
pf~cat ion (E. S Kam~asaki in PCR Protocols, M. A. 
nnis, D. H. Gelfand, J. J. Sninsky. T. J White. Eds. 
(Academic Press, New York 1990) pp. 146-1 52. 

8. For Southern blot analysis 10 k g  of genomic DNA 
was dgested with Bsu 361 and the fragments sepa- 
rated by electroptioress on a 0.7% agarose gel. Af- 
ter the DNA fragments were transferred to a nylon 
membrane, hybrldlzaton mias perforlned wlth a 32P- 
labeled, 1.2-kbp Bsu 361 PA-globn fragment cloned 
n pBR328 as the probe. 

9. For analysis of the P-gobln sequence the 345-bp 
PCR fragment mias prepared by amplfcaton from a 
crude cell ysate w~ th  primers BG02 (5'-TCCTAAGC- 
CAGTGCCAGAAGA) and BG05 (5'-CTATTGGT- 
CTCCTTAAACCTG) and Expand Taq polymerase 
(Boehr~nger Mannhem). For analysls of the 8-globn 
gene the same cell extracts miere used In amplflca- 
t ~ o n  reactions with primers DG06 (5'XTCACAAAC- 
TAATGAAACCCTGC) and DG07 (5'-GAAAACAGC- 
CCAAGGGACAG) to generate a 335-bp fragment. 
Gels were stained mlith SYBR green (FMC Bioprod- 
~ ~ c t s )  and fluorescence Intensities miere quantitated 
mlith a Molecular Dynamcs fluor~mager. DNA se- 
quencing was performed n both drectons w~ th  an 
A B  373A sequencer. 

10. There s a documented polymorphism In the thrd 
base of codon 2. A sm/~tch from C to T has been 
observed in this posltlon and IS evldent In the PA 

sequence [S. H. Orkn eta/. Natiire 296 627 (1 982)] 
o~ltslde the targeted reglon. 

11 FOLI~ flasks were seeded w~ th  24 m of PA cells at a 
concentration of 1 X 1 0%elIs per m~llil~ter. Two of 
the flasks were transfected for 16 hours wlth 47 nM 
SC2 chmer~c oi~gonucleot~de after mlhich the med-  
um was replaced. The cells rested for 3 days to allow 
for the expression of the HPRT-resistant phenotype. 
On day 0. 6-thioguanine was added (5 pg~ml )  to 
each of the SC2-treated and untreated flasks. The 
meda of these flasks was exchanged tmlce durng 
the experment. All cells were counted on day 0 and 
frequently thereafter for 14 days. The numbers are 
presented n Fg.  4C on a logarthmc scale Iustrat- 
Ing the kll curve of the 6-thioguanine-selected 
flasks. PCR anayss was performed on ;he control 
flasks on days 0 and 14 of the experment showng 
the persstence of the converson event [H L. Lber 
and W. G. T~lley Mutat. Res. 94 467 (1 98211. 

12. We are Indebted to members of E.B K, s laboratory 
for helpful suggestons throughout the course of t hs  
work, to H. Alder (Thomas Jefferson Unlverslty) for 
assistance in the drect DNA sequencing protocols 
and to A. Andrus (Applied Blosystems, Inc.) for pro- 
vldlng the chmerlc molecules. Supported by a grant 
from K~meragen, 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. 

T h e  serine protease thrombin is the pi~,ot -  tivities (3 )  anil stimulating the thrombin- 
a1 cotltrolli~lg factor of all thrombosis, a catalyzed generation of activated protein C 
leading cause of death as well as of morbid- (aPC) in the  presence of Ca2+  (4,  5). 
itv associated with vascular disease. This Thromboinodulin's interaction ~ v i t h  
ellzyine plays a dual role in the regulation of 
blood coagulation. Thrombin's classical role 
is as a procoagulant enzylne that catalyzes 
the  conversion of fibrinogen to fibrin, but 
thrombin also acts as an  anticoagulant en- 
zynle by the proteolytic activation of pro- 
tein C, a key feedback regulator of the 
coagulatio~l cascade ( I  ) .  These opposing 
functio~ls are physiologically colltrolled by 
allosteric changes induced by Na+  ( 2 )  and 
cell-surface thrornbornodulin ( T M )  ( 3 ) ,  
which results in a change in thrombin's 
substrate specificity. T M  functions by di- 
rectly blocking thrombin's procoagulallt ac- 

throlnbin via anion-binding site I (6 )  re- 
sults in a n  allosteric change that alters 
thrombin's substrate specificity (7). This 
allosteric change, at least in part, eliminates 
repulsive illteractiotls between Glu3%nil 
Glu19? ln thrombin (3 )  and the P3 a n ~ i  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 chanees in ac- " 

tive-site substrate specificity induced by 
macromolec~~lar  interactions at anion-bind- 
ing site 1,  recent studies by Di Cera et al. (2 )  
have dernonstrated that thrombin exists in 
two forms allostericallv controlled bv Naf  

