CaCl, (final concentration, 25 mM). For some experi-
ments, '>’I-labeled clots of varying sizes were prepared by the recalcifi-
cation of plasma in volumes ranging from 250 ul to 1 ml. In all cases,
however, the clots were aged for 60 min at 37°C with constant agita-
tion, and then washed 10 times with 1-ml aliquots of 0.1 M NaCl
buffered with 0.05 M Tris-HCI, pH 7.4 (TBS), over the course of 18 h
to eliminate FPA trapped within the clots. To determine the efficiency
of washing, aliquots taken from each of the washes were assayed for
FPA. The washed clots were then counted for radioactivity for 1 min
using a gamma counter (LKB Instruments, Inc., Gaithersburg, MD).

FPA generation by thrombin bound to fibrin. Washed '*I-labeled
fibrin clots were incubated in 1-ml aliquots of fresh citrated plasma for
60 min at 37°C in the presence or absence of the various thrombin
inhibitors. In control experiments, clots were incubated in TBS in
place of plasma. At intervals, 100-ul aliquots were removed and the
unreacted fibrinogen was precipitated by the addition of 300 1 chilled
ethanol followed by centrifugation at 15,000 g for 5 min. The ethanol
supernatants were then evaporated to dryness in a Speed-Vac concen-
trator, reconstituted to original volume with distilled water, and as-
sayed for FPA.

Preparation of '’ I-labeled thrombin. Human a-thrombin was io-
dinated by the solid-phase lactoperoxidase-glucose oxidase procedure
(Enzymobead reagent; Bio-Rad Laboratories, Mississauga, Ontario,
Canada) as described by Martin et al. (29). The '*’I-labeled thrombin
had a sp act of ~ 5.4 X 10* uCi/mg, and was indistinguishable from
native thrombin by SDS-PAGE and by its ability to clot fibrinogen.

Binding of ' I-labeled thrombin to fibrin. '*I-Labeled thrombin
was added to citrated plasma (~ 100,000 cpm/ml), and 500-¢l ali-
quots of plasma were then transferred to polypropylene Eppendorf
tubes. Clots were formed around wire hooks as described above. After
incubation for 60 min at 37°C the clots were removed and washed
three times with 500-ul aliquots of TBS, and the incorporation of
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125 labeled thrombin was determined by counting the clots for radio-
activity for 1 min. The clots were then washed extensively for 18 h as
described above, and counted again for radioactivity to quantify the
residual '?’I-labeled thrombin bound to fibrin.

Effects of thrombin inhibitors on '*I-labeled thrombin bound to
fibrin. Clots were incubated at 37°C in 500-ul aliquots of plasma or
buffer in the presence or absence of the various thrombin inhibitors. At
30- and 60-min incubation, 20-ul aliquots were collected and counted
for radioactivity to monitor release of '?’I-labeled thrombin. At the
same times, 100-ul aliquots also were removed and the unreacted
fibrinogen was precipitated with 300 ul of chilled ethanol followed by
centrifugation at 15,000 g for 5 min. The ethanol supernatants were
then evaporated to dryness, reconstituted to original volume with dis-
tilled water, and assayed for FPA. At the end of the 60-min incubation
period the clots were removed, washed three times with 500-ul aliquots
of TBS, and then counted to quantify the residual '>I-labeled throm-
bin bound to fibrin.

Results

Thrombin-mediated FPA release from fibrinogen in plasma.
The incubation of thrombin with citrated plasma results in
concentration-dependent generation of FPA which rapidly
reaches a plateau as the enzyme is neutralized by antithrom-
bins (Fig. 1). By plotting the amount of FPA released at 60-
min incubation as a function of the thrombin concentration, a
dose-response curve can be constructed (Fig. 2).

Effect of thrombin inhibitors on thrombin-mediated FPA
release. Using the plasma system, we compared the ability of
each of the thrombin inhibitors to block FPA release mediated
by fluid-phase thrombin at concentrations ranging from 0.02
to 0.4 nM. As illustrated in Fig. 2, each agent produces con-
centration-dependent inhibition of thrombin-induced FPA re-
lease.

