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Abstract

A new class of divalent thrombin inhibitors is described that contains an a-keto-amide transition-state mimetic link-
ing an active site binding group and a group that binds to the fibrinogen-binding exosite. The X-ray crystallographic
structure of the most potent member of this new class, CVS995, shows many features in common with other diva-
lent thrombin inhibitors and clearly defines the transition-state-like binding of the o-keto-amide group. The struc-
ture of the active site part of the inhibitor shows a network of water molecules connecting both the side-chain and
backbone atoms of thrombin and the inhibitor. Direct peptide analogues of the new transition-state-containing di-
valent thrombin inhibitors were compared using in vitro assays of thrombin inhibition. There was no direct corre-
lation between the binding constants of the peptides and their a-keto-amide counterparts. The most potent
a-keto-amide inhibitor, CVS995, with a K; = 1 pM, did not correspond to the most potent divalent peptide and con-
tained a single amino acid deletion in the exosite binding region with respect to the equivalent region of the natural
thrombin inhibitor hirudin. The interaction energies of the active site, transition state, and exosite binding regions

of these new divalent thrombin inhibitors are not additive.
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Thrombin, a multifunctional serine protease, is important in he-
mostasis and thrombosis, eliciting both procoagulant effects by
its action on fibrinogen to release fibrin and anticoagulant ef-
fects by virtue of its activation of Protein C (Sadler et al., 1993;
Mann, 1994). Thrombin also exerts a bioregulatory function on
platelet activation (Maraganore, 1993) by the proteolytic cleav-
age of a seven-transmembrane “thrombin receptor” found on
specific cell types (Coughlin, 1994; Wilcox et al., 1994). The
recognition of macromolecular substrates and certain naturally
occurring protein inhibitors by thrombin is known to involve
multiple molecular recognition sites (Tulinsky & Qui, 1993).

Reprint requests to: William C. Ripka, Corvas International, Inc.,
3030 Science Park Road, San Diego, California 92121; e-mail: wcripka@
crash.cts.com.

Abbreviations: FBS, fibrinogen binding site; PP, 2-propylpentanoyl;
Boc, butyloxycarbonyl; DCM, dichloromethane; HF, hydrofluoric acid;
TFA, trifluoroacetic acid; FAB, fast atom bombardment; THF, tetra-
hydrofuran; BSA, bovine serum albumin; HBSA, Hepes-buffered saline
with BSA; TOCSY, total correlation spectroscopy; ROESY, rotating-
frame Overhauser effect spectroscopy; PPACK, p-Phe-Pro-Arg-chloro-
methylketone.
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Representative of this is the inhibitor hirudin, isolated from the
salivary glands of the leech Hirudo medicinalis (Markwardt,
1989), which has specific interactions at both the catalytic site
of thrombin as well as a spatially distinct (40 A from the cata-
lytic site) recognition binding exosite (Grutter et al., 1990; Rydel
et al., 1990, 1991) referred to as the fibrinogen binding site or
anion binding exosite (Fenton, 1981, 1986). The specific hiru-
din ionic and hydrophobic contacts utilized by the thrombin FBS
are at its carboxy-terminus and include residues Asp 55’-Glu 65’
(Table 1). These residues are linked via a short segment (residues
Gly 49'-Gly 54') to an amino-terminal domain (residues 1'-48")
that sterically blocks access to the active sites. Interestingly, hi-
rudin lacks the specific P1 basic residue that would normally oc-
cupy the S1 specificity pocket of this class of serine proteases.

In an effort to mimic hirudin’s multivalent binding to throm-
bin in smaller molecules, synthetic inhibitors have been reported
that incorporate a more typical active site-specific tripeptide
amino-terminal binding region bound in an antiparallel 3-sheet
motif (DiMaio et al., 1990; Maraganore et al., 1990), and pos-
sessing, unlike hirudin, a basic P1 residue that is linked with a
variety of bridging sequences (Szewczuk et al., 1992, 1993) to
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Table 1. Sequences and numbering of divalent thrombin inhibitors and substrates®

