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A new class of potent thrombin inhibitors that mcorparates a scissile
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A-synthelic hirudin peplide unalog corresponding ta N-acetyl [D-Phet*, Arg P(COCH, P, Gly**)desulla hirudin®*** (P79) was synthesized. Com-
paralive kinetie studiss showed that while recombinant hirudin (BIV2) iz a slow-tight binding inhibitor, P79 behaves asa classical competitive inhibitor
of human -thrombin (K;=3.7£0.3» 10712 M) und hovine z-thrombin (1.8:£0.7 % 10*? M), P79 showed saturable inhibition of plasma APTT.
The P,’subsite of P79 is isosteric with the glycine residue of the natural thrombin substrate Abrinogen, but ix proteolytically stable due to the incorpo-
ration of & ketomethylene pseudopeptide bond, The mode) active site-directed tripeptide {D-Phe-Pro-Arg' ¥(COCH,)CH,COOCH,, PT9L] cor-
responding to the amine terminal of P79 alze binds competitively to the aetive site of a-thrambin and inhibited the proteelysis of a tripeptidyi
subsirate with & K,=179 + 2.1 xM (human) and 10.3 £ 3.6 uM (bovine) a-thrambin. NMR experiments indicated that P79L and the eorresponding
amino terminal residues of P79 acccupy a mutually exclusive binding site on baving «-thrombin while the carboxyl terminal tail of the latter adepts
a similar bound conformation as the fragment hirudin®=** which is known to interact with the 'anion” exosite. Taken together these results provide
conclusive evidence that the high antithrombin activity of N-aceiyl[D-Phet*, Arg¥(COCH, ¥, Gly**]desulfo hirudin®*#* stems from the concurrent
interaction with the catalytic site and the putative ‘anion' exosite through its respective NH,- and COOH-1erminal recognition sites,

Hirudin analog; Thrombin inhibitor; Pseudepeptide: Active site; Exosite

1. INTRODUCTION

Thrombin is the principal enzyme that acts in concert
with other activated factors of the hemocoagulative
system to regulate clot formation in response to
vascular tissue damage. Although a-thrombin is highly
specific toward fibrinogen as its natural substrate, its
structural homology to other serine proteases may
preclude the. development of specific and effective
active-site directed inhibitors which could be useful to
treat thrombotic disorders, Indeed a large number of
synthetic or substrate-related inhibitors have been
reported [1], but most of them suffer from various
drawbacks such as low potency, poor selectivity. or
potential toxicity.. The most potent inhibitor of a-
thrombin known is hirudin [2,31, a 7 kDa family of
isoproteins isolated from the glandular extracts of the
leech Hirudo medicinalis. Hirudin forms a high affinity
non-covalent stoichiometric complex with a-thrombin
(Ki = 107! to 107'* M), but does not inhibit trypsin,
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kallikrein or other hemocoagulant serine proteases [4].
It is now known that the high affinity is due to the
multiple interactions of hirudin with a-thrombin while
the specificity stems from the interaction with at least
one complementary binding site that is unique to o-

thrombin [5,6]. This putative ‘anion’ exosite may also

be required for fibrinogen binding. ‘

We have previously demonstrated that desulfo-
hirudin**~%® corresponding to the carboxyl terminal
fragment of recombinant hirudin variant 1 (r-HV1) can
inhibit the amidolytic activity of human e-thrombin
towards synthetic substrates [7]. Although the inhibi-
tion by this native fragment was weak and the
mechanism. partially competitive compared - to 1-
hirudin, a modification of the NHz-terminal residues
by substituting D-Phe and Arg in positions 45 and 47
respectively, afforded an inhibitor with a Kj = 2.8 %
0.9 nM against human a-thrombin. The enhancement
of enzyme affinity compared to the corresponding
native fragment was attributed to favored interaction
with the 8; and §; subsites of the catalytic center while
the C-terminal region comprising residues 55-65 could
serve as an anchor that binds to the putative ‘anion’
exosite.

In this communication, we report that this model was
used to obtain a new class of reversible inhibitors pro-
totyped by P79 (Fig. 1) with high enzyme affinity and
whose in vitro plasma antithrombin activity approaches
the level of r-hirudin despite the drastically reduced
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size. Further, on the basly of NMR measurements, we
show that this inhibitor mimics the mechanism of
hirudin by interacting concurrently with botl the active
site and the putative ‘anion' exosite of a-thrombin.

