plification (E. S. Kawasaki, in PCR Protocols, M. A.
Innis, D. H. Gelfand, J. J. Sninsky, T. J. White, Eds.
(Academic Press, New York, 1990), pp. 146-152.

8. For Southem blot analysis, 10 pg of genomic DNA
was digested with Bsu 36! and the fragments sepa-
rated by electrophoresis on a 0.7% agarose.gel. Af-
ter the DNA fragments were transferred to a nylon
membrane, hybridization was performed with a 32P-
labeled, 1.2-kbp Bsu 361 BA-globin fragment cloned
in pBR328 as the probe.

9. For analysis of the B-globin sequence, the 345-bp
PCR fragment was prepared by amplification from a
crude cell lysate with primers BGO2 (5'-TCCTAAGC-
CAGTGCCAGAAGA) and BGO05 (5'-CTATTGGT-
CTCCTTAAACCTG) and Expand Taq polymerase
(Boehringer Mannheim). For analysis of the §-globin
gene, the same cell extracts were used in amplifica-
tion reactions with primers DG06 (5'-CTCACAAAC-
TAATGAAACCCTGC) and DGO7 (5'-GAAAACAGC-
CCAAGGGACAG) to generate a 335-bp fragment.
Gels were stained with SYBR green (FMC Bioprod-
ucts), and fluorescence intensities were quantitated
with a Molecular Dynamics fluorimager. DNA se-
quencing was performed in both directions with an
ABI 373A sequencer.

10. There is a documented polymorphism in the third
base of codon 2. A switch from C to T has been
observed in this position and is evident in the pA

sequence [S. H. Orkin et al., Nature 296, 627 (1982)]
outside the targeted region.

11. Four flasks were seeded with 24 ml of A cells at a
concentration of 1 X 105 cells per milliliter. Two of
the flasks were transfected for 16 hours with 47 nM
SC2 chimeric oligonucleotide after which the medi-
um was replaced. The cells rested for 3 days to allow
for the expression of the HPRT-resistant phenotype.
On day O, 6-thioguanine was added (5 png/ml) to
each of the SC2-treated and untreated flasks. The
media of these flasks was exchanged twice during
the experiment. All cells were counted on day O and
frequently thereafter for 14 days. The numbers are
presented in Fig. 4C on a logarithmic scale, illustrat-
ing the kill curve of the 6-thioguanine-selected
flasks. PCR analysis was performed on the control
flasks on days O and 14 of the experiment, showing
the persistence of the conversion event [H. L. Liber
and W. G. Tilley, Mutat. Res. 94, 467 (1982)].

12. We are indebted to members of E.B.K.'s laboratory
for helpful suggestions throughout the course of this
work, to H. Alder (Thomas Jefferson University) for
assistance in the direct DNA sequencing protocols,
and to A. Andrus (Applied Biosystems, Inc.) for pro-
viding the chimeric molecules. Supported by a grant
from Kimeragen, Inc.
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Enhanced Protein C Activation and Inhibition of
Fibrinogen Cleavage by a Thrombin Modulator

David T. Berg, Michael R. Wiley, Brian W. Grinnell*

A modulator of the enzymatic activity of human thrombin, designated LY254603, was
identified that enhances the thrombin-catalyzed generation of the anticoagulant factor
activated protein C, yet inhibits thrombin-dependent fibrinogen clotting. By means of
mutant substrates, it was shown that LY254603 mediates the change in enzymatic
substrate specificity through an alteration in thrombin’s S3 substrate recognition site, a
mechanism that appeared to be independent of allosteric changes induced by either
sodium ions or by thrombomodulin. This compound may represent the prototype of a
class of agents that specifically modulates the balance between thrombin’s procoagulant

and anticoagulant functions.