Sequence

Inhibitor ) A 3 45 ¢ 7' 8 53 54 55 56 57 5B 597 60 61° 62' 63 64 65 K;
CVS995 PP-D P R-(COCO) G G G GG N G D F E E I P E Y L 1.0 pM
Hirugen N G D F E E I P E E Y* L 0.5 mM
Hirulog 1 dF P R-(CO) G G G G G N G D F E E 1 P E E Y L 2.30M
Hirulog 3 dF P R-(CH,CO) G G G G G N G D F E E I P E E Y L 7.4 nM
Hirutonin 2 Ac-dF P R-(COCH,) G Q S HN N G D F E E | P E E Y L Q 0.3nM
Hirutonin 6 Ac-dF P R-(COCH;) Linker G D F E P 1 P L 3.50M
MDL28050 Suc- Y E P 1 P E E A ChadE 29 nMP
Hirullin P18 S D F E E FS L D D1 E Q 42uMb
Thrombin platelet

receptor LD P R-S-F L LR N P N D K Y E P F W E D E E -

3 Abbreviations: PP, 2-propylpentanoyl; all amino acids shown as single-letter codes; d, p-enantiomer; Ac, acetyl; linker, (CH,),-NHCH,CO-
CH=CH-CH,-NHCH,CO-CH=CH-CH,-; Suc, succinyl; Cha, cyclohexylalaninyl; Y*63’in hirugen is sulfated tyrosine.

® 1Cso-

a carboxy-terminal peptide resembling the FBS-binding segment
of hirudin. The result of covalently linking a catalytic site moi-
ety with an FBS-binding group gave inhibitors with significantly
increased potency when compared to either of the individual
components (active site tripeptide or FBS-binding peptide)
alone. In addition, whereas the selectivity of the multivalent in-
hibitors was similar to that obtained with compounds that bound
to the FBS alone, this parameter was improved dramatically over
catalytic site-directed inhibitors (DiMaio et al., 1990; Maraga-
nore et al., 1990). The residues containing the critical scissle
bond range from proteolytically cleavable Arg-Pro (DiMaio
et al., 1990; Maraganore et al., 1990) to stable pseudopeptide
bonds (DiMaio et al., 1991, 1992; Kline et al., 1991; Qui et al.,
1992).

Since Pauling first proposed the idea, it has been shown in sev-
eral systems that functional groups that mimic the substrate
transition state can be potent enzyme inhibitors. For serine pro-
teases, such functionality includes aldehydes, trifluoromethyl ke-
tones, and, more recently, c-keto-amides. A possible alternate
form for a multi-valent inhibitor that would provide added
molecular contacts with thrombin and possibly improve the
overall affinity for the enzyme would incorporate an active site
tripeptide with a transition-state mimetic that could mimic a sta-
ble, tetrahedral intermediate with Ser 195 of the catalytic triad.
Many transition-state mimetics for serine proteases, e.g., alde-
hydes, trifluoromethyl ketones, are not amenable for this use
because they do not allow extension into the P’ region toward
the FBS. a-Keto-amides, however, do offer this unique capa-
bility of ready extension beyond the active carbonyl and into the
P’ region. Analogues of these a-ketoamide transition-state in-
hibitors have been used to probe the importance of P’ residues
in synthetic serine protease inhibitors (Powers & Harper, 1986).
This functionality is also found in the naturally occurring throm-
bin inhibitor, cyclotheonamide (Fusetani et al., 1990; Hagihara
& Schreibner, 1992; Lewis et al., 1993), in which the position-
ing of the a-keto-amide of cyclotheonamide within the catalytic
center of thrombin has been shown to resemble the hemiketal
tetrahedral intermediate, consistent with the transition state for
peptide hydrolysis (Maryanoff et al., 1993).

We describe here the functional and structural characteriza-
tion of several novel, multivalent inhibitors of thrombin that use
an o-keto-amide transition-state mimetic bridging group to link
a substrate-like active-site binding group with an FBS-binding
peptide. In the most potent of these, CVS995 (Table 1), the P1-P3
residues of the amino-terminal functional group are derived
from the thrombin recognition sites in the seven-transmembrane
domain thrombin receptor {Vu et al., 19912, 1991b} and pro-
tein C (Stenflo & Fernlund, 1982), and the FBS-binding carboxy-
terminal segment is a variation of the carboxy-terminal region
of hirudin. CVS995 is an extremely potent and selective inhibitor
of thrombin amidolytic activity (K;= 1.01(%0.32) x 107" M)
and is stable to proteolytic cleavage by o-thrombin. Analysis of
the 2.3-A resolution enzyme-bound structure reveals that the
overall extent of interactions of CVS99S with thrombin resem-
ble those reported for hirulog 3 (Qiu et al., 1992) and hiru-
tonins 2 and 6 (Zdanov et al., 1993) (Table 1), but with the
a-keto-amide bridging group forming a tetrahedral transition
state with the active site serine and histidine residues in the cat-
alytic triad. The potency and selectivity of CVS99S demonstrates
the utility of the a-ketoamide transition-state mimetic as an un-
cleavable group that can be employed to link both catalytic and
exosite-directed binding domains in inhibitors of serine prote-
ases. A kinetic analysis of several bivalent peptides and their cor-
responding bivalent a-keto-amide counterparts shows that there
is a complex and unexpected relationship between the contribu-
tions to binding energy due to the substrate sites, the transition-
state analogue, and the FBS.

