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INHIBITORY EFFECTS OF LYSINE ANALOGUES ON t-PA

INDUCED WHOLE BLOOD CLOT LYSIS

Chitra Krishnamurti, Svetislava J. Vukelja' and Barbara M. Alving

Walter Reed Army Institute of Research, Washington, DC and
'Brooke Army Medical Center, Fort Sam Houston, TX

(Received 1 November 1993 by Editor M.W. Mosesson;, accepted 4 January 1994)

Abstract: The lysine analogues epsilon-aminocaproic acid (EACA) and trans-4-amino-

methyl cyclohexane carboxylic acid (AMCA) are used to prevent excessive
bleeding in patients with coagulopathies, such as hemophilia and
thrombocytopenia, or in those who have received tissue plasminogen activator
(t-PA). However, their relative efficacy in inhibiting lysis of clots that have been
formed in the presence of exogenous t-PA or that have been formed and then
exposed to exogenous t-PA has not been well characterized. The present study
utilized blood from normal volunteers and '*I-fibrinogen in a dilute whole blood
clot assay to detérmine the relative concentrations of lysine analogues required
for inhibition of clot lysis induced by exogenous t-PA. AMCA (0.06 mM) and
EACA (0.6 mM) were effective in prolonging clot lysis if (1) whole blood clots
were formed and then exposed to a lysine analogue and exogenous t-PA or if (2)
whole blood clots were formed in the presence of exogenous t-PA and a lysine
analogue. However, their inhibitory effect was markedly reduced if clots were
formed in the presence of t-PA and then exposed to either of the lysine
analogues. The analogues did not inhibit the initial binding of t-PA to fibrin.
They did inhibit binding of plasminogen to fibrin as well as the activation of
plasminogen by t-PA in the absence of fibrin. The data suggest that lysine
analogues, even at low concentrations, reduce the rate of t-PA induced whole
blood clot lysis by several mechanisms.
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Intravascular fibrinolysis is initiated by the conversion of plasminogen to plasmin by t-PA
on a fibrin surface (1). Although t-PA can activate plasminogen to plasmin in the absence
of fibrin, the catalytic efficiency is enhanced at least 100-fold when t-PA and plasminogen
form a complex on fibrin (2). Human t-PA binds to fibrin initially through its finger
domain,; as fibrin degradation progresses, t-PA binding may also occur through the kringle
2 domain (3). Binding of plasminogen to fibrin is mediated by lysine-binding sites located
in its five kringle structures (1,4). The first kringle domain has a high affinity binding site
(K4=9 uM) for the lysine analogue e-aminocaproic acid (EACA) and the others have lower
affinity binding sites (K,=5 mM) (5).

The lysine analogues EACA and trans-4-aminomethyl cyclohexane carboxylic acid (AMCA)
have been used extensively in vivo to inhibit fibrinolysis in order to reduce blood loss that
occurs after mucosal injury (6-11). They are also used in patients who have unacceptable
bleeding while receiving fibrinolytic agents such as t-PA (12). Experimental support for this
treatment has been demonstrated in an animal model (13). In this model, lysine analogues
inhibited bleeding induced by lacerations of the marginal ear vein in rabbits receiving t-PA.

In order to characterize the inhibitory effects of these analogues, we have utilized the dilute
whole blood clot assay as an ex vivg representation of the fibrinolytic system (14,15). In this
assay, dilute whole blood is clotted with thrombin under conditions that result in clot
retraction and in fibrin crosslinking, therefore including a,-antiplasmin in the clot (16). The
inhibitory effect of the analogues was measured in dilute whole blood clots that had been
formed in the presence of exogenous t-PA and then exposed to EACA and AMCA and in
clots that were first formed and then exposed to the lysine analogues and exogenous t-PA.