Formation of '*I-labeled fibrin clots. The recalcification of
500-ul aliquots of plasma containing !*’I-labeled fibrinogen
results in the formation of fibrin clots of standard size as de-
termined by their radioactivity. Over 95% of the radiolabeled
fibrinogen is incorporated into the clot so that the radioactivity
is 57,342+1,280 cpm (mean+SD).
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Figure 1. Time course of thrombin-mediated FPA generation in
plasma. Human a-thrombin, in the concentrations shown, was incu-
bated within citrated plasma for 60 min at 37°C. At the times indi-
cated, aliquots were removed, unreacted fibrinogen was precipitated
with ethanol, and the ethanol supernatants were assayed for FPA.
Each point represents the mean of three separate experiments, each
done in duplicate.
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Figure 2. Effect of thrombin inhibitors on thrombin-mediated FPA
release. Human a-thrombin, in the concentrations shown, was incu-
bated with citrated plasma for 60 min at 37°C in the absence (o) or
presence of varying concentrations of the following thrombin inhibi-
tors: A, heparin (0); B, PPACK (v); C, hirudin (0); and D, hirugen
(0). At the end of the incubation period, unreacted fibrinogen was
precipitated with ethanol and the ethanol supernatants were assayed
for FPA. Each point represents the mean of three separate experi-
ments.

Extensive washing of the clots is essential to remove
trapped FPA. Assay of FPA in successive washes demonstrates
that most of the FPA is removed in the first 4 h. To ensure
complete removal of trapped FPA, however, the clots were
washed for 18 h. At this time < 5 nM FPA was recovered in the
wash buffer.

FPA generation by clot-bound thrombin. When washed
125]_1abeled fibrin clots are incubated in citrated plasma, there
is time-dependent generation of FPA (Fig. 3). In contrast, no
increase in the plasma FPA level occurs when plasma is incu-
bated in the absence of a clot (Fig. 3). To confirm that clot-
bound thrombin is responsible for the increase in the FPA
levels, several control experiments were performed. First, this
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Figure 3. Time-course of FPA generation by thrombin bound to fi-
brin. Citrated plasma was incubated for 90 min at 37°C in the pres-
ence (solid line) or absence (broken line) of a washed fibrin clot. At
the times indicated, aliquots of plasma were removed, unreacted fi-
brinogen was precipitated with ethanol, and the ethanol supernatants
were assayed for FPA.

increase does not result from the release of trapped peptide
since <5 nM FPA is recovered when clots are incubated in
buffer in place of plasma. Second, clot-bound thrombin is
responsible for this activity since no FPA is generated when
clots preincubated for 30 min at 37°C in buffer containing 10
nM hirudin or 6 nM PPACK are washed and then incubated
in plasma. Third, the amount of FPA generated by clot-bound
thrombin is directly related to clot size (Table I), consistent
with the concept that thrombin binding is dependent on the
amount of available fibrin. In addition, the amount of FPA
generated by clot sonicates is approximately threefold higher
than that produced by intact clots (Table I). This finding sug-
gests that only thrombin bound to the surface of intact clots is
available to interact with fibrinogen, whereas additional
thrombin is exposed in the clot sonicates.

Incubation of clot sonicates with citrated plasma results in
progressive FPA generation with a time course similar to that
produced by the intact clots (data not shown). These findings
suggest that thrombin that remains bound to clot fragments is
also protected from fluid-phase antiproteinases.

Comparison of the activity of thrombin inhibitors against
Sluid-phase and clot-bound thrombin. To determine the ability
of thrombin inhibitors to inactivate thrombin bound to fibrin,
clots were incubated in plasma in the presence or absence of
the various agents and FPA release was quantified. These re-
sults were then compared with the activity of the thrombin
inhibitors against FPA generated by fluid-phase thrombin.