The serine protease thrombin is the pivot-
al controlling factor of all thrombosis, a
leading cause of death as well as of morbid-
ity associated with vascular disease. This
enzyme plays a dual role in the regulation of
blood coagulation. Thrombin’s classical role
is as a procoagulant enzyme that catalyzes
the conversion of fibrinogen to fibrin, but
thrombin also acts as an anticoagulant en-
zyme by the proteolytic activation of pro-
tein C, a key feedback regulator of the
coagulation cascade (1). These opposing
functions are physiologically controlled by
allosteric changes induced by Na* (2) and
cell-surface thrombomodulin (TM) (3),
which results in a change in thrombin’s
substrate specificity. TM functions by di-
rectly blocking thrombin’s procoagulant ac-
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tivities (3) and stimulating the thrombin-
catalyzed generation of activated protein C
(aPC) in the presence of Ca’* (4, 5).
Thrombomodulin’s  interaction  with
thrombin via anion-binding site I (6) re-
sults in an allosteric change that alters
thrombin’s substrate specificity (7). This
allosteric change, at least in part, eliminates
repulsive interactions between Glu*® and
Glu'? in thrombin (3) and the P3 and P3’
acidic residues in protein C, which have
been shown to contribute to the slow rate of
activation by free a-thrombin (5, 8). In
addition to these allosteric changes in ac-
tive-site substrate specificity induced by
macromolecular interactions at anion-bind-
ing site 1, recent studies by Di Cera et al. (2)
have demonstrated that thrombin exists in
two forms allosterically controlled by Na™
binding. The “fast” form of thrombin (Na*-
bound) cleaves fibrinogen with higher spec-
ificity, whereas the “slow” form preferen-
tially cleaves protein C.
SCIENCE  »
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We reasoned that if thrombin existed in
multiple forms capable of recognizing differ-
ent substrates, then it might be possible to
identify agents that would shift the equilibri-
um from one form to the other. Therefore, we
tested approximately 8300 synthetic organic
compounds from the Lilly Research Laborato-
ries files (9) for agents that might increase the
rate of thrombin-dependent activation of hu-
man protein C. Compounds that had a stim-
ulating effect on protein C activation by
thrombin were further analyzed for their effect
on fibrinogen cleavage. Compounds with
both thrombin activities were inspected for
structural similarities, and, on the basis of that
analysis, additional analogs were obtained
from Lilly Research Laboratories files for com-
parative biochemical evaluation. After two
iterations of this approach, LY254603 was
identified (Fig. 1A, inset). At the screening
concentration of 25 pg/ml, the rate of throm-
bin-catalyzed aPC generation was substantial-
ly increased in the presence of LY254603, as
shown by an approximate eightfold increase
in the amount of aPC generated (Fig. 1A).
The compound had no effect on aPC amido-
lytic activity, as demonstrated in control ex-
periments with preactivated protein C.
Whereas the presence of LY254603 resulted
in a marked stimulation in the ability of
thrombin to cleave the protein C substrate, it
also resulted in a marked reduction in the
ability of thrombin to cleave fibrinogen (Fig.
1B). These data suggested that we identified a
compound capable of altering the substrate
specificity of thrombin.

The effects of LY254603 on stimulation of
protein C cleavage and reduction of fibrino-
gen cleaving ability were dependent on con-
centration. The concentration required to
double the rate of aPC generation in our
assays was approximately 500 nM, and the
maximal effect in this experiment reached a
plateau at approximately a 10-fold increase
(Fig. 1C). This plateau appeared to be a result
of the solubility of the compound in the re-
action, as the maximal water solubility was
observed to be approximately 25 pM. The
inhibitory effect of LY254603 on thrombin
cleavage of fibrinogen was concentration-de-
pendent within the same range, as observed
for the stimulating effect on protein C cleav-
age (Fig. 1D). In repeated experiments, the
median inhibitory concentration (ICs,) for
fibrinogen clotting and the concentration for
half-maximal stimulation of protein C cleav-
age were both ~3 uM. The ~10-fold increase
in aPC generation with the more than 95%
decrease in fibrinogen clotting (at the same
concentrations of both thrombin and
LY254603) effectively yields a shift of at least
several hundredfold in thrombin’s differential
cleavage specificity. LY254603 significantly
extended the activated partial thromboplastin
clotting time in human plasma (16 + 5sat 40
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pM); however, further study will be required
to obtain a more potent and soluble com-
pound for detailed mechanistic studies in such
complex systems.

Because the activation of protein C by
thrombin is inhibited by Ca’*-induced
conformational change in protein C (3-5),
we tested the effect of LY254603 on protein