MATERIALS AND METHODS

Todogen was purchased from the Pierce, Rockford, IL; EACA was obtained from Elkins-
Sinn, Inc, Cherry Hill, NJ and AMCA was purchased from Kabi Vitrum, Alameda, CA.
Lysine-Sepharose and Sephadex G-25 were purchased from Pharmacia Fine Chemicals,
Uppsala, Sweden and the chromogenic substrate S-2251 was purchased from KabiVitrum,
Stockholm, Sweden. Single chain human recombinant tissue plasminogen activator (t-PA,
specific activity 580,000 IU/mg, Activase) was purchased from Genentech, Inc., South San
Francisco, CA. Human thrombin (specific activity, 4971 U/mg) was from Sigma, St. Louis,
MO, and human plasmin (10.6 CTA U/mg) was a gift from the Center for Biologics
Evaluation and Research, Bethesda, MD. Human plasminogen was prepared from Cohn
fraction HI paste (provided by the Cutter Co, Berkeley, CA) by affinity chromatography on
lysine-Sepharose (17). The plasminogen was in the glu-form as judged by SDS-gel
electrophoresis and had a specific activity of 20 CTA U/mg. Human fibrinogen (90%
clottable) was purchased from KabiVitrum and chromatographed on lysine-Sepharose to
remove plasminogen (18). Fibrinogen which was to undergo iodination was pur.fied from
plasma by the Kazal technique and was 98% clottable (19).

Human volunteers
Blood for these studies was obtained from a total of three healthy volunteers who gave
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informed consent under a protocol approved by the Human Use Committee of the Walter
Reed Army Institute of Research.

3odination of fibrinogen
Human fibrinogen was labeled with I by the iodogen procedure (20). A 2 ml solution of

fibrinogen (1 mg/ml) in 0.05 M Tris-HCl, 0.10 M NaCl, 0.025 M sodium citrate, pH 7.4 was
mixed with 200 xCi I at 22 °C for 5 min in a scintillation vial precoated with

20 ug iodogen. Unbound "I was separated from labeled fibrinogen by chromatography on
a Sephadex G-25 column. Radioactivity was measured with a gamma counter (GammaTrac®
1193, TM Analytic, Inc., Elk Grove Village, IL). The efficiency of labeling was 32%;
clottability of the radiolabeled fibrinogen was 95% and specific activity was 1.7 x 10’
cpm/mg protein.

Plasminogen and t-PA were iodinated in a similar fashion by incubating 300 xCi "I with
0.2 mg protein in buffer containing 0.05 M Tris, 0.15 M NaCl, 0.01% Tween-80, pH 7.4 at
4 °C for 2 min in a 12x75 mm glass tube precoated with 10 ug iodogen. The specific activity
of t-PA was 3.6x10* cpm/mg and plasminogen 1.4x10° cpm/mg.

Dilute Whole Blood Clot Lysis
Freshly drawn blood (2 ml) was diluted 1:10 in cold (4 °C) phosphate buffer (53 mM
Na,HPO, and 12 mM KH,PO,, pH 7.4) that contained 0.02 uM *I-fibrinogen (14,21). To
2 ml aliquots of this solution were added 20 ul t-PA (final concentrations of 3 to 1200
IU/ml), 100 ul EACA (0.075-0.6 mM, final), AMCA (0.0075-0.06 mM, final) or buffer, and
40 pl thrombin (1 U/ml, final). After the addition of thrombin, the solutions were
incubated for 20 min at 4 °C and then transferred to a 37 °C water bath. The 0 time point
for measurement of clot lysis began with the 37 °C incubation. At this time and at fixed
intervals, the radioactivity was measured in 30 ul aliquots of the supernatants. Percent lysis
was calculated as:

cpm time x - cpm time 0 x 100

total cpm - cpm time 0
Total cpm was the radioactivity of the sample before clotting was initiated. The cpm
determined at time 0 (after clot formation) were 20% of the total cpm, indicating an 80%
incorporation of "I fibrinogen into the fibrin clot.

In this study the term "clot lysis time" refers to the time required for the release of 50% of
the total counts from the radiolabeled clot.

Functional assay of t-PA activity in the absence of fibrin

t-PA (50 l, 2 IU/ml final) was preincubated with 50 «l buffer (0.05 M Tris, 0.1 M NaCl,
0.1% Triton X-100, pH 8.8) or with 50 1l EACA (0.06, 0.6 mM) or AMCA (0.006, 0.06 mM)
for 10 min at 37 °C. The mixture was added to SO ul plasminogen (0.1 mg/ml, final) and
plasmin activity was monitored by the addition of 50 ul S-2251 (0.25 mM, final) in a 96-well
plate. The change in absorbance at A405 was measured by a Titertek Multiscan
spectrophotometer (Flow Laboratories, McLean, VA).

