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Using hirudin as a model, a novel class of bivalent thrombin inhibitors has been designed and characterized (Maraganore et al. (1990) Biochemistry

29, 7095-7101). These peptides, designated “hirulogs’, interact with both thrombin’s catalytic center and s anion-binding exosite for fibrinogen

recognition. In order to investigate structure--aclivity relationships in hirulog peptides, a number of peptide and peptidomimetic derivatives with

alterations in catalytic-site binding and anion-binding exosite binding moicties were prepared. Replacements or modifications in the catalytic site

and exosite binding moicties were achieved with the consequences of maintzining or improving antithrombin activity. In addition to showing

improved affinity for thrombin, some derivatives with K's in the sub-nanomolar range showed increased anticoagulant activities. These findings
highlight the versatility of hirulog peptides in their bivalent interactions with thrombin.

Thrombin; Inhibitor: Hirulog: Hirudin

1. INTRODUCTION

Hirudin, a 65-amino acid protein originally isolated
from the medicinal leech Hirudo medicinalis, is a potent
natural inhibitor of thrombin [1,2]. Kinetic analysis of
the inhibition of thrombin by hirudin [3] revealed two
steps in stoichiometric complex formation: first, elec-
trostatic interactions at the anion-binding exosite for
fibrinogen recognition [4], and second, interactions at
the enzyme catalytic center. X-ray crystallographic
analysis of the hirudin:thrombin complex {5] showed
that the high affinity interaction (K, = 10°*-10""* M) is
achieved by 212 contacts of < 4 A across the full diai.a-
cter of the thrombin mclecule.

The interacuons of thrombin with hirudin have
served as a model for the design of new peptide inhi-
bitors designated ‘hirulogs’ [6]. As with hirudin, hirulog
peptides bind to thrombin in a bivaleni fashion interact-
ing with both the catalytic site and the anion-tinding
exosite. However, in the case of hi~ulog peptidcs, bi-
valent interactions are achieved by a short linker seg-
ment comprised of glycine residues whose length was
optimized ¢, bridge the interatomic distance between
the two thrombin functional sitzs. As a result of these
interactions, hirulog peptides inhibit thrombin activities
with K, values in the low nM range.

In the initial design of hirulog peptides [6], the se-
guence D-Phe-Pro-Arg [7,8] was employed as the active
site-inhibitory moiety and a segment homologous to
residues 53-64 of the HHV2 hirudin variant {9] was used
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for binding to the anion-binding exositc. In the present
report, we have examined the use of auJditional peptide
and non-peptide substituents capable of fulfilling simi-
lar cognate, bivalent interactions with thrombin.

2. MATERIALS AND METHODS

2.1. Matrerials

t-Boc amino acids for solid-phase peptide synthesis were from
“Themical Dynamics Corp., South Plainfield, NJ. Protected amino
avids from this supplier were: Boc-O-(2-bromo-CBZ)-L-tyrosine, Boc-
L-glutamic acid y-benzyl ester, Boc-L-aspartic acid S-benzyl ester. and
Boc-O-benzyl-L-serine.  Boc-L-leucine-0O-divinylbenzene resin was
from Applied Biosystems Inc., Foster City, CA. Boc-L-glutamine-O-
divinylbenzene, and Bou-y-benzyl-D-glutamate-O-divinylbenzene
r=sins were purchased from Peninsula Laboratories, Belmont, CA.
From Bachem Inc., Torrance, CA, were Boc-glycylglycine and Boc-
cyclohexyl-L-alanine. para-Guanidinobenzoic acid was purchased
from Fluka Chemical Corp., Ronkonkoma, NY. Spectrozyme TH
(H-D-hexah ydrutyrosyl-L-alanine-L-arginine-p-nitroanilide) was ob-
tained from Amecrican Diagno~tica, New York, NY. Human a-
thrombin was the generous gift of Dr. Jochn W. Fenton, 1I, Wadsworth
Center for Laboratories and Research, New Y. State Department
of Health, Albany, NY. HPLC solvents were from Baker. Reagents
and solvents employed in peptide synthesis were from Applied Bio-
systems Inc.. Foster City, CA.