C activation as a function of Ca’* concen-
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tration. Although at each concentration of
Ca’" the rate of aPC generation was in-
creased about sixfold by 6 M LY254603,
we observed no significant difference in the
Ca’?* dependency. Both in the presence
and absence of LY254603, the ICy, Ca?™"
concentrations were about 0.2 mM (Fig.
2A), which is consistent with previous re-
sults with recombinant protein C (10).
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Fig. 1. Identification of LY254603 and determination of its effects on thrombin-catalyzed protein C
activation and fibrinogen clotting. (A) Effect of LY2546083 on protein C activation (74-16). The inset
shows the structure of LY254603 as determined by nuclear magnetic resonance spectroscopy, mass
spectroscopy, and elemental analysis. (B) Effect of LY254603 on the kinetics of fibrinogen cleavage by
thrombin (77). (C) Concentration response for the effect of LY254603 on thrombin-catalyzed protein C
activation. Reaction conditions were as described (74). The results are expressed as the fold increase in
aPC generated relative to reactions containing no LY254603, which showed a rate of aPC generation of
1.2 mmol min~" mol~". (D) Concentration response for the effect of LY254603 on fiorinogen cleavage.
Reactions containing 10 nM thrombin and varying levels of LY254603 were performed as described (17).
Clotting times were determined from the kinetic plots as the time to maximum velocity. The effect of
LY254603 (mean + SD, n = 4) on the inhibition of thrombin-dependent fibrinogen cleavage was deter-
mined from standard curves as the percent of thrombin activity remaining. A,,,5, absorbance at 406 nm.

Fig. 2. (A) The effect of LY2546083 on
Ca?*-dependent inhibition of aPC gen-
eration by thrombin. Reactions con-
taining 6 pM LY254603, 3 nM throm-
bin, and 400 nM protein C zymogen
were performed in the presence of
varying levels of Ca’*, and the amount
of aPC generated was determined as
the percent of aPC generated relative
to that obtained in the absence of Ca?*
(5 mM EDTA) as 100%. Rates of aPC

generation in the absence of LY254603 were 1.7 and 102 mmol min~—"
mol~" in the presence and absence of Ca?*, respectively. (B) Effect of

100

~
ol

aPC generation
(% of EDTA)
& 3

0
0051152253

o -LY254603
® +LY254603

Fold increase
in aPC generation
o = N WAoo N

Calcium (mM) Calcium - + - +

Sodium - - +

Basalrate o8 38 56 1.6
(mmol/min/mol)

LY254603 on thrombin in the presence and absence of Na* and Ca?™*. The conditions were with either
200 mM NaCl (+) or 195 mM choline chloride and 5 mM NaCl (—) to maintain ionic strength as described
(2). The fold increase was determined from the difference between experiments with and without 6 WM
LY254603. The initial rates of aPC generation in the absence of LY254603 are indicated.
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Thus, the effect of LY254603 on enhancing
protein C substrate recognition by throm-
bin is independent of the Ca?*-induced
conformational change in protein C previ-
ously shown to alter thrombin recognition.

We speculated that one potential mech-
anism by which LY254603 could increase
protein C activation while inhibiting fi-
brinogen clotting would be alteration of the
equilibrium between the slow and fast forms
in favor of the slow form. If this were the
case, we might expect that LY254603 would
not significantly increase the rate of aPC
activation under conditions of low Na™
concentration, where the thrombin was es-
sentially all in the slow form. We deter-
mined the rates of activation and effect of
LY254603 in NaCl and choline chloride
(ChCl) both in the presence and absence of
Ca®*. There was no difference in the stim-
ulatory effect of LY254603 whether throm-
bin was in the slow form (no Na* present)
or in the fast form (bound to Na™), or if
Ca?™* was present or absent (Fig. 2B). These
data showed that the effect of LY254603
was independent of cation-mediated allo-
steric changes in thrombin and suggested
that the compound does not affect substrate
specificity by altering the transition from
the fast form to the slow form.

To determine if the alteration in sub-
strate specificity seen in the presence of
LY254603 was mediated through changes in
thrombin recognition at either or both of the
critical residues in protein C (Asp residues
P3 and P3’), we analyzed the effect of
LY254603 on the rates of thrombin-cata-
lyzed activation of wild-type human protein
C (wtHPC), D167F (5), and D172K (10).
Both D167F (Asp to Phe change at P3) and
D172K (Asp to Lys change at P3’) were
activated by thrombin 15- to 20-fold faster
than wtHPC as described (5, 10). However,
we observed no significant stimulation of the
thrombin-catalyzed DI167F activation by
LY254603, whereas D172K was stimulated
to a similar degree as wtHPC (Fig. 3A). Even
at concentrations at which the effect on
wtHPC was maximal, there was only a slight
stimulation in the rate of D167F activation
in the presence of LY254603 (Fig. 3B).
These data strongly suggest that LY254603
affects thrombin through a change that fa-
vors the P3 acidic residue in protein C,
without altering the preference at P3’.