The ability of EACA or AMCA to directly inhibit the amidolytic activity of plasmin was
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studied by preincubating 50 xl plasmin (0.01 U/ml, final) with Tris-saline-triton buffer,
pH 8.8 (100 ul), or lysine analogue for 10 min at 37 °C, followed by the addition of
$-2251 (50 ul, 0.25 mM, final). At two hours the change in absorbance was recorded for
plasmin alone, and for EACA (0.06, 0.6 mM) as well as for AMCA (0.006, 0.06 mM). To
assess the inhibitory effect of the analogues toward the proteolytic activity of plasmin,
fibrinogen (600 ul, 0.2 mg/ml in phosphate buffer) was mixed with "?I-fibrinogen (80 u!) and
thrombin (20 ul, 5 U), in a 12x75 mm glass tube and the clot was wound on a glass rod. To
the supernatant was added plasmin (100 ul, 0.25 CTA U) and either 200 ul buffer, or EACA
(0.6 mM, final) or AMCA (0.06 mM, final). Aliquots (10 ul) were then sampled during 50
min af)ld the results expressed as per cent clot lysis. The assays were performed in triplicate
at 22 °C.

Binding of radiolabeled t-PA and plasminogen to fibrin

Plasminogen-free fibrinogen (1 mg/ml, 0.2 ml) was added to each well of a 24-well plate
(Falcon 3047, Becton Dickinson and Company, Lincoln Park, NJ) (22). Thrombin (10 ul,
40 U/ml) was added and the plates were dried at 22 °C for 1 hr and subsequently at

37 °C overnight. A solution (200 ul) of "*I-t-PA (0.3-17 nM) or '*I-plasminogen

(0.6-15 nM) in phosphate buffered saline with 0.01% Tween-80, pH 7.4 was incubated with
the fibrin-coated wells for 1 hr at 37 °C. The solution contained either no lysine analogues
or EACA (0.06, 0.6 mM) or AMCA (0.06, 0.006 mM). The radioactivity of the unbound
protein was measured in the supernatant. The matrix was then washed 5 times with the
incubation buffer containing 10 mg/ml of human serum albumin, dissolved in 0.2 ml alkaline
urea, and the radioactivity of the bound protein was measured.

Statistics
All values are expressed as the mean + SEM. Student’s ¢-test was performed to assess
statistical significance.

RESULTS

Effect of Lysine Analogues on t-PA and plasminogen

Before performing studies with dilute whole blood clots, we measured the effects of lysine
analogues on the activation of plasminogen by t-PA in the absence of fibrin. EACA and
AMCA at concentrations of 0.06 mM and of 0.006 mM, respectively, caused significant
inhibition of activation of plasminogen by t-PA as determined by measuring the rate of
conversion of plasminogen to plasmin with the substrate S-2251 (Fig. 1). Since neither of
these analogues at the concentrations shown in Fig. 1 inhibited the amidolytic activity of
plasmin toward S-2251, the inhibitory effect was due to decreased activation of plasminogen
by t-PA. The amidolytic activity of plasmin alone did not differ by more than 3% from the
activity of plasmin in the presence of EACA (0.06 mM and 0.6 mM) or AMCA (0.006 mM
and 0.06 mM).

The inhibitory effect of the analogues toward the proteolytic activity of plasmin was assessed
by incubating the analogues with plasmin in the presence of purified fibrin. After incubation
for 20 min, lysis in the absence of analogues was 51+7%. This was similar to 48 +9% for
EACA (0.6 mM) and was reduced to 231+9% in the presence of AMCA (0.06 mM).
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EACA and AMCA both inhibited the binding of plasminogen to fibrin at concentrations of
0.06 mM and 0.006 mM, respectively, with increasing inhibition at ten-fold higher
concentrations (Fig. 2). In contrast, the lysine analogues did not inhibit the initial binding
of t-PA to fibrin (Fig. 3).

Studies with the purified components indicated that the major antifibrinolytic effects of the
analogues were to inhibit binding of plasminogen to fibrin and conversion of plasminogen
to plasmin by t-PA. In addition, AMCA but not EACA at the highest concentration used,
appeared to have an inhibitory effect on plasmin-induced proteolysis of fibrin.

Effect of exogenous t-PA on dilute whole blood clot lysis

In the absence of exogenous t-PA the dilute whole blood clot lysis was 325 +25 min.

The rate of whole blood clot lysis was increased by incorporating exogenous t-PA into the
forming clot or by exposing the preformed clot to t-PA (Table 1). In subsequent

studies the antifibrinolytic effect of the lysine analogues was determined in dilute whole
blood clots that were formed in the presence of exogenous t-PA and in clots that were
formed and then exposed to exogenous t-PA. The concentrations of lysine analogues that

Change in absorbance at A 405

Time (min) Time (min)

FIG. 1.

