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Abstract

The in vitro effects of thrombomodulin on the inactivation of
single chain urokinase-type plasminogen activator (scu-PA) by
thrombin were investigated by incubating scu-PA with varying
concentrations of human thrombin, in both the absence and
presence of soluble rabbit thrombomodulin. 50% inactivation of
scu-PA occurred in 45 min at 160 ng/ml thrombin in the ab-
sence of thrombomodulin and at 4.6 ng/ml thrombin in the
presence of thrombomodulin. No difference was found in either
the absence or the presence of thrombomodulin between the
inactivation rates of high molecular weight scu-PA, and a low
molecular weight scu-PA which lacked the growth factor and
kringle domains. Enzyme kinetic experiments with varying
concentrations of scu-PA showed that thrombomodulin de-
creased the K, of thrombin for scu-PA from 7.8 to 0.43 uM and
increased the k,, from 0.30 to 1.2 s, corresponding to a 70-
fold increase in the second-order rate constant k,,/K,,. SDS-
polyacrylamide gel electrophoresis showed that scu-PA was
cleaved into two chains upon inactivation by thrombin, and con-
firmed the acceleration effect of thrombomodulin on inactiva-
tion of scu-PA. Thrombomodulin thus not only has anticoagu-
lant properties but is also antifibrinolytic. The acceleration
may imply a new mechanism for the regulation of local plas-
minogen activator activity on the cell surface. (J. Clin. Invest.
1991. 88:1680-1684.) Key words: fibrinolysis ¢ thrombolytic
therapy » endothelial cells ¢ protein C « fetomodulin

Introduction

Single chain urokinase-type plasminogen activator (scu-PA),’
also called pro-urokinase, is the precursor of active two-chain
urokinase-type plasminogen activator (tcu-PA), a serine pro-
tease that activates plasminogen to plasmin (for reviews, see
1-3). Although both forms of urokinase-type plasminogen ac-
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tivator (u-PA) are successfully applied for fibrinolytic therapy,
it is not yet known whether u-PA plays an important role in
endogenous fibrinolysis. On the other hand, scu-PA probably
does play a role in cell migration, tissue destruction and tissue
remodeling (for review, see 4). Both scu-PA and tcu-PA have
~ 50,000 A,; tcu-PA consists of two chains with M, 20,000
and 30,000, held together by a disulfide bridge (5). In certain
cell cultures a low molecular weight (LMW) form of scu-PA
with M, 32,000 occurs (6, 7) that lacks the NH,-terminal part
(the epidermal growth factor domain and the kringle domain)
of the high molecular weight (HMW) form of scu-PA. No signif-
icant difference has yet been found between the thrombolytic
properties of LMW scu-PA and HMW scu-PA (8, 9).

The single chain form of u-PA can be converted to active
tcu-PA by hydrolysis of the Lys 158-Ile 159 peptide bond by
plasmin (10), plasma kallikrein (11, 12), Factor XII (11), and
trypsin (13). Thrombin hydrolyses scu-PA at the Arg 156-Phe
157 bond, leading to an inactive tcu-PA (11, 14, 15), which is
much less sensitive to activation with plasmin (16).

Thrombomodulin is a membrane protein of endothelial
cells, which forms a 1:1 complex with thrombin (17) and stimu-
lates the anticoagulant properties of thrombin by accelerating
the activation of protein C (18), (for reviews, see 19-22).

The aims of this study were to investigate the effect of
thrombomodulin on the inactivation of scu-PA by thrombin
and to compare the inactivation by thrombin of HMW and
LMW scu-PA. We found that thrombomodulin strongly accel-
erated the inactivation of both HMW and LMW scu-PA by
thrombin.

Methods

Materials. Both HMW scu-PA and LMW scu-PA, purified from hu-
man embryonic kidney cell cultures (23), were donated by Dr J. Hen-
kin, Abbott Laboratories (Abbott Park, IL). Rabbit lung thrombo-
modulin and goat anti-rabbit thrombomodulin IgG were purchased
from American Diagnostica Inc. (Greenwich, CT). Hirudin was from
Pentapharm (Basel, Switzerland). Goat non-immune IgG was isolated
by two sodium sulfate precipitations (24). Human plasmin and chro-
mogenic substrate Pyro-Glu-Gly-Arg-pNA (S-2444) were from Kabi
AB (Stockholm, Sweden). Aprotinin was from Bayer AG (Leverkusen-
Bayerwerk, Germany). Human thrombin (T 6759) and BSA (A 7030)
were purchased from Sigma Chemical Co. (St. Louis, MO). A specific
activity of 3.3 NIH U/ug (as indicated by the manufacturer) was used
for the calculation of concentrations.