Table I. FPA Generation at 60-min Incubation by Intact
and Sonicated Clots of Different Sizes

FPA
Clot mass Intact Sonicated Ratio
cpm X 107? nM
289 41.0 131.8 3.2
62.3 92,5 249.5 2.7
94.5 117.1 359.6 3.8
126.7 160.8 478.3 2.8

The results shown represent the mean of three separate experiments.
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Figure 4. Comparison of the inhibitory effect of PPACK against
fluid-phase (open bars) and clot-bound thrombin activity (solid bars).
To determine the inhibitory effect against fluid-phase thrombin ac-
tivity, a-thrombin (0.2-4.0 nM) was incubated with citrated plasma
for 60 min at 37°C in the absence or presence of PPACK at the con-
centrations indicated. At the end of the incubation period, the
plasma levels of FPA were determined, and the percent inhibition of
FPA generation was then calculated for each inhibitor concentration.
To determine the inhibitory effect against clot-bound thrombin ac-
tivity, washed fibrin clots were incubated in citrated plasma for 60
min at 37°C in the absence or presence of varying concentrations of
PPACK. At the end of the incubation period, the plasma levels of
FPA were determined, and the percent inhibition of clot-induced
FPA generation was then calculated for each inhibitor concentration.
Each bar represents the mean of three separate experiments (each
done in duplicate), while the lines above the bars represent the SD.

PPACK (Fig. 4) and hirugen (Fig. 5) are equally effective in-
hibitors of fluid-phase and clot-bound thrombin because they
block FPA release mediated by free thrombin and by the clot-
bound enzyme to a similar extent. Hirudin is slightly less ac-
tive against solid-phase thrombin than it is against the fluid-
phase enzyme since each concentration of this agent inhibits
the activity of clot-bound thrombin 50% less than the fluid-
phase enzyme (Fig. 6). In contrast, heparin is much less effec-
tive at inhibiting thrombin bound to fibrin (Fig. 7). For exam-
ple, 0.1 U/ml of heparin produces 70% inhibition of FPA
release mediated by fluid-phase thrombin but has almost no
activity against the clot-bound enzyme. Although heparin
concentrations of 0.2-0.4 U/ml, which span the therapeutic
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Figure 5. Comparison of the inhibitory effect of hirugen against
fluid-phase (open bars) and clot-bound thrombin activity (solid bars).
The inhibitory activity of hirugen was determined as described in the
legend to Fig. 4. Each bar represents the mean of three separate ex-
periments (each done in duplicate), while the lines above the bars
represent the SD.

388 J. I Weitz, M. Hudoba, D. Massel, J. Maraganore, and J. Hirsh

1004
—~
R
~
C
.0
B %
£
£

0

014 07 1.4 43 7.1
Hirudin (nM)

Figure 6. Comparison of the inhibitory effect of hirudin against
fluid-phase (open bars) and clot-bound thrombin activity (solid bars).
The inhibitory activity of hirudin was determined as described in the
legend to Fig. 4. Each bar represents the mean of three separate ex-
periments (each done in duplicate), while the lines above the bars
represent the SD.

range for this agent (30), completely inhibit FPA release me-
diated by free thrombin, they produce only 20-40% inhibition
of clot-bound FPA generation. Similarly, a concentration of 1
U/ml, which may be achieved after 5,000 U of heparin is given
as a bolus to patients (31), inhibits the activity of clot-bound
thrombin by only 60%. Increased inhibition is produced by
higher concentrations of heparin, and a concentration of 2
U/ml produces 70% inhibition, an amount equivalent to the
inhibition of fluid-phase thrombin effected by a concentration
of heparin of 0.1 U/ml.

Inability of thrombin inhibitors to displace ' I-labeled
thrombin bound to fibrin. To directly monitor thrombin bind-
ing to fibrin we measured the incorporation of '?I-labeled
thrombin into clots. After aging the clots for 60 min and
washing them thoroughly to remove trapped thrombin,
29.2+3.5% of the labeled enzyme was bound to fibrin. Despite
18 h of extensive washing at 23°C, 10.4+1.8% of the '*I-la-
beled thrombin remained bound to fibrin. The ability of the
various thrombin inhibitors to displace bound thrombin was
then tested. Using each of the inhibitors at the concentration
that produced 70% inhibition of FPA generation by clot-
bound thrombin (i.e., 2.0 U/ml heparin, 7.1 nM hirudin, 1.9
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Figure 7. Comparison of the inhibitory effect of heparin against
fluid-phase (open bars) and clot-bound thrombin activity (solid bars).
The inhibitory activity of heparin was determined as described in the
legend to Fig. 4. Each bar represents the mean of three separate ex-
periments (each done in duplicate), while the lines above the bars
represent the SD.



