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Abstract To demonstrate that human o-thrombin is effectively inactivated by human
antithrombin 11l (AT) during the production of a fibrin clot we measured the
amount of a-thrombin activity which can be recovered from a clot generated
from purified human proteins. We discovered that 0.05-0.07% of the original
a-thrombin activity is recovered from a fibrin clot produced from a reaction
mixture where the initial concentrations of AT and a-thrombin were chosen at
a ratio (17.5) to allow complete conversion of fibrinogen to fibrin. These
results indicated that a-thrombin is successfully inactivated by AT during the
production of a fibrin clot. Further, when an amount of a-thrombin equal to
that recovered from a fibrin clot is introduced into a solution of fibrinogen and
AT identical to that utilized to produce the clot only 4% of the fibrinogen is
converted to fibrin. These results suggest that i) when a fibrin clot is
dissolved during fibrinolytic therapy little active o-thrombin should be
released from the clot and ii) this amount of thrombin is insufficient to catalyze
rethrombosis without proposing de novo production of thrombin. The action
on factors XI, VIII, and V of the small amount of thrombin released upon
thrombolysis, however, may provide the stimulus for de novo production of
sufficient thrombin to catalyze rethrombosis.
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The process of blood coagulation comprises a balanced set of reactions which
compete to both activate and inactivate a number of serine proteases required for the
production of a fibrin clot. During the final stages of the coagulation cascade the
serine protease a-thrombin proteolytically cleaves fibrinopeptides A and B (FPA and
FPB) from fibrinogen. The a-thrombin-catalyzed hydrolysis of FPA enables the
resulting fibrin monomer to polymerize with additional fibrin units and thereby
construct the insoluble fibrin clot (for review see ref 1). In competition with the
proteolysis of fibrinogen, a-thrombin is inactivated by the protease inhibitors present in
plasma. The plasma inhibitor antithrombin Ill (AT) is a major inhibitor of a-thrombin
and inactivates a-thrombin by forming an irreversible complex with the active site of «-
thrombin (2-3).

o-Thrombin binds to fibrin during the process of coagulation and it has been
determined that the dissociation constant of the thrombin:fibrin complex ranges
between 2 and 4 uM (4-8). The magnitude of the dissociation constant suggests that
a-thrombin should be extensively bound to the fibrin clot within a volume element of
the vasculature where the majority of the fibrinogen present in plasma is converted to
fibrin. It is reported that a-thrombin bound to a fibrin clot is resistant to inactivation by
protease inhibitors such as AT(4, 9-11). Interestingly, it has been observed that there
is a frequent occurrence of rethrombosis when thrombi in the coronary vasculature are
dissolved during thrombolytic therapy with agents such as streptokinase or tissue
plasminogen activator (12-14) and during this therapy there is a transient increase in
thrombin activity as measured by an increase in plasma concentrations of FPA (17).
Consequently, it has been hypothesized that when a clot is dissolved during
thrombolytic therapy, catalytically active a-thrombin formerly bound to the clot may be
released and thereby catalyze rethrombosis (9, 11, 15-17).

Evidence suggests that a-thrombin interacts with fibrin through a fibrin(ogen)
binding exosite which is distinct from the active site of a-thrombin. Investigations have
shown that a-thrombin which is modified at the active site is still competent to bind to
fibrin.(4, 6-7, 18-23) suggesting that the active site is not required for the recognition of
fibrin by a-thrombin. Additional studies have shown that peptides derived from
hirudin, a potent inhibitor of a-thrombin, bind to the exosite domain of a-thrombin and
block the interaction of o-thrombin with both fibrinogen and fibrin (24-26).
Investigations of the influence of fibrin on the inactivation of a-thrombin by AT
demonstrated that a-thrombin bound to fibrin is competent to react with AT (27-29).
Cumulatively, these findings are consistent with the view that a-thrombin binds to fibrin
through an exosite binding domain which leaves the active site of a-thrombin
accessible to react with AT. Thus, during the production of a fibrin clot a-thrombin
should be readily inactivated by inhibitors such as AT which react with the active site of
u-thrombin.