Assay of scu-PA. The activity of scu-PA was determined by measur-
ing the latent amidolytic activity with S-2444 as follows: scu-PA was
diluted with 20 mM Tris/HCI, pH 7.5, 100 mM NaCl, 3 mM CaCl,,
0.1% Tween 80, 0.1% BSA, 0.2 U/ml hirudin (or more, depending on
the amount of thrombin present in the solution) to a concentration of
60-1,000 ng/ml and plasmin was added (final concentration 0.1 CU/
ml). After 20 min activation at 37°C, the amidolytic activity of 75 ul
activated scu-PA solution was measured by adding 175 pl 0.43 mM
S-2444 in 50 mM Tris/HC], 38 mM NaCl, 0.01% Tween 80, and 20
KIU/ml aprotinin, pH 8.8. The increase of the optical density at 405



nm was measured during incubation at 37°C by using a Titertek mul-
tiskan (Eflab Oy, Finland).

Complexation of thrombin with thrombomodulin. Various concen-
trations of thrombin up to 0.30 ug/ml (8.1 nM) were incubated with 1.0
ug/ml thrombomodulin (13.5 nM) for 5 min at 37°C immediately
before each experiment. Functional activity of the thrombomodulin
preparation was demonstrated by inhibition of the fibrinogen-clotting
activity of thrombin by thrombomodulin, tested as described by Es-
mon et al. (17).

Inactivation of scu-PA. The principle of the assay for scu-PA inacti-
vation has been described (15). During 45 min at 37°C, 240 ng/ml
HMW or LMW scu-PA was incubated with 0-0.6 ug/ml thrombin or
with 0-0.3 ug/ml thrombin after pre-incubation with 1 ug/ml throm-
bomodulin, in 20 mM Tris/HCI, pH 7.5, 100 mM NaCl, 3 mM CaCl,,
0.1% BSA, and 0.1% Tween 80. The inactivation was stopped by dilut-
ing the mixture in cold hirudin-containing dilution buffer of the assay
for scu-PA. In another experiment, varying concentrations of throm-
bomodulin (0-1 ug/ml) were pre-incubated with 15 ng/ml thrombin
before 240 ng/ml HMW scu-PA was added. After 45 min at 37°C, the
inactivation was stopped and remaining scu-PA was assayed.

Goat anti-rabbit thrombomodulin IgG (40 ug/ml) or goat non-im-
mune IgG (40 ug/ml) was incubated at 37°C for 5 min with 50 ng/ml
thrombomodulin. After thrombin was added (15 ng/ml final concen-
tration) and incubated again at 37°C for 5 min, HMW scu-PA (240
ng/ml final concentration) was added and incubated at 37°C for 45
min. Remaining scu-PA was measured.

The effect of Ca®* on the inactivation of 240 ng/ml HMW scu-PA
was studied by adding 0-0.60 ug/ml thrombin alone, or 0-0.12 ug/ml
thrombin after incubation with 1 ug/ml thrombomodulin, both in the
presence and in the absence of 3 mM CaCl,. After incubation at 37°C
for 45 min, remaining scu-PA was assayed.

Kinetic experiments. Concentrations of HMW scu-PA ranging
from 0.05 to 4 uM were incubated with 4 nM (150 ng/ml) thrombin or
0.04 nM (1.5 ng/ml) thrombin after preincubation with 1 ug/ml
thrombomodulin in 20 mM Tris/HCI, pH 7.5, 100 mM NaCl, 3 mM
CaCl,, 0.1% Tween 80, and 0.1% BSA at 37°C. At intervals of 0, 15, 30,
45 and 60 min, aliquots were taken and the reaction was stopped as
described above. Remaining scu-PA was measured with S-2444 after
activation with plasmin and the initial rates of scu-PA inactivation
were determined from the linear parts of the time curves.