Cardlovascular Research LI,iy Research Laho binding T h e  "fast" form of thrombin ( ~ a + -  
ratorles Indanapo~s IN 46285-0444, USA. bound) cleaves fibrinogen ~ v i t h  higher spec- 

*To mihorn correspondence should be addressed, ificity, whereas the "slo~v" form preferen- 
grinnellbrian@lilly.com tially cleaves protein C .  

We reasoned that if thrornbin existed it1 
multiple forins capable of recognizing differ- 
ent substrates, then it might be possible to 
identify agents that would shift the equilibri- 
urn fro111 one for111 to the other. Therefore, we 
tested approximately 8300 synthetic organic 
compou~lds from the Lilly Research Laborato- 
ries files (9) for agents that might increase the 
rate of thrombin-dependent activation of hu- 
man protein C .  Co~npoul~ds  that had a stirn- 
ulating effect on protein C activation by 
thrornbin were f~lrther analyzed for their effect 
on fibrinogen cleavage. Compounds with 
both thrombin activities were illspected for 
structural similarities, and, on the basis of that 
analysis, additional analogs were obtained 
from Lilly Research Laboratories files for com- 
parative bioche~nical evaluation. After t ~ v o  
iterations of this approach, LY254603 was 
identified (Fig. l A ,  inset). A t  the screening 
concentration of 25 kg/ml, the rate of throm- 
bin-catalyzed aPC generation was substantial- 
ly increaseil in the presence of LY254603, as 
shown by at1 approximate eightfold increase 
in the alnount of aPC generateil (Fig. 1A).  
The  compoulld had no effect on aPC ainido- 
lytic activity, as dernonstrated in control ex- 
periments 1vit11 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 fibrillogen (Fig. 
1B). These data suggested that we ide~ltified a 
compound capable of altering the substrate 
specificity of throinbin. 

The  effects of LY254603 on stimulation of 
protein C cleavage and reduction of fibrino- 
gen cleaving ability were dependent on con- 
centration. The conce~ltratioll required to 
double the rate of aPC generation in our 
assays was approximately 500 nh.I, a n ~ i  the 
rnaxilnal effect in this experiment reache~i a 
plateau at approximately a 10-fold increase 
(Fig. IC) .  This plateau appeared to be a result 
of the solubility of the compound in the re- 
action, as the ~naximal water. solubility \\.as 
observeii to be approximately 25 p M  The  
inhibitory effect of LY254603 on thrombin 
cleavage of fibrinogen was concentration-de- 
pendent within the saine range, as observed 
for the stimulating effect on protein C cleav- 
age (Fig. ID).  111 repeateil experiments, the 
median inhibitory collcentration (ICj,) for 
fibrinogen clotting and the cotlcentration for 
half-maximal stimulation of protein C cleav- 
age ~vere both -3 kM.  The  -10-fol~i increase 
in aPC generation with the more than 95% 
decrease in fibrinogen clotting (at the same 
co~lcetltratio~ls of both thronlbitl and 
LY254603) effectively yields a shift of at least 
several hulldredfold it1 thrombin's differential 
cleavage specificity. LY254603 significantly 
extended the activated partial thromboplastin 
clotting time in human plasma (16 i 5 s at 40 
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pM);  however, further study will be required 
to obtain a more potent and soluble com- 
poutld for detailed mechat1istic studies in such 
complex systems. 

Because the activation of protein C by 
thrombin is inhibited by CaL+-induced 
collformational change in protein C (3-5), 
we tested the effect of LY254603 on protein 
C activation as a function of Ca2+ concen- 

tration. Although at each concentration of 
Ca2+ the rate of aPC generation was in- 
creased about sixfold by 6 FM LY254603, 
we observed no significant difference in the 
Ca2+ dependency. Both in the presence 
and absence of LY254603, the IC,, Ca2+ 
concentrations were about 0.2 nlM (Fig. 
2A), which is cotlsistet1t with previous re- 
sults ~v i th  reconlbinant protein C (10). 