The reactivity of fibrin-bound a-thrombin with AT predicts that i) thrombin should
be inactivated by AT during the production of a fibrin clot and ii) dissolution of a fibrin
clot during fibrinolytic therapy should not present a risk rethrombosis based solely on
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the thrombin activity present in the clot. To determine whether a-thrombin is resistant
to inactivation during the production of a fibrin clot we measured the amount of a-
thrombin activity recovered from fibrin clots produced in the presence of AT using
purified human proteins. We chose a model system consisting of purified components
to enable us to determine i) the amount of active a-thrombin that is released following
dissolution of a fibrin clot, and ii) the potential of this amount of thrombin has for
catalyzing rethrombosis by its direct action on fibrinogen. A model system of purified
proteins enabled us to directly measure the thrombin activity remaining in the clot
without contributions to the activity from processes resulting in conversion of
prothrombin to thrombin subsequent to clot lysis. Our results show that a-thrombin can
be extensively inactivated by AT during the production of a fibrin clot and that following
plasmin-mediated dissolution of a clot little catalytically active a-thrombin is recovered
from the lysate. These results suggest that it is unlikely that the risk of rethrombosis
upon lysis of a fibrin clot (12-14) is due solely to the direct action of the released
thrombin on fibrinogen.

MATERIALS AND METHODS

Fibrinogen was purified from pooled outdated human plasma using a modification of
the B-alanine precipitation procedure (30). The precipitated protein was dissolved in
and dialyzed against 0.3 M NaCl, 0.05 M sodium phosphate, pH 7.5 and
chromatographed through lysine-Sepharose (Sigma) and gelatin-agarose (Sigma) to
remove plasminogen (31) and fibron{ao?tin. (32). The concentration of fibrinogen was
determined in 0.3 M NaCl using an E,g; = 15.1 and an Mr = 340,000 (33). Human o-
thrombin was a gift from Dr. John W. Fenton I, New York State Department of Health.
The thrombin was determined to be >95% a-thrombin based on SDS PAGE. The
concentration of a-thrombin was determined from the pseudo first order rate constant
for the release FPA from fibrinogen under conditions where the concentration of
fibrinogen was < Kyy/10.(30). Antithrombin 11l was a generous gift from Dr. Steven T.
O{§})n, Henry Ford Hospital, Detroit, MIl. AT concentrations were determined using an
EzeB = 6.5 and an Mr = 58,000 (34). Two-chain tissue plasminogen activator and
plasminogen were purchased from American Diagnostica Inc. and Sigma respectively.
N-p-Tosyl- Gly-Pro-Arg-p-nitroanilide (tos-GPR-pNA) was purchased from Sigma,
dissolved in distilled water, and its concentration determined in 10 mM Tris, 10 mM
HEPES, 0.1 M NaCl, pH 7.8 using an absorption coefficient at 342 nm of 8270 M-1cm-1
(35).
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Assay of Thrombin Activity

The activity of a-thrombin was measured at 25°C in 40 mM sodium phosphate, 0.084
M NaCl, 0.1% PEG, pH 7.4. Initial rates of «-thrombin-catalyzed hydrolysis of tos-
GPR-pNA were observed at 405 nm in a 1 ml sample containing 60 uM tos-GPR-pNA,
and 0.01 mg/mi aprotinin (Boehringer Mannheim). Initial rates were determined from
the slope of the line for the appearance of absorbance at 405 nm vs the reaction time.
The data for hydrolysis of tos-GPR-pNA were obtained prior to hydrolysis of 10% of the
substrate initially present. The amount of a-thrombin was then determined by
comparison of the measured initial rate to a standard curve of initial rates measured at
known a-thrombin concentrations. The activity of a-thrombin was measured in both
the supernatant solution containing free a-thrombin and the lysate solution containing
the a-thrombin which was formerly bound to fibrin (the presence of fibrin fragments
had no detectable effect on the thrombin-catalyzed cleavage of tos-GPR-pNA).
Control samples were assayed to account for the small amount of substrate hydrolysis
catalyzed by plasmin and t-PA. Care was taken to account for the loss of a-thrombin
activity (through a pathway independent of AT) during the incubation required for lysis
of the clot. Control experiments showed that the loss of a-thrombin activity behaved
according to first order kinetics and that the rate was sensitive to both the buffer
conditions and the concentration of fibrinogen present in the reaction mixture (data not
shown). This rate was independent of the concentration of AT