Results and discussion

Thrombin structure

The thrombin structure is well defined in the electron density
(Table 2) except for a few terminal and autolysis loop residues
(Ser 1E-Glu 1C, Ile 14K-Arg 15, Glu 247, Trp 148-Lys 149E
(Kinemage 1)) that are consistently disordered in complexes of
thrombin crystallizing in the space group C2 (Skrzypczak-
Jankun et al., 1991; Qiu et al., 1992). The carbohydrate attached
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Table 2. Summary of final restrained least-squares
parameters/deviations and R factor statistics
of CVS995-thrombin structure

Target RMS deviation
Distances (A)
Bond lengths 0.020 0.020
Angle lengths 0.035 0.050
Planar 1,4 0.050 0.055
Planes (A)
Peptides 0.023 0.020
Aromatic groups 0.023 0.020
Chiral volumes (A?) 0.15 0.20
Nonbonded contacts (A)
Single torsion 0.55 0.22
Multiple torsion 0.55 0.28
Possible H-bond 0.55 0.25
Torsion angles (degrees)
Planar 3 3
Staggered [s 22
Orthonormal 20 30
Thermal parameters (A2)
Main-chain bond 1.5 1.4
Main-chain angle 2.0 1.8
Side-chain bond 2.0 2.0
Side-chain angle 3.0 4.1
R-value
Dmin  Refs  <(a(|F,|»* <(||F,| = |F.||>® Shell Sphere
4.27 1980 32 87 0.159 0.159
3.53 1948 28 63 0.117 0.139
3.13 1921 25 56 0.144 0.140
2.86 1900 23 50 0.168 0.144
2.67 1797 21 41 0.157 0.146
2.52 1810 20 38 0.165 0.148
2.30 1666 18 35 0.166 0.149

g (|F|) = 23.5 — 125.0(sin /N — 1/6), applied as weight.
P Final (| |F,| — |F.||>=51.0.

to Asn 60G could not be located in the electron density, and the
overall solvent structure of the complex is similar to that of the
other thrombin complexes.

CVS995 structure

Of the 20 residues in CVS995, PP to lle 59" were well defined in
the electron density except for Gly 54’ (Fig. 1 and Kinemage 2).
In addition, the carbonyl of the peptide bond between Gly 4'-
Gly 5" has two well-defined positions differing by about 45°;
Gly 4’ was also anomalous in hirulog 3 (Qiu et al., 1992). The
C-terminal four residues of CVS995 are disordered: the electron
density maps using (2| F,,| — | F.|) and (| F,,| — | F..|) as coefficients
at 0.80 and 20 levels, respectively, did not reveal any residues
beyond Ile 59'. A similar disorder of the C-terminal 3,,-turn re-
gion of the hirudin peptide has also been found in the hirulog 1
complex (Skrzypczak-Jankun et al., 1991) (Table 1). However,
when crystallized at alower pH, in an orthorhombic space group,

R. Krishnan et al.

the 60'-64'region of hirulog 1 and the autolysis loop of thrombin
is ordered due to intermolecular packing interactions (Priestle
et al., 1993). The same type of disorder also occurs in thrombin-
aldehyde inhibitor-hirugen ternary complexes (Chirgadze et al.,
1992; unpubl. results of A. Tulinsky laboratory). Variable bind-
ing behavior of the C-terminal segment has also been reported
in other cases where the segment has different conformations
(Qiu et al., 1993). Conversely, some or all of these residues are
seen in a tetragonal ternary benzamidine thrombin complex
(Banner & Hadvary, 1991) and the fibrinopeptide A-hirugen-
thrombin complex (Stubbs et al., 1992).