Time (s) 

....* 
0 

....c-*-@ -25 

0 200 400 600 800 1000 0 0.1 1 10 100 

Time (s) LY254603 (pM) 

Fig. 1. Identification of LY254603 and determination of its effects on thrombin-catalyzed protein C 
actlvaton and fibrinogen clotting. (A) Effect of LY254603 on protein C actvation (14-16). The inset 
shows the structure of LY254603 as determlned by nuclear magnetc resonance spectroscopy, mass 
spectroscopy. and elemental analysis. (B) Effect of LY254603 on the klnetcs of fbrinogen cleavage by 
thrombin (1 7). (C) Concentration response for the effect of LY254603 on thrombin-catalyzed protein C 
actvatlon. Reaction condtions were as descrlbed (14). The results are expressed as the fold Increase In 
aPC generated relatve to reactions contalnng no LY254603, whch showed a rate of aPC generatlon of 
1.2 mmol min-' mol-'. (D) Concentration response for the effect of LY254603 on fibrinogen cleavage. 
Reactons contaning 10 nM thrombn and valylng levels of LY254603 were performed as descrlbed (1 7). 
Clotting tmes were determlned from the kinetlc plots as the time to marimum velocity. The effect of 
LY254603 (mean i- SD, n = 4) on the inhibition of thrombin-dependent fibrinogen cleavage was deter- 
mined from standard cunles as the percent of thrombin actvity remanng. A,,,, absorbance at 405 nm. 

Fig. 2. (A) The effect of LY254603 on 
7 

B 
Cap-dependent nhbitlon of aPC gen- 

0 -LY254603 
eration by thromb~n. Reactions con- = . iLY254603 
tainng 6 p.M LY254603, 3 n M  throm- 

75 

were performed in the presence of & g  
bln, and 400 n M  protein C zymogen g, 50 

varylng levels of Ca2+. and the amount 2 6 25 Z 0 

of aPC generated was determlned as 2 %  2 
.E 1 

the percent of aPC generated relatve 0 0.5 1 1.5 2 2.5 3 
to that obtained in the absence of Cap+ Calcium (mM) 0 Calclurn + - + 
(5 mM EDTA) as 100%. Rates of aPC Sod~urn - - + + 
generaton In the absence of LY254603 were 1.7 and 102 mmol mn-' ,,,, ,,, ,, 56 

mol-' in the presence and absence of Ca", respectvey. (B) Effect of (rnrnOl!rnlMrnol) 

LY254603 on thrombn In the presence and absence of Na+ and Cap'. The conditions were wlth ether 
200 mM NaCI (T) or 195 mM choline chloride and 5 mM NaCI (-)to mantain ionic strength as descrlbed 
(2). The fold increase was determined from the difference between experiments wth and without 6 p.M 
LY254603. The inital rates of aPC generatlon in the absence of LY254603 are indicated. 

Thus, the effect of LY254603 on etlhancillg 
protein C substrate recognition by throrn- 
bin is independent of the Ca2+-induced 
conformational change in protein C previ- 
ously sho~vn to alter thrombin recogt1ition. 

We speculated that one potet1tial mech- 
anism by ~vhich LY254603 could increase 
protein C activation ~vhile inhibiting fi- 
brinogen clotting woulil 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 ~vould 
not significantly increase the rate of aPC 
activation under conditions of low Nat  
concentration, where the thrombin Lvas es- 
sentially all in the slow form. We deter- 
mined the rates of activatio11 and effect of 
LY254603 in NaCl and choline chloride 
(ChCl)  both in the presence and absence of 
Ca2+.  There was no difference in the stirn- 
ulatory effect of LY254603 whether throm- 
bin was in the slow form (no Na+ present) 
or in the fast form (bounil to Na+) ,  or if 
Ca2+ was present or absent (Fig. 2B). These 
data showed that the effect of LY254603 
was independent of cation-meiliateil allo- 
steric changes in thrornbin and suggested 
that the compound does not affect sullstrate 
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 Lvas mediateil through changes in 
thrombi11 recognition at either or both of the 
critical resiilues in protein C (Asp residues 
P3 anil P3'), we analyzeil the effect of 
LY254603 011 the rates of thrombin-cata- 
lyzeil activatio11 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 ilescribeil (5, 10). Ho\vever, 
we observed no sigtlifical1t stimulation of the 
thrombin-catalyzed D167F activation by 
LY254603, ~vhereas D172K was stimulated 
to a similar degree as wtHPC (Fig. 3A). Even 
at cot1celltrations at which the effect on 
1vtHPC was maximal, there was only a sl~ght 
stimulation In the rate of D167F actlvatlon 
in the presence of LY254603 (Fig. 3B). 
These data strotlgly suggest that LY254603 
affects thrombin through a change that fa- 
vors the P3 acid~c residue in protein C, 
without altering the preference at P3'. 