Binding of Thrombin to Fibrin and Dissolution of Fibrin Clots

The binding of a-thrombin to fibrin was measured at 37°C in 40 mM sodium
phosphate, 0.1% PEG, pH 7.4. Briefly, fibrinogen (4.1-12 uM) was incubated at 37°C
whereupon a-thrombin was added to the reaction mixture at a final concentration of
4.3 nM and allowed to react for one hour. The fibrinopeptides were completely
released from fibrinogen during the incubation with a-thrombin. The fibrin clot was
then collected on a glass rod and washed with distilled water (5 ml) over a 0.5 um
Teflon membrane (Millipore) using a Bichner funnel. The clot was lysed at 37°C in a
0.5 ml mixture containing 3 uM plasminogen, 9 nM tissue plasminogen activator (t-PA),
40 mM sodium phosphate, 0.084 M NaCl, 0.1% PEG, pH 7.4. Dissolution of the clot
required 6 hours and was considered complete when the clot was no longer visible.

Measurement of the Recovery of Thrombin Activity from a Clot produced in the
Presence of AT

Fibrinogen (7.5 uM) was incubated at 37°C in the presence of 74-3000 nM AT
whereupon «-thrombin was added to the mixture to give a final a-thrombin
concentration of 4.3-1400 nM. The concentration of a-thrombin and AT were chosen to
maintain a [AT)/[thrombin] ratio equal to 17.5. This ratio was chosen to ensure
complete conversion of fibrinogen to fibrin yet still provide sufficient AT for inactivation
of a-thrombin. An additional experiment was performed using 1.4 uM a-thrombin and
3 uM AT. The proteolytic release of fibrinopeptides was verified by HPLC
determination of the peptides using previously reported methods (36). Following
sufficient time to allow for complete inactivation (>95%) of a-thrombin by AT the clot
was collected a on a glass rod, lysed as described under "Binding of Thrombin to
Fibrin and Dissolution of Fibrin Clots", and assessed for the presence of catalytically
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active a-thrombin as described above. The time required for completion of the
reactions between AT, a-thrombin, and fibrin(ogen) were determined using our
previously published kinetic model for these reactions (29). This model predicts the
time course for the reactions of a-thrombin with AT and fibrin(ogen) utilizing the known
kinetic parameters for these reactions and initial concentrations of the reactants. The
required incubations time for completion of the reactions of a-thrombin with AT and
fibrin(ogen) ranged from 0.5 hours at the highest concentration of a-thrombin and AT
to 3 hours at the lowest concentration of a-thrombin and AT.

Release of Fibrinopeptides from Fibrinogen

The release of fibrinopeptides were determined at 37°C in 40 mM sodium phosphate,
0.1% PEG, pH 7.4. o-Thrombin (0.002-56nM) was incubated with fibrinogen (7.5 uM)
and AT (74-3000 nM) until a-thrombin was completely inactivated by AT. The
incubation time required for inactivation of a-thrombin by AT was determined using our
previously published kinetic model for the reactions of a-thrombin with AT and
fibrin(ogen) (29). Complete inactivation was verified by determination of the quantity
of fibrinopeptide released at two different incubation times. Thereafter the proteins
were precipitated with 14% HCIO4 and following centrifugation the fibrinopeptides
were quantified by HPLC using methods previously reported (36).

RESULTS

The production of a fibrin clot yields an insoluble matrix that binds «-thrombin.
To demonstrate the binding of a-thrombin to fibrin we incubated a-thrombin with
several concentrations of fibrinogen. The mixture was incubated at 37°C to allow
sufficient time for the a-thrombin-catalyzed release of fibrinopeptides and formation of
the fibrin matrix. The fibrin clot was removed and the uncomplexed a-thrombin was
determined from the activity of a-thrombin discovered in the supernatant solution after
removal of the fibrin clot and the bound a-thrombin. Increasing concentrations of
fibrinogen resulted in decreasing amounts of a-thrombin remaining in the supernatant
solution or conversely increasing amounts of o-thrombin bound to the fibrin clot (Table
1). Independent measurements of both the a-thrombin in the supernatant solution and
the a-thrombin bound to the clot following dissolution of the clot demonstrated that o-
thrombin could be quantitatively recovered from the reaction mixtures (Table 1).
Assuming that a-thrombin binds to fibrin with a stoichiometry of one molecule of o-
thrombin bound per one fibrin monomer, the measurements of the a-thrombin
recovered from the supernatant solution were consistent with a value for the
dissociation constant of the thrombin:fibrin 1l complex equal to 1.9 £ 0.2 uM.
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TABLE |
Binding of Thrombin to Fibrina