2.2. Popiide synthesis

Hirulog peptides were synthesized by solid-phase procedures,
cleaved and extiacted from resin, and purified by reverse-phase HPLC
as described previously [6]. The structure of peptides was confirmed
by amino acid analysis. Hirulog-a2 was prepared by reaction of p-
guanidinobenzoic acid (4.63 mmol) with 0.46 g of the protected. resin-
bound intermediate of the heptadecapeptide (G) sNGDFEEIPEEYL.
The structure of hirlog-a2 was confirmed by FAB-MS showing a
M/H* = 1901.0 (theorctical mass = 1899).

2.3. Tyrosine modification of hirulog-1
Tyrosine-19 of hirulog-1 was sulfated by a modification {10] of the
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method of Nakahara ¢t al. {11). Sulfated hirulog-1 was purified by
reversc-phase HPLC using an Applied Biosystems 150A Liquid Chro-
matographic system: equipped with an Aquapore C, RP-222 colunmn
£0.46 > 100 inm). The column was equilibrated in 100% solvent A
(0. 1% TFA/swater) and devetoped with a lincar gradient from 0 to 50%
solvent B (0.085% TFA/706 acetonitrile) over 45 min at a flow-rate
of 1.0 mli/min. The effluent stream was monitored at 2i4 nm for
absorbance and pe.s were collected manually. The yield for tyrosine
sulfation of hirulog | was ~90%.

Diiodo-hiruiog-1 was prepared by standard tyrosine iodination
methods using chlo amine T. The peptide was purified by HPLC on
an octasilyl column (Aquapore RP-300, 0.46 x i00 mm) equilibrated
with 20% solvent B and developed with a linear gradient from 20 to
65% solvent B over 30 min at a ARow-rate of 1.0 mI/min. The effluent
stream was monitored at 214 nm. Peaks of UV absorbance were
collected manually and. then. lyophilized to dryness.

2.4. Kinetic studies

Inhibition by hirulog oeptides of thrombin amidolytic activity was
performed as reported ecarlier [6]. Assays were performed using a 0.05
M sodium borate. pH 8.4, buffer containing 0.1 M NaCl at a tempera-
ture of 23.25°C. Reactions were initiated by addition of substrate to
the cuvetie containing thrombin and inhibitor pre-mixed for less than
2 min.

2.5. Clotting assays

The anticoagulant activity of hirulog peptides was measured semi-
automatically as reported earlier [6]. Final concentrations of hirulog
peptides or rec-hirudin {(American Diagnostica, iNew York, NY)} were
1.0 gg/ml. Each assay was performed in triplicate.

3. RESULTS AND DISCUSSION

In order to explore the versality of bivalent interac-
tions between hirulog and thrombin, we evaluated the
antithrombin activitics of several novel derivatives.
These deri alives were designed with unique domains
for binding to either the active center (hirulogs-ax) or
the thrombin exosite (hirulogs-8x). In addition, as ty-
rosine sulfation was reported previously to significantly
enhance the -ticoagulant activity in the C-terminal
peptide hituger :19)], wve examined the consequence of
tyrosine sulfation and iodination in hirulog-1. Table 1
presents a .31 ol peptides prepared for this study, as well
as their designation and amino acid sequences.

Hirulog-1 intibited thrombin-catalyzed hydrolysis of
i iripeptidy! chromogenic substrate with K, = 1.4 nM
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in a competitive fashion. As observed with C-terminal
hirudin fragments, sulfation of tyrosine-19 (correspond-
ing to Tyr-63 in hirudin) led to a significant increase in
activity (Table I). Sulfated hirulog-1 (S-hirulog-1) in-
hibited the thrombin-catalyzed hydrolysis of the tripep-
udyl substrate with 3- to 4-fold (K; = 0.4 nM) greater
effectiveness over the unsuifated derivative. The gain in
free energy of binding derived from this single modifica-
rion was 3.1 kJ/rzol (Fig. 1), which is somewhat less
than the ~6 kJ/mol change in free energy of binding
resulting from tyrosine suifation in hirudin [12}.
Nevertheless, this finding showed that the activity of
hirulog peptides can be enhanced by increasing their
affinity for anion-binding exosite interactions. Together
with increased thrombin affinity, sulfated hirulog-1
showed a modestly increased anticoagulant activity in
clotting time assays (Fig. 2) as compared to hirulog-1.