SDS-polyacrylamide gel electrophoresis. SDS-PAGE was per-
formed according to the method of Laemmli (25), using a 12% poly-
acrylamide gel. Samples of 30 ul were diluted 1:1 in sample buffer
containing 4% (wt/vol) SDS, 20% (wt/vol) glycerol, 0.005% (wt/vol)
bromophenol blue and 4% (wt/vol) 2-mercaptoethanol in 125 mM
Tris/HC, pH 6.8 and incubated for 5 min at 100°C. A calibration kit
with standard proteins was obtained from Pharmacia LKB Biotechnol-

ogy (Uppsala, Sweden).

Results

Inactivation of HMW and LMW scu-PA. To study the effect of
thrombomodulin on the inactivation of scu-PA by thrombin,
240 ng/ml HMW and LMW scu-PA were incubated for 45 min
at 37°C with varying amounts of thrombin, both in the absence
and presence of 1 ug/ml thrombomodulin. Remaining scu-PA,
not inactivated by thrombin, was activated with plasmin and
quantified using S-2444. 50% of scu-PA was inactivated by
160+41 ng/ml (mean+SD, n = 5) thrombin in the absence of
thrombomodulin or by only 4.6+1.4 (n = 4) ng/ml thrombin
in the presence of thrombomodulin (Fig. 1). No difference was
found in the relative inactivation rate between LMW scu-PA
and HMW scu-PA, either in the absence or in the presence of
thrombomodulin.

Fig. 2 shows that remaining scu-PA gradually decreased at
increasing thrombomodulin concentrations and a fixed throm-
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Figure 1. Effect of thrombomodulin on the inactivation of HMW
scu-PA (m and ¢) and LMW scu-PA (a and v) by thrombin. The per-
centages of scu-PA remaining after incubation for 45 min at 37°C
with varying concentrations of thrombin in the absence (¢, v) or in
the presence of 1 ug/ml thrombomodulin (s, a) were quantified with
S-2444 after activation with plasmin. The 100% values were not af-
fected by either the absence or presence of thrombomodulin.

bin concentration of 15 ng/ml. To calculate the K, for the
thrombin-thrombomodulin complex from these data, the per-
centages of remaining scu-PA were converted into concentra-
tions of the thrombin-thrombomodulin complex, by reference
to the standard curve prepared with thrombin in the presence
of 1 ug/ml thrombomodulin (Fig. 1) and by assuming that all
thrombin had formed a 1:1 complex at 1 ug/ml thrombomodu-
lin. The concentrations of free and bound thrombomodulin
were calculated and plotted double reciprocally (Fig. 2, inset),
resulting in an.apparent Ky of 0.57 nM for the thrombin-
thrombomodulin complex.
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Figure 2. Effect of varying concentrations of thrombomodulin on the
inactivation of HMW scu-PA by thrombin. Thrombin (15 ng/ml)
was preincubated with 0-1 ug/ml thrombomodulin for 5 min at 37°C
and then incubated with 240 ng/ml HMW scu-PA for 45 min at
37°C. The amounts of free and bound thrombomodulin were calcu-
lated from the activities of the thrombin-thrombomodulin mixtures
(see text) and plotted double reciprocally to determine the K (inset).
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The neutralizing effect of goat antibodies against thrombo-
modulin was studied in Fig. 3. Approximately 4% scu-PA was
inactivated by 15 ng/ml thrombin alone, whereas 56% was in-
activated by the same concentration thrombin complexed with
50 ng/ml thrombomodulin. The antibodies almost completely
quenched the accelerating effect of thrombomodulin on the
inactivation of HMW scu-PA, whereas goat non-immune IgG
had only a minor effect.

SDS-PAGE of inactivated HMW and LMW scu-PA. HMW
and LMW scu-PA were incubated with a low concentration of
thrombin (75 ng/ml), both with and without 1 ug/ml thrombo-
modulin, or with a high concentration of thrombin (1.2 ug/ml),
and subjected to SDS-PAGE (Fig. 4). The low concentration of
thrombin partially cleaved HMW scu-PA into two subunits:
one of M, 32,000 and one of M, 20,000 or 22,000 (lane 3). In
contrast, the thrombin-thrombomodulin complex completely
cleaved HMW scu-PA (lane 4), as did the high concentration
of thrombin (lane 5). Comparison of the extent of cleavage in
lanes 3 and 4 clearly shows the accelerating effect of thrombo-
modulin. As expected, inactivation of LMW scu-PA did not
lead to a significant shift of the protein band, because a peptide
of only 13 amino acids was supposed to be cut off.