Because TM also alters the P3 as well as
the P3’ subsite specificity of thrombin, we
were interested in determining if LY254603
affected aPC generation by thrombin in
complex with TM. LY254603 also stimulat-
ed the rate of aPC generation by thrombin
in complex with TM (Fig. 4A) from 7- to
10-fold, similar to the increase observed
with thrombin alone. The rate of aPC gen-
eration by the physiologically relevant
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Fig. 4. Effect of LY254603 on the acti-
vation of protein C by thrombin in com-
plex with TM. (A) Reactions were per-
formed in 20 mM tris, pH 7.4, 150 mM
NaCl, 5 mM CaCl,, and 300 ug of bo-
vine serum albumin per milliliter, with
0.3 nM human thrombin and 3 nM
chondroitin  sulfate-modified soluble
recombinant human T™ (78). We de-
termined the amount of aPC generated

o
o

after 10 min at 37°C by measuring the rate of p-nitroanilide release from
synthetic peptide substrate S2366. (B) Reactions were as in (A), using 8 g

of LY254603 per millliter, 150 nM protein C, 2 nM
varying amounts of TM.

thrombin-TM complex was about 300 times
that of thrombin alone at the TM concen-
tration used (near its dissociation constant).
In other words, the rate with thrombin-TM
plus LY254603 was about 2000 to 3000
times that of thrombin alone. LY254603
increased the rate of TM-stimulated aPC
generation at all concentrations of TM (Fig.
4B). We observed a decrease in half-maxi-
mal saturating TM concentration to one-
fifth original levels and a twofold increase
in aPC at saturating TM levels. Although
these data suggest that LY254603 may in-
crease the affinity of the thrombin-TM
complex, detailed kinetic studies will be
required to distinguish the effects of
LY254603 on the thrombin interaction
with TM and on thrombin-TM interactions
with protein C. Further studies will also be
required to define the physical binding site
of this compound. However, the multipli-
cative nature of the increase in aPC gener-
ation by LY254603 suggests that the stim-
ulating effects of TM and LY254603 on
thrombin-catalyzed protein C cleavage may
be mediated through different allosteric
mechanisms, although both ultimately af-
fect P3 specificity.

We describe a compound capable of
modulating the substrate cleavage specific-
ity of human thrombin. Although our data
would suggest that the mechanism for the
modulation by LY254603 may be distinct
from that of TM, it appears to functionally
modulate the activity in a similar manner,
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human thrombin, and

especially with regard to altering the P3
cleavage specificity of thrombin. Musci and
Berliner (11) made the first observation
demonstrating that small ligands could alter
thrombin substrate activity. They demon-
strated that tryptamine analogs (I mM)
enhanced the ability of thrombin to acti-
vate protein C in the absence of Ca*";
however, these compounds also increased
the activation of thrombin-catalyzed fibrin-
ogen clotting, while inhibiting both func-
tions at higher concentrations (12).
LY254603 appears to be distinct from these
compounds in its ability to differentially
alter thrombin substrate specificity, and
with far greater potency.

Recently, in a commentary on the para-
doxical activities of thrombin, Griffin (13)
speculated that future agents might be dis-
covered that would enhance the protein C
pathway. The results of our study, in fact,
demonstrate the possibility of identifying
agents that modulate the balance between
the pro- and anticoagulant activities of
thrombin. Whereas future studies are re-
quired to identify a more potent and soluble
pharmacological agent that is effective in
plasma, our results demonstrate a concept
that may lead to future strategies for devel-
oping antithrombotic agents.

REFERENCES AND NOTES

1. W. G. Owen and C. T. Esmon, J. Biol. Chem. 256,
5532 (1984); C. T. Esmon and W. G. Owen, Proc.
Natl. Acad. Sci. U.S.A. 78, 2249 (1981).

SCIENCE e« VOL. 273 + 6 SEPTEMBER 1996

10.
11.

12

13
14.

15.
16.

19.

e e REPORTS

. C. M. Wells and E. Di Cera, Biochemistry 31, 11721

(1992); Y. Ayala and E. Di Cera, J. Mol. Biol. 235, 733
(1994); Q. D. Dang, A. Vindigni, E. Di Cera, Proc.
Natl. Acad. Sci. U.S.A. 92, 5977 (1995).

. C. T. Esmon, FASEB J. 9, 946 (1995).
. A. E. Johnson, N. L. Esmon, T. M. Laue, C. T. Es-

mon, J. Biol. Chem. 258, 5554 (1983).