Because T M  also alters the P3 as  ell as 
the P3' subsite specificity of thrombin, we 
were interested in deter~nlning if LY254603 
affected aPC generation by thrombin in 
complex w t h  TM. LY254603 also stimulat- 
ed the rate of aPC generation by thronlbin 
in complex with T M  (Fig. 4A) from 7- to 
10-fold, s~milar to the increase observed 
with thro~nbin alone. The  rate of aPC gen- 
eration by the physiologically relevant 

1390 SCIEKCE VOL 273 6 SEPTEMBER 1996 



Fig. 3. (A) Effect of LY254603 on 
a-thrombn~atalyzed aPC genera- 
tlon by use of proten C molecules 
w~th amlno acid changes at the P3 
and P3' residues. We ~ncubated 
wtHPC. P3' derivative D172K, and 
P3 derivative D167F with 2 nM 
thrombin In the presence and ab- 
sence of LY254603 (1 0 yM), and the 
amount of aPC generated after a 30- 
mln incubation at 37°C was deter- 
m~ned (74). The results, mean t- SD 
(n = 3), are expressed as the fold increase in aPC generated In the presence of LY254603 relatve to the 
control. Rates of aPC generation in the absence of LY254603 were 2.6, 47, and 37 mmol min-' mo-'  
for wtHPC, D167F, and D172K, respect~vely. (B) Concentration response comparing wtHPC and 
D l  67F 

Fig. 4. Effect of LY254603 on the actl- 
vation of proten C by thrombin In com- 0.40 

0 -LY254603 

plex with TM. (A) Reactions were per- 0,30; 
formed n 20 mM tris, pH 7.4. 150 mM 
N a C  5 mM CaCl,, and 300 k g  of bo- ,f 0.20, 
vine serum albumn per mlllliter, w~th a Q 

0.3 nM human thrombin and 3 nM 2 ' O.lo 

chondroitin sulfate-mod~fied soluble * 9 

termined the amount of aPC generated 
recomb~nant human TM (78). We de- ' '0 100 200 300 

Time (s) 

after 10 m n  at 37°C by measuring the rate of p-ntroanil~de release from 
synthetc peptide substrate 52366. (B) Reactions were as In (A), using 8 yg 
of LY254603 per mill~liter. 150 nM protein C, 2 nM human thrombin. and 
varying amounts of TM. 

thrombin-TM cornplex was about 300 times 
that of thrombin alone at the T M  concen- 
tration used (near its dissociation constant). 
I n  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 T M  (Fig. 
4B). W e  observed a decrease in half-maxi- 
ma1 saturating T M  concentration to one- 
fifth original levels and a twofold increase 
in aPC at  saturating T M  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 o n  the thrombin interaction 
with T M  and o n  thrombin-TM interactions 
w ~ t h  protein C. Further studies will also be 
required to define the physical binding site 
of this compound. However, the  multip11- 
cative nature of the  increase in  aPC gener- 
ation by LY254603 suggests that the  stim- 
ulating effects of T M  and LY254603 o n  
thrombin-catalyzed protein C cleavage may 
be mediated through different allosteric 
mechanisms, although both ultimately af- 
fect P3 specificity. 

W e  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 T M ,  it appears to  fi~nctionally 
modulate the  activity in a similar manner,  

Thrombomodulin 
(nM) 

especially with regard to altering the  P3 
cleavage specificity of thrombin. Musci and 
Berliner (1 1 ) made the  first observation 
demonstrating that small ligands could alter - " 

thrombin substrate activity. They demon- 
strated that  tryptamine analogs (1 mM) 
enhanced the  ability of thrombin to  acti- 
vate protein C in  the absence of Ca2+;  
however, these comoounds also increased 
the  activation of thrombin-catalyzed fibrin- 
ogen clotting, while inhibiting both func- 
tions a t  higher concentrations (12).  
LY254603 appears to be distinct from these 
cornoounds in  its abilitv to  differentiallv 
alterL thrombin substrati specificity, and 
with far greater potency. 

Recently, in  a commentary o n  the  para- 
doxical activities of thrombin, Griffin (13) 
speculated that future agents inight be dis- 
covered that ~~7ould enhance the  protein C 
pathway. T h e  results of our study, 111 fact, 
demonstrate the  possibility of identifying 
agents that modulate the  balance between 
the  oro- 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 map lead to  future strategies for devel- 
oping antithrombotic agents. 
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