As found recently in the X-ray crystallographic siruc-
ture of the hirugen-thrombin complex [13], tyrosine
sulfation .increases the binding affinity for complex
formation via participation of the sulfate group in an
claborate hydrogen-bonding network including the phe-
nolic OH of Tyr-76 and the backbone amide of Ile-82.
Diiodination of tyrosine reduces the pK for its hydroxyl
group, allowing the derivatized amino acid to parti-
cipate as a hydrogen-bond acceptor in the thrombin
complex at neutral pH. To determine if Tyr iodination
could improve the potency oi hirulog peptides in a
manner similar to Tyr sulfation, the diiodo-Tyr-19 de-
rivative of birulog-1 was prepared. In chromogenic sub-
strate assays, diiodo-hirulog-1 showed a K; = 0.3 nM,
i.e. a similar increase in antithrombin activity as ob-
served with tyrosine sulfation.

Interactions at the anion-binding exosite were also
modified by employing divergeni sequences from two
hirudin-rclated isoforms, hirullin [14] and hirudin PA
[15]). as well as a higher affinity fragment designed by
Krstenansky and co-workers [16] called MDL-28,059.
As Table I shows, these exosite recognition fragments
could be integrated within the framework of a hirulog
peptide to maintain inhibitory activities toward
thrombin hydrolysis of a tripeptidyl substrate. Of these

Tabic 1

Designation and amino acid sequences of hirulog peptides, and kinetic constants for human a-thiombin inhibition

Peptide Sequence: K, (nM)
Hirulog-1 (D-Phe)ProArgPro(Gly), AsnGly AspPheGluGlulleProGluGluTyrLeu 14
S-Hirutog-1 (D-Phe)ProArgPro(Gly) AsnGlyAspPheGluGlulleProGluGlu(SO,-Tyr)Leu 0.4
dI-Hirulog-1 (D-Phe)ProArgPro(Gly) AsnGlyAspPheGiuGlulleProGluGlu(l,-Tyr)Leu 0.3
Hirulog-al acGly AspPheLeuAlaGluGlyGlyGlyValArgPro(Gly),AsnGly AspPheGluGlulleProGluGluTyrLeu 3.2
Hirulog-a2 GBA(Gly); AsnGly AspPheGluGlulleProGluGluTyrLeu 7000
Hirulog-#1 (D-Phe)ProArgPro(Gly) AspGly AspPheGluGluSericuAspAspllcAspGin 1.1
Hirulog-52 (D-Phe)ProArgPro(Gly), AspGlyAspPheGluProlleProGluGluTyrLeuGiln 5.4
Hirulog-83 {D-Phe)ProArgPro(Gly) AspGly AspTyrGluProlleProGluGlr /.  ~Cha(D-Glu) 0.3

K, values were determined as reported in section 2. Assays were performed at 23-25°C with a 0.05 M ~adium borate, pH 8.4, buffer containing
0.1 M NacCl.
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Fig. 1. Binding energy decrease for hirulog peptides as compared with
hirulog-1. The inhibitory activities of hirulog peptides toward throm-
bin-catalyzed hydrolysis of chromogenic substrates were measured as
described i section 2 and previously [6]. Free energy of binding values
were calculated using the determined K; values for thrombin in amido-
lytic assays.

new hirulog derivatives, hirulog-83 showed the greatest
improvement in activity (K; = 0.3 nM), a finding con-
sistent with its enhanced exosite affinity. As with ty-
rosine sulfation in hirulog-1. the increased activity of
hirulog-f3 was also observed in coagulation assays
(Fig. 2). However, while sulfaied hirulog-1 and hirulog-
B3 showed similar K;’s for thrombin in amidolytic as-
says, the latter was unexpectantly more effective in clot-
ting time assays. At 1.0 #g/ml, hirulog-83 prolonged the
APTT to 498°% control, an effect which exceeded signif-
icantly that for hirulog-1, sulfated hirulog-1, and rec-
hirudin. A discontinuity between antithrombin and
anticoagulant activitiecs had been observed previously
for other hirulog derivatives [17].