Inhibition of t-PA activation of plasminogen by EACA or AMCA. t-PA (2 IU/ml,
final) in the presence of buffer, EACA or AMCA was mixed with plasminogen (0.1
mg/mj, final) and the rate of activation to plasmin was monitored with S§-2251 (0.25
mM, final) in a 96-well plate (see Methods). Each point is the mean + SEM of
triplicate experiments. Final concentrations for EACA were 0.06 mM (-O-) and
0.6 mM (-0-); and for AMCA 0.006 mM (-O-) and 0.06 mM (-0-);

buffer alone (-M-).
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FIG. 2.

Inhibition of plasminogen binding to fibrin by EACA or AMCA. Fibrin matrices
were made using 0.2 ml plasminogen-free fibrinogen (1 mg/ml) and thrombin (2
U/mi, final) in 24-well plates. A solution (200 ul) containing "*I-plasminogen with
no inhibitor, EACA or AMCA was added to the wells. Bound and free
plasminogen were measured as described in Methods. Each point is the mean +
SEM of 2 to 3 experiments, each performed in duplicate. Final concentrations for
EACA were 0.06 mM (-O-) and 0.6 mM (-0-); and for AMCA 0.006 mM (-O-)
and 0.06 mM (-0-); buffer alone (-M-).

2.0

A. EACA 8. AMCA

Bound (pmoles)

0 5 10 15 0 S 10 15 20
Total1251-t-PA (nM) Total125 |-t-PA (nM)

FIG. 3.

Effect of EACA and AMCA on the binding of t-PA to fibrin. A solution (200 ul)
containing 'I-t-PA with no inhibitor, EACA or AMCA was added to the wells.
Bound and free t-PA were measured as described in Methods. Each point is the
mean + SEM of 2 to 3 experiments each performed in duplicate. Final
concentrations for EACA were 0.06 mM (-O-) and 0.6 mM (-CJ-); and for AMCA
0.006 mM (-O-) and 0.06 mM (-(J-); buffer alone (-M-).
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TABLE L

Lysis Times of Dilute Whole Blood Clots Formed in the Presence of Purified t-PA or
Incubated with t-PA after Clot Formation.

t-PA Concentration Clot lysis times (min)
(IU/ml) Forming Clot®  Preformed Clot
. 3 17 + 3¢ S +1
600 <2 27 +1
1200 <2 16 + 1

* t-PA was added before thrombin-induced clot formation.
! Values are expressed as the mean + SEM (n=4) of the clot lysis times.

were used were the lowest and highest levels that would be found in plasma from patients
receiving antifibrinolytic treatment (9,11).

Effect of EACA and AMCA on lysis of dilute whole blood clots formed in the presence of
exogenous t-PA

In one set of experiments, dilute whole blood containing exogenous t-PA (3 1U/ml, final)
was clotted with thrombin and then lysine analogues were added to the supernatant (Fig.
4). EACA at a final concentration of 0.075 mM caused no significant prolongation of lysis
time (17 + 2 min vs 25 + 5 min, p=0.20, Fig. 4A). However, if EACA at this same
concentration was included with t-PA before the clot was formed, the lysis time was
significantly increased from 17 + 2 min to 130 + 17 min (p<0.01). A similar result was
noted for AMCA at a concentration of 0.0075 mM. These data suggested that t-PA and
plasminogen that were incorporated into a forming clot before exposure to lysine analogues
were at least partially protected from inhibition.

Antifibrinolytic effect of lysine analogues on dilute whole blood clots that were formed and then
incubated with exogenous t-PA

In the following experiments, clots were formed and then incubated with t-PA at a
concentration of 3 IU/ml. In one set of experiments, EACA or AMCA was added before
clot formation, thereby having a potential inhibitory effect on the binding of plasminogen
to fibrin as well as inhibition of t-PA that was added after the clot had formed (Fig. 5). The
clot lysis time in the absence of EACA/AMCA was 95 + 1 min. When either EACA (0.075
mM) or AMCA (0.0075 mM) were added before clot formation, t-PA induced lysis was
prolonged by two-fold or greater. A similar degree of inhibition occurred when the EACA
or AMCA at these concentrations was added after the clot had formed and before t-PA was
added. At higher concentrations, the inhibitory effects of the analogues was more
pronounced when added before clot formation.
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FIG. 4.