M hirugen, and 3 nM PPACK), displacement of '?*I-labeled
enzyme bound to the clot was not observed.

Discussion

These studies confirm previous reports that thrombin bound
to fibrin is enzymatically active (2-7) and is protected from
inhibition by heparin-antithrombin IIlI (12). However, we
have extended these observations in a number of important
ways. First, we have demonstrated that clot-bound thrombin is
capable of releasing FPA from fibrinogen despite the presence
of physiologic concentrations of antiproteinases (Fig. 3) since
our studies were done in plasma and not in a buffer system.
Second, we have shown that thrombin bound to fibrin poly-
mer is relatively protected from heparin inactivation (Fig. 7).
The use of plasma-derived clots rather than artificially pro-
duced fibrin monomer (12) models more closely the physio-
logic events that occur during the coagulation process. Third,
we have compared the susceptibility to inactivation of throm-
bin bound to fibrin with that of thrombin free in solution.
These studies indicate that clot-bound thrombin is relatively
protected from inactivation by heparin but is susceptible to
inhibition by antithrombin III-independent inhibitors.

The thrombin inhibitors used in our study are heparin,
hirudin, hirugen, and PPACK. These agents were chosen be-
cause they have different mechanisms of action. Heparin cata-
lyzes thrombin inactivation by antithrombin III (8-11), while
the other thrombin inhibitors act independently of antithrom-
bin III. Hirudin, a potent and specific inhibitor derived from
Hirudo medicinalis, forms an essentially irreversible, stoichio-
metric complex with thrombin with a dissociation constant
reported as low as 20 fM (32). Recombinant forms of hirudin
also have potent antithrombotic activity despite the fact that
they are not sulfated at Tyr-63 (33). Hirugen is a synthetic
Tyr-sulfated dodecapeptide comprising residues 53-64 of the
carboxy-terminal region of hirudin (19). The antithrombin ac-
tivity of hirugen appears to be the result of interaction with a
noncatalytic site on thrombin, since hirugen blocks the fibri-
nogenolytic activity of the enzyme without affecting the ami-
dolytic activity of thrombin against low molecular weight syn-
thetic substrates (21). In contrast, PPACK binds to the active
site of thrombin, wherein the active center histidine is irrevers-
- ibly alkylated by the chloromethyl ketone (34).

We compared the ability of these thrombin inhibitors to
block fluid-phase thrombin with their activity against throm-
bin bound to fibrin. For both systems, plasma levels of FPA
were used as an index of unopposed thrombin activity. The
addition of a-thrombin to citrated plasma results in concen-
tration-dependent generation of FPA (Fig. 1). With each con-
centration of thrombin, FPA release reaches a plateau within
minutes, consistent with rapid enzyme inhibition by plasma
antithrombins. All of the thrombin inhibitors produce con-
centration-dependent inhibition of thrombin-mediated FPA
release in plasma. Using the plasma system, we then identified
concentrations of each agent that produce approximately
equivalent inhibition of FPA release (Fig. 2).

The time course of FPA generation by clot-bound throm-
bin (Fig. 3) is different from that produced by the fluid-phase
enzyme (Fig. 1). In the presence of a clot that has been thor-
oughly washed to remove trapped FPA and unbound throm-

bin, there is progressive FPA generation throughout the incu-
bation period, indicating that clot-bound thrombin is enzy-
matically active and is protected from inactivation by plasma
antiproteinases. Clots of increasing size generate more FPA
(Table I), presumably because the larger surface area exposes
more thrombin to fibrinogen. Sonicates of washed clots gener-
ate approximately threefold more FPA than do intact clots,
suggesting that fibrinogen in the surrounding plasma does not
have free access to thrombin bound to fibrin in the interstices
of the intact clot.