Hirulog peptides described previously [6] employed
the sequence D-Phe-Pro-Arg-Pro as the active site-bind-
ing moiety. In the present study. we found that the
function of this moiety can be achieved with a divergent
peptide sequence or, in fact. a non-peptidic substitution.
The fibriropeptide A (FPA) fragment arises from
thrombin’s cleavage of the Aa-chain of fibrinogen, and
is known to bind near or at the active center of thrombin
[18]. A segment of FPA corresponding to residues 6-16
was used to replace the sequence D-Phe-Pro-Arg in the
synthesis or hirutog-al. As with hirulog-1, the al deriv-
ative inhibited thrombin-catalyzed hydrolysis of a chro-
mogenic substrate with a K; in the low nM range (Table
I). The similarities in thrombin inhibition by hirulog-1
and -al would indicate that the D-Phe-Pro-Arg tripep-
tide and the FPA undecapeptide themselves biad to the
active center with comparable affinity and, perhaps,
similar loci.

Since highly divergent sequences could be used as
active site-binding moieties in hirulog peptides, the pos-
sibility of replacing this secgment with a non-peptidic
substituent was considered in design of hirulog-a2. The
peptidomimetic function employed was p-guanidino-
benzoic acid (GBA), based on the observations that
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Fig. 2. Anticoagulant activities of rec-hirudin and hirulog peptides. All

assays were performed with pooled. normal human plasma with rec-

hirudin or hirulog peptide concentrations of 1.0 yg/ml. Data are cx-
pressed as ruean (SEM < 10%).

rec-Hirudin

benzamidine and benzamidine-related compounds can
inhibit thrombin amidolytic activity by binding to the
S, or “primary’ specificity pocket [i19]. Further, by anal-
ogy with the structure of the thrombin complex with
D-Phe-Pro-Arg-CH.C1 {20]. the GBA functionality
would be expected t0 occupy the position of the P,
{nomenclature of Schechter and Berger [21]) arginine
side chain in the S, poecket. Using carbodiimide chemis-
try, GBA was coupled in essentially stoichiometric yield
to the resin-bound, protected intermediate of a hepta-
decapeptide (Glys-Asn-Gly-Asp-Phe-Glu-Glu-lle-Pro-
Glu-Ghs-Tyr-Leu). The resulting GBA-peptide inhi-
bited thrombin hydrolysis of a tripeptidyl substrate with
K; = 7 uM. In contrast, the unmodified heptadecapep-
tide did not inhibit thrombin amidolytic activity at con-
centrations c¢xceeding 50 uM [6]. Thus, hirulog-a2
maintains bivalent interactions with thrombin ar *vith
other hirulog peptides, but with active site intéractions
limited to the S, pocket. The affinity of hirulog-a2 for
active site inhibition differed substantially from that of
hirulog-1. where a loss in binding energy of 21.1 kJ/mol
was observed (Fig. 1). This reduced affinitv can ke ex-
plained, if not anticipated. by the absenc. of interactions
at P, and P, sites in the active center of thrombin.

The present findings highlight the versatility of hi-
rulog peptide interactions with thrombin. A number of
divergent sequences can be employed for binding to the
anion-binding exosite, including those derived from hi-
rudin isoforms. Interactions at the active site can be
achieved using both peptidic and non-peptidic functio-
nalities. By increasing the affinity for anion-binding ex-
osite interactions, the antirthrombin and anticoagulant
activities of hirulog can be improved. These studies
show that a wide range of peptide and non-peptide
moieties can fulfill bivalent thrombin interactions in
hirulog peptides.
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