2. MATERIALS AND METHODS

b Muerials

Recombinant hirudin varlant 3 (r-HV2), bevine and human -
hrombing, the Nuorogenic and ehromogenie subsirates Tos-Gly-Pro»
Arg-ame/ Benzoyl-Phe-Val-Arg-p=nitroanilide were purchaved lrom
Sigma. APTT reagents were also obtained from Sigma. Protecied
amino acids and solvents for peptide synthesix were abtalned from
Applied Blosystems. Reagenty for chemival synithesis were purchased
from Aldrich,

2.2, Peptide synthesis, purification and analytical miethods
Nacetyl[D-Phe** Arg  W(COCH ) Gly**desulfe  hirudin® %
was synthesized on an Applied Biosystems 430A peptide synthesizer
as deseribed previously {7). The synthetiec amino acid M-Boc:L-Arg
P[COCH;|CHCOOH (Boc-AQGO) was prepared by a multistep
procedure that will be reported in detail elsewhere. This novel M-
protected ketomethyleéne amino acid was obtained enantiomerically
pure, {a)? = +18 (¢ = 2,MeOH), and was incorporated into the
polymer-bound : peptide using a standard coupling procedure
mediated by dieyclohexylearbodiimide/N-hydroxybenzotriazole. The
¢rude peptide obtained following hydrogen fluoride treatment was
purified to homogeneity in' one’ step using reverse phase
chramatography on a Vydac octadecyl silica glass column as deserib-
ed previously [7), The peptide was more than 98% pure as judged by
analytical HPLC on a Vydac 5 um, Cia' column using UV detestion
at 215 nm. Alternatively, Boe-AOGO could. first be methylated
using diazomethane, deblocked with trifluoroacatic acid and sub.
sequently Incorporated as the ‘tripeptide N™Cbz-(D)-Phe-Pro-
Arg(Tos)¥[COCH;JCH,COOCH; using standard solution methods
and purification on silica gel. The blocked tripeptide was treated with
HF as described above and lyophilized. For acetylation, the crude
peptide was redissolved in | ml of cold sodium phosphate buffer, pH
7.5, and treated with 100 x4l of acetic anhydride and the mixture
maintained at.0°C for one hour (8). The solution was diluted with
water, frozen in a dry ice/acetone bath and lyophilized. The product
was purified as described above. The resulting tripeptide is designated
as P79L (Fig. 1), Amino acid analysis was performed on a Beckman
model 6300 amino acid analyzer following hydrolysis on a Waters
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Pleo-Tug work sintion, Mans speciral analysey werd comductad onn
SCIEX APl HI spectrometer eguipped withe an lnnspray lnl and
were by agreement withy calvulated muebeoular weights,

1Y, Awvay of thrombin inhibition and data analviiy

Amidolyte axsaye far tw synthetic infiibliors were carrled out ax
I9C in 0 M TrissHCT bulter, pH 7.8 contalning 0.1 M NaCl and
0.1%: polyahylenegiveol (PEG 30007 using 13 pM ¢nzyme and
substrate concentrations eanging Betwyen 2.8 and 20:M, Bx
periments werg conducted on a Cary 2000 spectrophotometer i the
NMueréwence mode [n the ratio (e = XY nm, X = 435 nmd. Initlal
vetocitles were recorded follawing the addition of thrombin (a 4 sl
ton of substrate divalved in 0.1 M Triv-HCI buffer, pH 7.8 and
viarlable concentrations of inhibitor In the same bulfer adjusted 1o
final volume af ¥ ml. Fluorescence intensities were ¢alibrated with
known eoncentrations of 7-umino-d-methyl coumarin, The dati were
anslyzed by using the non-lnear regression program RNLIN in the
IMSL library [9) on 8 micro VAN 1300 computer, Data points were
fitted 1o equution | deseribing competitive inhibition whieh wax
determined on the basic of combined Dixon and Lineweaver-Burk
plots {10},

v a PoanSAKall = I/K) + § (1)