[Fibrinogen] Percent of a-Thrombin in | Percent of a-Thrombin
(LM) the Supernatant Bound to the Clot
4.1 30 70
4.8 25 75
7.6 22 78(70)b
7.7 21 79(90)P
8.5 17 83
12 12 88

aThe binding of a-thrombin to fibrin was measured at 37°C in 0.04 M
sodium phosphate, 0.1% PEG, pH 7.4. The percent of free a-thrombin
was determined from the «-thrombin activity recovered from the
supernatant solution following removal of the fibrin clot. The percent of
bound o-thrombin was calculated from the a-thrombin activity
recovered in the supernatant assuming complete recovery of a-
thrombin activity. PThe values in parentheses represent the percent of
a-thrombin recovered from a fibrin clot following dissolution of the clot

by plasmin.
TABLE 1l
Recovery of a-Thrombin Activity from a Fibrin Clot Produced in the Presence of
ATa
Initial Concentrations Percent of a-Thrombin Activity
Recovered
[a-thrombin] [AT) supernatant lysed clot
(nM) (nM)
4.3 74 0.1 0.05
21.5 375 0.08 0.07
43 740 0.06 0.07
1400 3000 0.1 4.0

aThe recovery of a-thrombin activity was determined after the reactions
between the purified human proteins a-thrombin, fibrinogen and AT
had ceased. «-Thrombin activity was measured both in the

supernatant solution and the lysate solution following dissolution of the
clot with plasmin as described under "Materials and Methods".

To determine the effectiveness of antithrombin Il (AT) as an inhibitor of a-
thrombin during the simultaneous production of a fibrin clot, we performed
experiments where a fibrin clot was produced in the presence of AT. Using a
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fibrinogen concentration equal to 7.5 puM which is equal to typical plasma
concentrations of fibrinogen we wished to determine the amount of catalytically active
thrombin that remains in the clot when the clot is generated in the presence of AT. a-
Thrombin (4.3 nM) and AT (74 nM) concentrations were chosen such that the
fibrinopeptides would be completely released from fibrinogen prior to inactivation of a-
thrombin by AT. The second order rate constant for inactivation of a-thrombin by AT in
the absence of fibrin (1.6x104 M-1 s-1) predicts a half-life of ~10 min for this reaction in
the absence of fibrinogen. To produce a fibrin clot similar to one that might occur at the
site of a thrombus, we chose AT concentrations that would allow aimost complete
release of fibrinopeptides prior to the inactivation of thrombin. Reactions proceeded
for sufficient time to allow the a-thrombin-catalyzed release of fibrinopeptides and
inactivation of a-thrombin by AT. The clot generated by these reactions was assessed
for catalytically active a-thrombin following dissolution of the clot by plasmin. We
discovered that only 0.07% (Table [I) of the initial a-thrombin activity was recovered
from the clot under conditions where 70-90% of the total a-thrombin should be bound
to fibrin. Also, as expected very little a-thrombin activity was recovered from the
supernatant solution after removal of the fibrin clot. Similar experiments were
performed varying the a-thrombin and AT concentrations 10-fold while maintaining a
constant [AT)/[thrombin] ratio (17.5). This ratio was chosen to produce a reaction
mixture which was biased toward production of fibrin rather than inactivation of a-
thrombin by AT (see discussion). Under these conditions similar fractions of the total
thrombin activity were recovered from the clot after proteolytic dissolution of the clot
with plasmin (Table II). Although it is generally considered that only a small fraction of
the serum prothrombin is converted to thrombin during the production of a fibrin clot,
we wished to determine the amount of thrombin activity that is recovered from a fibrin
clot produced during conditions of maximal activation of thrombin where the AT
concentration may become limiting. We reacted 1.4 uM thrombin, a typical plasma
prothrombin concentration (37), with 3 uM AT, a typical plasma AT concentration (38),
in the presence of 7.5 uM fibrinogen and found that 4% of the total thrombin activity
was recovered from the fibrin clot.