Kinetics of the inactivation of HMW scu-PA. Varying
amounts of HMW scu-PA were incubated with thrombin or
with thrombin after preincubation with excess thrombomodu-
lin. Kinetic analysis shows that the inactivation rate of scu-PA
by both thrombin and the thrombin-thrombomodulin com-
plex obeyed Michaelis-Menten kinetics. Using Lineweaver-
Burk plots (Fig. 5), the K, and k,, were determined to be 7.8
uM and 0.30 57!, respectively, in the case of thrombin and 0.43
uM and 1.2 s}, respectively, for the thrombin-thrombomodu-
lin complex (Table I). The second-order rate constant (K ,,/K,)
of thrombin increased from 0.039 to 2.7 uM™!.s™! (70 times)
by complex formation with thrombomodulin.

Effect of Ca®* on the inactivation of HMW scu-PA. In the
presence of Ca** more thrombin was required to inactivate
HMW scu-PA than in the absence of Ca?*. This was observed
both in the presence (23 times more thrombin to achieve 50%
inactivation) and in the absence (9 times more) of thrombo-
modulin (Fig. 6). An experiment with varying Ca®>* concentra-
tions (0-6 mM) revealed that under both conditions a plateau
was reached at 3 mM Ca?* (not shown).

Discussion

This study shows an accelerating effect of solubilized rabbit
thrombomodulin on the inactivation of scu-PA by human

100 —=—; = Figure 3. Quenching of
3 | i ‘ the accelerating effect
£ 15[ ; ; of thrombomodulin by
- : ] | specific antibodies.
& s0 : . HMW scu-PA (240 ng/
3 ml) was incubated for
SIS 45 min at 37°C with 15
| ng/ml thrombin (1),

with 15 ng/ml thrombin
preincubated in 50 ng/
ml thrombomodulin
(2), and with 15 ng/ml thrombin, 50 ng/ml thrombomodulin, and 40
ug/ml goat non-immune IgG (3) or 40 ug/ml goat anti-thrombomo-
dulin IgG (4). Standard deviations are presented as horizontal lines
(n=13).
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Figure 4. SDS-PAGE of inactivated HMW and LMW scu-PA. HMW
and LMW scu-PA (62.5 ug/ml) were incubated for 45 min at 37°C

in 20 mM Tris/HCIl, 100 M NaCl, 3 mM CaCl,, and 0.1% Tween 80,
pH 7.5, as specified below. Lanes / and 10: Standard proteins with
M, 94,000, 68,000, 43,000, 30,000, 20,000. Lane 2: HMW scu-PA;
lane 3: HMW scu-PA after inactivation with thrombin (75 ng/ml);
lane 4: HMW scu-PA after inactivation with thrombin (75 ng/ml)

in the presence of 1.0 ug/ml thrombomodulin; lane 5: HMW scu-PA
after inactivation with a high concentration of thrombin (1.2 ug/ml);
lanes 6-9: as lanes 2-5 except that HMW scu-PA was replaced by
LMW scu-PA. All samples were reduced with 2-mercaptoethanol.
Protein bands were visualized with silver staining (26).

thrombin. This finding was supported by the following obser-
vations: (a) The effect of thrombomodulin was dose dependent
and corresponded with an apparent K, for the thrombin-
thrombomodulin complex of 0.57 nM, which is very similar to
previously reported values of 0.48 and 0.54 nM (18, 29). (b)
Goat anti-rabbit thrombomodulin IgG inhibited the accelerat-
ing effect of thrombomodulin. (¢) The action of thrombomod-
ulin accompanied the conversion of scu-PA into a tcu-PA that
was indistinguishable on SDS-PAGE from the tcu-PA formed
by a high concentration of thrombin.