The slow-tight binding inbibition of human e~thrombin by +HV2
was evaluated using a fixed enzyme and subsirate conceritration of
20 pM and 28 #M, Tespectively, A set of progress curves were obrain:
ed for several hirudin concentrations ranging from 20 to 70 pM. The
resulting data points were fitted by non-linear regression analysis to
equation 2 [11-~13] where £ is.the concentration of product formed
at time 7. These analyses yielded values for Ky, association rate cons-
tant &, and dissogiation rate constant &z, ‘

Fiy v - S 1)
P Ym0 7)-ln<‘ 2 ) (2)
ky 1=y ‘

2.4, Activated partial thromboplustin time

The anticoagulant activity of r-HV2 and synthetic peptides was
cvaluated spectrophotometrically an a° Varian DMS 90 spee-
trophotometer at 405 nm. 30 ! of reconstituted citrated plasma con-
trol was mixed with 50 4l of thromboplastin solution at 37°C. This
solution was:treated with either 200 4l of Tris-HCI buffer, pH 7.8
containing 0.1 M. NaCl, 0.1% PEG 6000 or variable concentrations
of inhibitor in the same buffer. The clotting time was. recorded
following recalcification with 100 4l of 25 mM CaCl; solution. The
average clotting time without inhibitors was 35 s.

i ]
Ac-(D)-Phe-F‘me“E/CCHec"‘zC -Q-S-H-N.D-G:Asp-Phe-Glu-Glu-Hte-Pro-Glu-Clu-Tyr-Leu.GinOH

ik
(':=NH
NH,

P79

g @
CCH,CH,COCH,

Ac-(D)Phe-Pro- HN{
NH

]
?-NH
NH,

P7OL

Fig, 1. Chemical structure of N™-acetyl[(D)-Phe*, Arg®W(COCH,)*,Gly*®]desulfo hirudin®*~%* (P79) and P79L. The amino acids represented by
the single letter code in P79 comprise the spacer that links the components of the catalytic site (left) and the auxiliary ‘anion’ exosite (right).
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3.8, NMR experiments i

The intersction of P79 and PTIL (Fig. 1) with baviow w-thrembin
waan svadind uatng bor one and twve-dimensional NMR specirencopy
follawing e procedures  deseribal  elsewbere (18], For twes
dimenvional tramiferred NOE experimenty, P79 was divelved al
¥ mM conventration i aquevus bulfer (150 mM NaCl, 30 mM
phiosphate and 0.2 md EDTA at pH 3.7 in the presence of 0.2 mM
a-thrombin, For experiments involving PI9L, the peptide concentra-
tHon was 5 mM in the same aqueous bulfer either in the absence or
6 e prisence of 0.3 mM a-thrombin, Vor divplacement experimenty
of P91 by P79, the peptide P79 was added (0 a preineubated mix-
ire of a-thrombin and P79L (o a final comentration of 0.6 mM
(P79). NMR spectra were recerded on a Briker AM-300 spe-
truphotemeter and spectral analyres and plonting were earried out an
# Dritker Aspeet 3000 warkwaation,

3, RESULTS AND DISCUSSION

In the previous paper in this series we reported that
the acetylated carboxyl terminal hirudin fragment com-
prising residues 45635 iphibits both the fibrinogen ¢lot-
ting activity of a~thrombin and the amidolyti¢ activity
of the enzyme toward tripeptidyl substrates (Ki = 110
30 nM, human a-thrombin). This result is at variance
with other reports [15] and with recent X-ray structure
determinations of the complex between human a-
thrombin and either r-HV2-Lys*’ [5] or r-HVI1 (6]
which clearly demonstrate that hirudin binds in the
region of the catalytic cleft through its NH;-terminal
three residues. By inference, deletion of residues 1—-44
could expose new recognitive elements within the
thrombin substrate-like sequence consisting of residues
The-Pro-Lys-Pro whose spatial disposition permits in-
teraction with the catalytic site and substitute for the
native NHz-terminal residues of intact hirudin, albeit
not as effectively. The probability of this mechanism is
corroborated by our previous observation showing that
substituting Thr*? and Lys*’ by (D)Phe and Arg,
respectively, confers potent and competitive inhibitory
activity (P83, Ki = 2.8 + 0.9 x 107, human a-
thrombin). The present results demonstrate that a
significant improvement in potency and stability is
achieved by appropriate modification of the scissile
bond and structure of the P subsite of P53.