The ability of thrombin inhibitors to block FPA release
mediated by fluid-phase thrombin was then compared with
their activity against the clot-bound enzyme. Heparin is a rela-
tively poor inhibitor of thrombin bound to fibrin since a con-
centration of heparin that inhibits ~ 70% of thrombin-me-
diated FPA release has no effect on the activity of the clot-
bound enzyme (Fig. 7). Instead, a 20-fold higher heparin
concentration is required to produce equivalent inhibition of
clot-induced FPA release (2.0 and 0.1 U/ml, respectively).
Therefore, like thrombin bound to fibrin monomer (12), en-
zyme bound to a clot is also relatively protected from inacti-
vation by heparin-antithrombin IIIL In contrast, PPACK and
hirugen are equally effective inhibitors of fluid- and solid-
phase thrombin (Figs. 4 and 5, respectively). Hirudin is a
slightly better inhibitor of the fluid-phase enzyme since each
concentration of this agent produces twofold more inhibition
of free thrombin than of the clot-bound enzyme (Fig. 6). These
findings suggest that clot-bound thrombin may be readily ac-
cessible to low molecular weight inhibitors such as hirugen and
PPACK (1,578 and 524 D, respectively), and less susceptible
to inhibition by the 7,000-D hirudin molecule.

To explore the mechanism by which thrombin bound to
fibrin is protected from inhibition by heparin-antithrombin
III but susceptible to inactivation by antithrombin III-inde-
pendent inhibitors, we examined the ability of the various
agents to displace '**I-labeled thrombin from the clot. When
used at concentrations that blocked 70% of clot-induced FPA
generation (i.e., 0.1 U/ml heparin, 1.4 nM hirudin, 1.9 uM
hirugen, and 3.0 nM PPACK), none of the inhibitors displaced
fibrin-bound thrombin into the surrounding medium.
PPACK, which blocks the active center histidine of thrombin
(34), would not be expected to displace thrombin since the
enzyme binds to fibrin through a site distinct from its catalytic
center (2-7). Hirudin binds to two sites on thrombin during
the formation of the enzyme-inhibitor complex. One is a low
affinity site that does not impair thrombin-catalyzed hydroly-
sis of low molecular weight substrates, while the other is a high
affinity site near the catalytic center of the enzyme (32). Hiru-
gen is an analogue of the carboxy-terminal region of hirudin.
Its antithrombin effect is thought to be the result of hirugen
interaction with the noncatalytic fibrinogen binding site on
thrombin (21). The experiments with '*I-labeled thrombin
suggest that inhibition of clot-bound thrombin by hirugen and
hirudin does not depend on enzyme displacement from its
fibrin binding site.

Other investigators have demonstrated that hirudin can
displace thrombin that is bound to fibrin monomer-Sepharose
(4, 6). Our results are not necessarily incompatible with these
findings since we investigated the displacement of thrombin
bound to fibrin clots rather than to fibrin monomer. In addi-
tion, we used concentrations of hirudin that effectively block
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FPA generation by clot-bound thrombin. Although these con-
centrations of hirudin do not displace the enzyme from fibrin,
they are ~ 400-fold lower than the concentrations necessary
to displace thrombin from fibrin monomer-Sepharose (4, 6).

Heparin acts as an anticoagulant principally by catalyzing
antithrombin III-mediated inactivation of thrombin (8-11).
To accomplish this, heparin acts as a template and binds to
both thrombin and antithrombin III (10, 11). Recent studies in
buffer systems have demonstrated that thrombin bound to
fibrin monomer is protected from inactivation by heparin-an-
tithrombin III (12). Our findings are consistent with these ob-
servations, and demonstrate that thrombin bound to fibrin
clots is relatively protected from inhibition by heparin-an-
tithrombin III in a plasma system. In addition, it is likely that
the heparin binding site on thrombin is inaccessible when the
enzyme is bound to fibrin, since concentrations of heparin that
produce 70% inhibition of FPA release mediated by fluid-
phase thrombin do not inhibit the clot-bound enzyme. A re-
cent study by Mirshahi et al. (35) suggests that thrombin
bound to fibrin degradation products also may be relatively
protected from inactivation by heparin since enzyme released
from the clot during pharmacologically induced fibrinolysis is
more susceptible to inactivation by hirudin than by heparin.

Although heparin has proven to be an extremely effective
antithrombotic agent, both experimental and clinical studies
indicate that it is limited in its ability to inhibit the propagation
of venous thrombi (14-18) or to prevent coronary rethrom-
bosis after thrombolytic therapy (19, 20). The studies pre-
sented here provide a plausible explanation for these limita-
tions. Further, they raise the possibility that antithrombin III-
independent inhibitors may be more effective than heparin in
these clinical settings.
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