The inactivation of HMW scu-PA by the thrombin-throm-
bomodulin complex as well as by thrombin alone obeyed Mi-
chaelis-Menten kinetics. The k.,,/K,, for thrombin alone was
0.039 uM!.s7! and increased 70-fold to 2.7 uM™! - s™! for the
thrombin-thrombomodulin complex. It is difficult to establish
whether the latter rate constant is high enough to be significant
in vivo. However, the rate constant is of the same order of
magnitude as that for the activation of scu-PA by plasmin (30,
31). In addition, the k/K,, for the activation of protein C by
the thrombin-thrombomodulin complex in an assay system as
used in this study is 0.81 uM™!-s™! (27), which is also of the
same order of magnitude (Table I). The activation rate of pro-
tein C by the complex further increases on cell surfaces and in
the presence of phospholipids (18, 28). It still has to be deter-
mined whether the inactivation rate of scu-PA on cell surfaces
is higher than in the solubilized system.

In the absence of endothelial cells, Ca?* reduces the rate of
protein C activation by thrombin, but stimulates the activation
rate by the thrombin-thrombomodulin complex (32). The
thrombin-thrombomodulin interaction is Ca** independent
(17). In contrast to the diverging effects of Ca?>* on protein C
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Figure 5. Lineweaver-Burk plots of the inactivation of HMW scu-PA.
At varying concentrations of scu-PA, the inactivation rate of throm-
bin (4) and thrombin in the presence of thrombomodulin (B) was
measured as described under Methods. The k, and K, values were
determined by using the least squares method and are summarized

in Table L.

activation, Ca?* reduced the inactivation of scu-PA by both
thrombin and thrombin-thrombomodulin complex. It is not
yet clear whether the active site of thrombin is affected or
whether the substrate scu-PA is changed by a hitherto un-
known Ca?**-binding phenomenon.

The two molecular weight forms (HMW and LMW) of scu-

Table I. Kinetic Parameters of the Inactivation of HMW Scu-PA
by Thrombin and Thrombin-Thrombomodulin Complex
(Derived from Fig. 5) and a Comparison with Literature Data
Jor the Activation of Protein C

Enzyme Substrate K, Keat Keat/ K
M s uMs™!
Thrombin scu-PA 7.8 0.30 0.039
Thrombin-thrombomodulin ~ scu-PA 043 1.2 2.7
Thrombin* proteinC 60 0.02 0.00033

Thrombin-thrombomodulin*  protein C 7.6 6.2 0.81

* According to ref. 27; * according to ref. 28.
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Figure 6. Effect of Ca** on the inactivation of HMW scu-PA. Re-
maining scu-PA was determined after inactivation by thrombin in
the presence of 3 mM Ca?* (#) or absence of Ca** (v) and by throm-
bin-thrombomodulin complex in the presence of 3 mM Ca** (m) or
absence of Ca®* (a). The concentration of scu-PA was 240 ng/ml, the
concentration of thrombomodulin was 1 ug/ml. For experimental
details see Methods.

PA were equally sensitive to inactivation by thrombin or the
thrombin-thrombomodulin complex. LMW scu-PA, a poten-
tial thrombolytic agent, has, therefore, no advantage or disad-
vantage compared with HMW scu-PA in terms of sensitivity
for inactivation in thrombolytic therapy.

The physiological importance of the acceleration of scu-PA
inactivation by thrombomodulin may lie in the close regula-
tion of local u-PA activity on surfaces of endothelial cells and
other cells that express thrombomodulin. Through this mecha-
nism thrombin and thrombomodulin may affect processes
such as cell migration, tissue destruction and remodeling. In
this respect, it is interesting to note that fetomodulin, a surface
marker protein of fetal development, has recently been demon-
strated to be identical to thrombomodulin (33). During embry-
onic development this marker is not only expressed in vascula-
tures but also in nonvascular tissues. Consequently, it has been
suggested that thrombomodulin has another function, in addi-
tion to that of an anticoagulant (33). This study indicates such
a function, implying the regulation of u-PA activity during
embryonic development.

If scu-PA plays a role in endogenous fibrinolysis, thrombo-
modulin should be considered as a protein with antifibrinolytic
properties in addition to its well-known anticoagulant proper-
ties. Both properties may be necessary, either simultaneously
or successively, to regulate size and longevity of fibrin deposits.
Inactivation of scu-PA by thrombomodulin-bound thrombin
may also occur during thrombolytic therapy with scu-PA, the
more so as thrombin seems to be formed in patients during
thrombolysis (34). This would be an additional argument for
administering thrombin inhibitors simultaneously with the
thrombolytic agent scu-PA (35).
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