Reasoning by analogy with fibrinogen, which incor-
porates a glycine residue at P;, we have successfully in-
corporaied a ketomethylene surrogate [16] into P53 in
order to mimic the scissile Arg-Gly peptide bond in the
natural substrate fibrinogen.  This new structural
prototype (P79) N%acetyl[D-Phe**, Arg¥(COCH,)"’,
Gly**]desulfo hirudin®*~% (Fig. 1) competitively in-
hibits the proteolysis of the tripeptidyl substrate Tos-
Gly-Pro-Arg-amc with Ki = 3.7 = 0.3 x 1071°M
(Fig. 2A) and 1.8 = 0.7 x 107? M for human and
bovine a-thrombins, respectively. These values repre-
sent up to 450-fold increased affinity for the enzyme
compared to the original native fragment: N%-acetyl
desulfo hirudin®’~% described previously [7], but still
approximately 1000-fold lower than intact recombinant
hirudin (r-HV2). Under the present experimental condi-
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Fig. 2. (A) Dixon plot of the inhibition of human a-thrombin-
mediated hydrolysis of Tos-Gly-Pro-Arg-AMC by AN™.acetyl[(D)
Phe'*, Arg¥(COCH?)*",Gly**|desulfo hiradin®*~%* (P19). The K\, for
the substrate was determined to be 3.8 and 5.5 #M for human and
bovine a-thrombin, respectively, Assays were performed as described
in the experimental section in the presence of 2.5 (m), 3.5 (D), 5(A),
10 (aYand 20 x#M (O) substrate. The calculated K values for human
and bovine a-thrombins were: P79, 3.7 £ 0.3 % 107" Mand 1.8 %
0.7 X 10" M; PT9L, 179 = 2.1 % 107% and 10.3'+ 3.6 x 10~ M.,
(B) Stow-binding inhibition of human a-~thrombin by r-hirudin (-
HV2). The conditions were as described under the experimental
section in 100 mM Tris buffer, pH 7.8 containing 100 mM NaCl,
Enzyme and substrate concentrations. were fixed at 20 pM and
25 xM, respectively, The determined association and dissociation rate
constants were 1,9 % 02 x 10°M~"'s™' and 5.3 = 1.4 x 107 s~
respectively with a corresponding K = 2.8 & 0.7 x 107'* M,

tions r-HV2 behaved as a slow tight-binding inhibitor
(K1 = 0.28 «# 0.07 pM) (Fig. 2A) in agreement with
previous studies {8,13] that have implicated a probable
two-step mechanism for hirudin binding. In contrast to
hirudin, P79 did not display tight binding inhibition

.and the progress curves for product formation were

linear over time. Despite the drastically reduced size
compared to hirudin, amidolytic' experiments using
trypsin showed no inhibition up to concentrations of
50 uM of P79, thus retaining the specificity conferred
by the fibrinogen recognition site as is the case with in-
tact hirudin. Expectedly, incubation of P79 with
human a-thrombin over 24 h at 37°C resulted in no
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observable proteolysis in contrast 1o {ts progenitor N*-
acetyl[D-Phe*? Arg*"Jdesulfo hirudin?*=** (P33) which
was slowly hydrolyzed on the carboxy! side of Arg"’
{7]. Since thrombin-mediated proteolysis of PS3 was
not a factor in the time frame of kinetic measurements,
we conclude that the enhanced enzyme affinity of P79
compared to P53 could be a consequence of a preferred
conformational effect at Py or greater polarization of
the ketone versus the amide function in the catalyiie
site. Fig. 3 shows that P79 prolongs the activated par-
tial thromboplastin time of normal human plasma in a
concentration dependent manner. Compared to
hirudin, both P79 and P53 ¢ause a saturable effect on
APTT. However, the clotting time at the saturating
level of P79 was more than double that of P53 over the
same concentration ranging from 0.2 to 0.6 x«g/400 ul,