We then wished to determine the amount of fibrinogen that is converted to fibrin
under conditions which might represent the event where a-thrombin which previously
had been bound to a fibrin clot is suddenly released into a solution containing
fibrinogen and AT. In this experiment we used a concentration of a-thrombin equal to
that which was recovered from the fibrin clot generated in the presence of AT. This
amount of a-thrombin was then added to a solution containing AT and fibrinogen
where the AT and fibrinogen concentrations were equal to those present prior to
formation of the clot. When the [thrombin]/[AT] ratio was equal to 17.5, 0.05-0.07% of
the thrombin activity was recovered in the clot. When this amount of thrombin was
reacted with fibrinogen and AT, we observed that 3-4% of the fibrinogen was
converted to fibrin as measured by HPLC determination of the fibrinopeptides. During
conditions of maximal thrombin activation ([AT]/[thrombin] ~ 2) we recovered 4% of the
initial a-thrombin activity. When this amount of thrombin was reacted with AT and
fibrinogen at their original concentrations, 67% of the fibrinogen was converted to
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fibrin as assessed by the amount of FPA released prior to inactivation of thrombin by
AT.

DISCUSSION

During the process of coagulation a-thrombin catalyzes the proteolysis of
fibrinogen and binds to the fibrin clot which is produced. We have estimated a
dissociation constant for the fibrinll:thrombin complex equal to 1.9 uM. This value is
consistent with the values for the dissociation constant reported by others (4-8) where
in some cases different classes of binding sites were observed. The binding of a-
thrombin to fibrin is mediated by an exosite domain of a-thrombin. The exosite
interaction anchors a-thrombin to fibrin leaving the active site of «-thrombin free to
react with certain substrates and inhibitors.(27-29,39-40) Although a-thrombin
complexed with fibrin is resistant to heparin-catalyzed acceleration of the reaction of
between a-thrombin and AT, (10, 15-16, 28) AT can still effectively inactivate fibrin-
bound a-thrombin. (27-28) Using a model system of purified human proteins we were
able to determine the the amount of thrombin activity remaining in a fibrin clot without
contamination of the activity from processes resulting in conversion of prothombin to
thrombin. We demonstrated that when thrombin is present in a clotting reaction where
the initial [AT)/[thrombin] ratio is equal to 17.5 only 0.05-0.07% of the initial a-thrombin
activity is recovered from the resulting clot. Similar experiments performed under
circumstances of maximal thrombin activation ([AT)/[thrombin] ~ 2) demonstrated 4% of
the original a-thrombin activity is recovered from the clot. These experiments were
performed under conditions where the reactions between a-thrombin, AT and
fibrinogen were allowed to proceed to completion. We assume that the reactions
which occur at the site of a thrombus also proceed to completion. However, if
thrombolytic therapy is initiated very soon after initiation of the thrombotic event the
quantity of catalytically active thrombin present within the clot may be greater than that
which we have observed in our model system. Calculations based on the results of
other investigators suggest that only a small fraction (<1%) of the initial a-thrombin
activity is recovered from a fibrin clot produced from human plasma (16,41) and
thrombi produced in vivo. (41) Francis et al. demonstrated that 10-15% of the total
initial thrombin remains bound to a fibrin clot produced from plasma and only 4% of
the bound quantity is enzymatically active. Similarly, Weitz et al. demonstrated that
catalytically active thrombin remains bound to fibrin clots produced from plasma, but
the quantity of catalytically active thrombin based on the rate of FPA release from
fibrinogen is <1% of the thrombin initially present. Although thrombin bound to a
washed fibrin clot when reintroduced into plasma is relatively protected from heparin-
catalyzed inactivation of thrombin by AT (16), other results have shown that given
sufficient time for the washed clot to equilibrate with the surrounding plasma milieu,
thrombin is efficiently inactivated by AT (9). The small amount of active a-thrombin
present within the clot may result from the release of active thrombin from a previously
inactive thrombin-AT complex. Experimental procedures using a prolonged interval of
clot washing (in an environment devoid of AT) may provide sufficient time for thrombin-
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catalyzed cleavage of the P1-P' peptide bond of AT and release of active a-thrombin
and cleaved, inactive inhibitor (42-43).