. H. J. Ehrlich et al., EMBO J. 9, 2367 (1990).
. J. E. Sadler, S. R. Lentz, J. P. Sheehan, M. Tsiag, Q.

Wu, Haemostasis 23, 183 (1993).

. G. L. Hortin and B. L. Trimpe, J. Biol. Chem. 266,

6866 (1991); L.-W. Liu, T.-K. H. Vu, C. T. Esmon, S.
R. Coughlin, ibid., p. 16977.

. J. Ye, N. L. Esmon, C. T. Esmon, A. E. Johnson,

ibid., p. 23016; B. F. LeBonniec and C. T. Esmon,
Proc. Natl. Acad. Sci. U.S.A. 88, 7371 (1991); B. F.
LeBonniec, R. T. A. MacGillivray, C. T. Esmon,
J. Biol. Chem. 266, 13796 (1991); B. W. Grinnell et
al., in Protein C and Related Anticoagulants, D. Bru-
ley and W. Drohan, Eds. (Gulf Publishing, Houston,
1990), pp. 13-46; M. A. Richardson, B. Gerlitz, B.
W. Grinnell, Nature 360, 261 (1992).

. A diverse screening set of mutually dissimilar com-

pounds was chosen from Eli Lily & Co. chemical
archives by a clustering algorithm (R. Bruns, personal
communication). Substructures were identified, and
compounds with similar structural features were cho-
sen from a nonselected set of compounds synthe-
sized both at Lilly and from commercial sources using
MACCS-II software (Molecular Design). LY254603
had been synthesized during the development of pro-
panamine chemical synthetic methodologies.

M. A, Richardson, B. Gerlitz, B. W. Grinnell, Protein
Sci. 3, 711 (1994).

G. Musci and L. J. Berliner, J. Biol. Chem. 262,
13889 (1987).

B. G. Conery and L. J. Berliner, Biochemistry 22, 369
(1983); L. J. Berlinerand Y. Y. L. Shen, ibid. 16, 4622
(1977).

J. H. Griffin, Nature 378, 337 (1995).

Recombinant human protein C zymogen was pro-
duced in and purified from human 293 cells. Activa-
tion rates were determined at 37°C by use of human
a-thrombin (3 nM) in a reaction mix containing 20 mM
tris, pH 7.4, 150 mM NaCl, 3 mM CaCl,, 150 to 300
rg/ml of bovine serum albumin, and purified protein
C at a concentration of 0.4 pM. After inhibition of
thrombin with hirudin (100-fold molar excess), the
amount of aPC generated was determined by means
of a tripeptide chromogenic substrate (S-2366) at a
concentration of 0.75 mM. Reactions were per-
formed in sterile microtiter plates, and the changes in
absorbance units per minute at 405 nm were mea-
sured in a ThermoMax kinetic microtiter plate reader
(Molecular Devices). The amount of aPC generated
was less than 10% of the initial zymogen in all exper-
iments. LY254603 was dissolved in dimethyl sulfox-
ide (DMSO) or methanol (MeOH) and diluted into the
reaction buffer with the thrombin 10 min before the
addition of protein C. The final concentrations of
DMSO or MeOH were maintained at levels at or be-
low 0.5%, a level that had no effect on the thrombin-
dependent activation of protein C or on protein C
substrate cleavage in control reactions.

S. C. B. Yan et al., BioTechnology 8, 655 (1990).

B. W. Grinnell, J. D. Walls, B. Gerlitz, J. Biol. Chem.
266, 9778 (1991).

. Fibrinogen-clotting reactions were performed at

37°C with the use of 3 to 10 nM human a-thrombin
in a reaction mix containing 20 mM tris, pH 7.4, 150
mM NaCl, and bovine fibrinogen (4 mg/ml). The
cleavage and subsequent formation of fibrin were
monitored by light scatter at 405 nm by means of a
ThermoMax kinetic microtiter plate reader. All reac-
tions were performed with compound in 0.5% or less
MeOH, a level that did not alter thrombin-catalyzed
fibrinogen clotting in control reactions.

. J. F. Parkinson et al., J. Biol. Chem. 265, 12602

(1990).

We gratefully thank B. Gerlitz and J. Jakubowski for
helpful discussion. We also thank R. Bruns for sup-
plying the selected cassette of synthetic compounds
analyzed in this study.

13 March 1996; accepted 27 June 1996

1391