The interaction of thrombin with the active site
directed component of P79 was (nvestigated by

evaluating the inhibitory activity and identifying the

enzyme-induced broadening of the: NMR proton
resonances of the model tripeptide N"™-acetyl-(D)-Phe-
Pro-ArgW(COCH)CH:COOCH; which is designated
P79L and is structurally related to the active site
alkylating agent PPACK [17]. P79L inhibited the
hydrolysis of the fluorogenic substrate Tos-Gly-Pro-
Arg-amc mediated by human a-thrombin competitively
with a Ki = 17.9 & 2.1 «M but was slightly more effec-
tive against the bovine isozyme (Ki = 10.3 x= 3.6 uM)
suggesting subtle structural differences also in the
respective active site of these two enzymes. The se-
quence denoted by amino acids using the single letter
code in Fig. 1 represents the region that we have
designated as the ‘spacer’ required to bridge two
- remote binding sites [7]. Accordingly, the N-terminal
residues to the left of the spacer can interact with the
catalytic site while the C-terminal residues to the right
of the spacer have recognitive elements characteristic of
the fibrinogen groove or exosite [17,18]. The
simultaneous occupancy of these two sites manifests
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Fig. 3. Inhibition of activated partial thromboplastin time by r-HV2
(1), P79 (0) and P53 (4). The anticoagulant activity was measured
as described in the methods using normal human plasma. Each point
is the mean of three determinations.
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synergistic inhibitory activity, We have previously
found that the fragment corresponding to N-acetyl
hirudin**"* doubles the fibrinogen clotting time of
human ea~thrombin at 0.7 4M, while the inhibitory
dissociation constant for the fragment corresponding
to hirudin'=** has been reported to be 0.3 4M [19]. Us-
ing these values, the expected K'p of hirudin would be
in the order of 0.2 pM which is in agreement with the
experimentally determined value of 0.28 = .07 pM
found in this study. On the other hand, the determined
K value of P79 (0.37 x 0.03 nM) deviates slightly from
the expected value of 13 pM if the inhibitory dissocia-
tion constant were the simple product of the individual
components as is the case with hirudin. This divergence
could reflect the different binding mode of P79 with
thrombin compared to' intact - hirudin whose
hydrophobic NHi-terminal residues interact with the
putative apolar binding site in a direction opposite to
what would be expected of a substrate and without oc-
cupying the specificity pocket [5,6]). Moreover, the
6-residue sequence that separates the catalytic site and
‘anion’ exosite in P79 may not be optimum compared
to the large but compact conformationally-defined core
of hirudin [20,21]. However the short spacer of P79
could be modified to further enhance enzyme affinity.

Fig. 4A shows the NMR proton spectrum of the
aromatic region of P79L. The spectrum shows that the

Dere
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P79L \
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Fig, 4. NMR spectra.of the NH and the aromatic region of P79L
5 mM in the absence (A) and in the presence (B) of 0.3 mM of bovine
a~thrombin. Spectrum C shows, the same region in the presence. of
0.3 mM thrombin and 0.6 mM P79, The NH proton resonances of
D-Phe and Arg are at 8.4 and 8.17 ppm, respectively, while the peaks
between 7.2-7.5 ppm are the ring proton resonances of D-Phe. Note
that only one of the NH doublets (indicated by the arrows) of Arg?’
is- broadened by ‘thrombin binding "(middle panel). This effect,
together with the line broadening of the aromatic ring protons, was
reversed upon addition of the bifunctional inhibitor, P79 (C).
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Pro-Arg amide bond of the tripeptide exists In an equal
population of ¢is and [frans isomers as reflected by the
splitting of the NH resonances (doublets of doublets) of
D-Phe (3.4 ppm) and Arg (8.17 ppm). In the presence
of thrombin (Fig. 4B), only one of the conformeric e
NH protons of Arg was broadened by a-thrombin,
while the aNH proton of the D-Phe residue was unaf-
fected. Therefore while only the amide proton of the
arginine residue s implicated in binding to thrombin,
only one conformational isomer is compatible with the
binding site. The most pronounced line broadening was
observed for the resonance signals corresporiding to the
aromatic ring protons of (D)-Phe as illustrated in
Fig. 4B. However, addition of P79 (0.6 mM) 10 a
preformed complex of thrombin (0.3 mM) with P79L
(5 mM) was found to reverse the thrombin-induced line
broadening (Fig. 4C). This  suggests . that the
NH;-terminal moiety of P79 interacts with the same
binding site as P79L, which would be expected to be the
apolar region of the catalytie ¢left due to its homology
with the active site inhibitor PPACK.