Effect of EACA and AMCA on dilute whole blood clot lysis when added before or
after clot formation. Freshly drawn whole blood was diluted 1:10 in sodium
phosphate buffer, pH 7.4 and mixed with '*I-fibrinogen (0.02 M) and t-PA (3
IU/m), final). EACA or AMCA was added before or after clot formation. Clot
lysis was monitored at 37 °C and was expressed as the time at which 50% of the
radiolabeled fibrin had been released from the clot (clot lysis time). Each bar is
the mean + SEM of 6 experiments performed on blood from three donors. The
striped bars are the lysis times when EACA or AMCA was added before clot
formation and the shaded bars are the lysis times when the lysine analogues were
added after clot formation.
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FIG. 5.

Effects of EACA and AMCA on dilute whole blood clot lysis induced by exogenous
t-PA added after clot formation. EACA or AMCA was added to dilute whole
blood either before ( B ) or after ( @D ) clot formation. Exogenous t-PA was
added to the supernatant of the formed clot after the addition of the lysine
analogue. Each bar is the mean + SEM of 6 experiments.
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The overall effect of lysine analogues on t-PA induced whole blood clot lysis is summarized
in Table 2. Lysine analogues were most effective at both low and higher concentrations
when included with t-PA before formation of the fibrin clot. Their inhibitory effect was
markedly attenuated with clots that were formed in the presence of t-PA and then exposed
to EACA or AMCA. A ten-fold lower concentration of AMCA provided an inhibitory
effect similar to that of EACA.

DISCUSSION

The present study indicates that low concentrations of lysine analogues exhibit their greatest
inhibitory potential if they are present at the time when t-PA is being incorporated into the
forming clot. At higher concentrations (0.6 mM for EACA and 0.06 mM for AMCA), they
have significant inhibitory effect against preformed clots that are exposed to t-PA. Current
recommendations for the use of EACA in patients who have received thrombolytic agents
are for the infusion of 0.5 to 1.0 gram/hour, which would provide plasma levels of
approximately 0.33 to 0.67 mM (23). These are well above the concentrations needed to
inhibit lysis induced by incorporation of t-PA into the forming clot in vitro. Other authors
have reported the satisfactory use of doses of EACA as low as 6 grams per day in
preventing excessive bleeding with patients who have thrombocytopenia (9). The present
study suggests that such a dose, which would result in plasma levels of approximately 0.17
mM (23) could still be effective in inhibiting fibrinolysis. The study also suggests efficacy
for AMCA at concentrations lower than the recommended levels, which are reported as
0.032-0.064 mM (6). Although the higher concentration of AMCA (0.06 mM) had an
inhibitory effect on plasmin-induced proteolysis, EACA at the higher concentration (0.6
mM) showed no inhibition. At these concentrations, no inhibitory effect towards the
amidolytic effect of plasmin was shown by these analogues. The ability of lysine analogues
to inhibit the proteolytic activity of plasmin without affecting the amidolytic activity has been
previously reported (24).

The dilute whole blood clot lysis was chosen as an jn vitro system that is similar to the clots
formed jn vivg in that both cellular and noncellular components were present in the system.
In the dilute whole blood clot lysis assay described in this report, endogenous t-PA
comprised less than 5% of the activity of the exogenous t-PA (25). At the concentration of
exogenous t-PA (3 IU/ml) used in the present study, the dilute whole blood clots lysed
quickly as long as t-PA was incorporated into the forming clot. However, if the clot was
formed first and then exposed to t-PA, a 400-fold greater concentration of the enzyme was
required to obtain a similar lysis time (Table 1). A partial explanation for this may be the
lack of binding sites for t-PA in the whole blood clot that has undergone retraction (26).

Using purified components, investigators have demonstrated that t-PA initially binds to
fibrin through the finger domain which is not a lysine binding site (3). Further binding may
occur through the kringle 2 domain as fibrin undergoes digestion by plasmin with exposure
of C-terminal lysine sites on fibrin (27-29). The kringle 2 domain is also critical for the
enhanced activation of plasminogen by t-PA. As fibrin undergoes degradation, the
additional lysine binding sites that are available provide for increased binding of
plasminogen (30). During the course of fibrinolysis, the lysine analogues would have
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continued opportunity to inhibit plasminogen activation by preventing the binding of t-PA
and plasminogen to newly exposed lysine sites on fibrin.

The inhibitory activity in a system of purified components cannot necessarily predict what
will occur in 2 more complex system such as the dilute whole blood clot lysis assay. The
present study indicates that low levels of analogues are inhibitory in this system and that
multiple mechanisms are probably responsible for inhibition at low and at higher
concentrations of analogues.
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