To demonstrate that the small amount of a-thrombin recovered from the fibrin
clot is insufficient to catalyze the proteolysis of fibrinogen, we determined the amount
of fibrinopeptides that were generated by a-thrombin recovered from the clot. To
simulate the reactions which may ensue when a fibrin clot is rapidly dissolved to
release the bound a-thrombin, we reacted an amount of a-thrombin equal to that
which was found to be catalytically active in a fibrin clot, with fibrinogen and AT at
concentrations equal to those originally present when the clot was produced. When
the clot was generated under conditions of a 17.5-fold molar excess of AT we
observed that thrombin at a concentration equal to that recovered from the fibrin clot
converted 3-4% of the fibrinogen to fibrin. This finding suggests that dissolution of a
clot will not yield a significant amount of fibrin through the direct action of the released
a-thrombin on fibrinogen. Although we observed much greater conversion of
fibrinogen to fibrin (67%) during the experiment under conditions of maximal activation
of thrombin ([AT)/[thrombin] ~ 2), this experiment is unlikely to represent the events as
they occur in vivo. We suggest that the pathologic state present during disseminated
intravascular coagulation (DIC) may more accurately reflect the amount of active
thrombin present during coagulation in vivo. This condition represents a state where
the activation of thrombin within the vasculature may equal that which occurs at the
site of a thrombus. Measurements of the amount of thrombin generated (as measured
with assays for the products of prothrombin activation) during DIC showed the
production of 40-60 nM thrombin (44). This value is consistent with the predicted
amount of a-thrombin required to produce a thrombus of a known composition of fibrin
(29). Using the values of 60 nM o-thrombin and 3 uM AT we then predict an
[AT}/[thrombin] ratio equal to 50 during an aggressively prothrombotic state. This
suggests that our reactions performed using only a 17.5 molar excess of AT are more
biased towards thrombosis than the reactions which occur during DIC. Since the
[AT)/[thrombin] ratio we have chosen (17.5) for our model coagulation system is
smaller than the value we predict to occur during DIC, we are confident that we have
not biased our system toward inactivation o-thrombin by utilizing too great a
concentration of AT relative to that of a-thrombin.

Francis et al. and others (45) showed that following plasmin-mediated
dissolution of a fibrin clot a-thrombin is extensively bound to the fibrin and fibrin
fragments as demonstrated of comigration of thrombin with fibrin fragments during
sucrose gradient centrifugation and size-exclusion chromatography. Although a-
thrombin complexed with fibrin is able to process certain substrates such as small
synthetic substrates and factor Xlll as well as react with AT (27-29, 39-40), the
complexed a-thrombin is unable to catalyze proteolysis of fibrinogen. a-Thrombin
binds to fibrin through its exosite domain which is also required for the interaction of a-
thrombin with fibrinogen (24,29). Therefore the binding of a-thrombin to fibrin and
fibrin fragments through the exosite domain will block the interaction of a-thrombin
with fibrinogen and thereby competitively inhibit production of fibrin. These findings
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suggest that following dissolution of a fibrin clot, the processing of fibrinogen by the
small amount of preexisting a-thrombin released from the clot will be diminished by i)
inactivation of a-thrombin by AT and ii) competitive inhibition of the interaction
between a-thrombin and fibrinogen due to the binding of a-thrombin to fibrin and fibrin
fragments.

Following thrombolytic therapy an increase in thrombin activity is observed as
measured by an increase in plasma concentrations of FPA (17,44). However, the
source of the thrombin activity is uncertain. Our results demonstrate that during o-
thrombin-catalyzed production of a fibrin clot, a-thrombin is extensively inactivated by
AT. These results suggest that when a preexisting clot is dissolved during thrombolytic
therapy, little active a-thrombin will be released from the clot. These considerations
make it difficult to ascribe the frequent occurrence of rethrombosis to the direct action
of the released thrombin on fibrinogen. There is evidence to suggest that the addition
of streptokinase to plasma results in a small amount of activation of thrombin (46),
which may in part account for the observed increase in thrombin activity following
thrombolytic therapy. Additionally, the small amount of thrombin released from the
preexisting clot or reexposure of a thrombogenic surface following dissolution of the
clot may act as catalysts for de novo production of active thrombin in amounts
exceeding that which is released during thrombolysis. Further studies are required to
determine the extent to which de novo production of thrombin reflects the activation of
factors Xl, VIil, and V by the small amount of thrombin that is released upon
thrombolysis.
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