Using NMR transferred NOE measurements, we
have found that residues Glu®' to GIn® in a peptide
fragment corresponding to desulfo hirudin®*~% form a
helical structure when bound to bovine a-thrombin
{13]. The resulting conformation onents the non- polar
side chams of residues Phe®®, 1le*®, Pro®, Tyr® and
Leu® in a characteristic hydrophoblc clustcr in contact
with thrombin. The NOEs for: this structure ' of
hirudin®* - were those between the oaCH proton of
Glu®! and the NH and side chain protons of Leu® and
between the side chain protons of residues Phe®¢, 11e*°,
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Fig. 5. A portion of the two-dimensional NOE spectrum of P79
(3 mM) in the presence of bovine a-thrombin (0.2 mM), The labels
indicate the proton pairs that give rise to the particular . NOE
crosspeak(s). The NOEs between residues Glu® and Leu™

(61a/648,y and 61¢/646), together with the NOE between the «CH
proton.of Glu®' and the NH proton of Leu® (not shown), indicate
that residues Glu®! through Leu® form a’helical conformation when
P79 binds to thrombin, Other observed NOEs not dlsplayed in the
spectrum include those between the JCH protons of Phe’ and Iht:
SCH protons of 11€’?, between the CH and the JCH protons of 11¢%°

and the SCH protors of Tyr®; between 6CH protons of Pro® and the
SCH protons of Tyr®® and between the 6CH protons of Tyr® and

SCH protons of Leu®
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Pro®, Tyr* and Leu™. Similar ransferred NOEs were
also observed within residues Phe®® to GIn® of the in-
hibitor P79 (Fig. 5), suggesting that the C-terminal por-
tion of P79 binds to thrombin in a: similar
sonformation  as that of the peptide fragment
hirudin®*=%*,  Furthermore, all of the resolved
resonances of residues Asp’® to GIn** in P79 are af-
fected by thmmbm binding to a similar extent as
hirudin®* ¢ (data not shown). These resulis indicate
that residues Asp*? through GIn®* in P79 interact with
the thrombin exosite similar to the peptide fragment
derived from the C-terminal region. Taken together,
the abave results provide conclusive evidence that P79
behaves as a bifunctional inhibitor that interacts con-
currently with the catalytic site and ‘anion® exosite of
thrombin analogous to hirudin,

Mracetyl[D-Phe*, Arg W(COCH,)" Gly**|desulfo
hirudin**~* remains the most potent inhibitor of a-
thrombin reported to date other than hirudin itself, The
enhanced affinity for a-thrombin compared to the
native congener N%-acetyl desulfo hirudin®*~®%, the
analog N"acetyl{D-Phe**, Arg*"ldesulfo hirudin®*=%
(7] or analogous hirulogs [22] can be attributed directly
to (1) greater primary specificity and sccondary
recognition at S, and S; conferred by Arg*’ and D-
Phe**, respectively aiid (2) the incorporation of a
ketomethylene pseudopeptide bond which is isosteric
with glycine in the scissile bond of: the ‘natural
substrate. Inclusion of the ketomethylene function con-
fers complete enzymatic resistance toward e-thrombin
and would also be expected to increase the electrophilic
properties of the carbon atom bearing the ketone
group. Previously described hirulogs. have been
demgnated as non-competitive thrombin inhibitors
[22]. It is interesting to note that the inhibition of a-
thrombin by P79 is purely competitive with respect to
the tripeptidyl substrate Tos-Gly-Pro-Arg-amc, but
that the presence of a proline residue at P; has a
modulating effect on the mechanism of inhibition [7].
Furthermore, the polyglycine spacer characteristic of
hirulogs may contribute a subtle qualitatively different
mode of interaction with thrombin that could affect the
active site. A detailed structural analysis is in progress
for a better understanding of the mode of binding of
this new class of thrombin inhibitors.
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