A hydrophobic PP group is attached to the tripeptide se-
quence of Asp 1'-Pro 2’-Arg 3’ of CVS995 binding in the active
site of thrombin, which is compared with that of PPACK in Fig-
ure 2. Noteworthy features of CVS995 are: (1) formation of a
doubly hydrogen bonded ion pair in the S1 specificity site be-
tween the guanidinium group of Arg 3" and Asp 189; (2) hydro-
phobic contacts with His 57, Tyr 60A, Trp 60D, and Leu 99 in
S2 apolar site by Pro 2’; (3) hydrophobic interactions of the
novel PP group with the S3 site; (4) formation of an antiparal-
lel 3-strand by the Asp 1'-Arg 3" segment and Ser 214-Gly 216
of thrombin; and (5) the hydrogen bonding at the oxyanion hole
of the carbonyl of Arg 3’ (Fig. 3; Table 3, Kinemage 2). The
Arg 3’ side chain is additionally stabilized by hydrogen bonds
NE-Ow 403, NH2-Ow 403, Ow 403-Phe 2270, and NH1-Gly 2190
(Table 3). Furthermore, the carboxylate oxygen atoms of Asp 189
are similarly stabilized through a hydrogen bonding two-water
molecule bridge (Ow 716, Ow 416) to Glu 2170 and a single-
water bridge (Ow 410) to Tyr 2280H (Table 3). Thus, the ac-
tive site interactions follow a similar canonical binding mode
exhibited by peptide substrates and inhibitors established pre-
viously by crystallography (Bode et al., 1989; Martin et al., 1992;
Qiu et al., 1992; Stubbs et al., 1992). The conformation of the
Pro 2’-Arg 3’ segment is essentially the same as that found in
crystal structures of the other active site inhibitors of thrombin
having this motif (Bode et al., 1989, 1992; Skrzypczak-Jankun
et al., 1991; Priestle et al., 1993; Zdanov et al., 1993; Vijaya-
lakshmi et al., 1994). The novel PP group makes 12 contacts <
4.0 A with six different thrombin residues: Asn 98, Leu 99,
fle 174, Trp 215, Gly 216, and Glu 217 (Table 3); two of these
{Leu 99, Ile 174) are usually associated with the aromatic S3 site
that binds D-Phe in the PPACK-thrombin complex.

Acid residues at the P3 position of thrombin substrates are
known to slow cleavage (Erhlich et al., 1990). However, throm-
bin becomes more efficient in cleaving such peptides when
accompanied by binding at the FBS (e.g., in protein C/throm-
bomodulin [Esmon, 1989] and thrombin platelet receptor [Ishii
et al., 1995]). This appears to be related to the conformation of
Glu 192 in thrombin, which is in an extended conformation
when the exosite is occupied and the P3 residue is acidic, thus
distancing negative charge from the binding region (Vijaya-
lakshmi at al., 1994). In the CVS995 complex, the situation is
different because Glu 192 would collide with the Gly-linker when
extended so that it is bent, as in the case where the active site
is occupied by substrates lacking a negative charge at P3. In this
conformation, Ow 423 mediates an interaction between Pro 2°0
and Glu 1920E2 (Table 3). The carboxylate group of Asp 1’
interacts indirectly with Glu 192 via another water molecule
(Ow 639) hydrogen bonding between Asp 1'OD2 and Ow 423,
whereas Asp 1'OD1 hydrogen bonds directly to Gly 219N and
indirectly to Arg 221 ANH2 through Ow 451 (Table 3), similar
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Fig. 1. Stereo view of the electron density for the divalent inhibitor CVS995 as it appears in its bound state with thrombin; basket

contour level at 1o; no density at Asn 53’, which is modeled.

to P3 of Leu-Asp-Pro-Arg of the thrombin platelet receptor
(Mathews et al., 1994). This hydrogen bonding network fixes
the P3 side-chain.

The a-keto-amide group, introduced to serve as a transition-
state analogue of peptide hydrolysis, forms a tetrahedral inter-
mediate and a network of hydrogen bonding interactions (Fig. 3
and Kinemage 2). The two carbonyl groups of the a-keto-amide
group are oriented at a dihedral angle of 166°, akin to the
carbonyls of cyclotheonamide and FK506 in the cyclotheona-
mide-thrombin (Maryanoff et al., 1993) and immunophilin
FKBP-FK506 complexes (Van Duyne et al., 1991), respectively.
The transition-state Arg 3'C-Ser 1950G bond is 1.74 A, close
to the 1.8 A in the cyclotheonamide thrombin complex, but lon-
ger than the same bond in PPACK-thrombin (1.6 A) (Bode
etal., 1992) and the expected C-O single bond length of 1.45 A.
The OG oxygen impinges nearly orthogonally on the a-keto
group (Arg 3'O-Arg 3'C-Ser 1950G = 102°, Arg 3'CA-Arg 3'C-
Ser 1950G = 108°, and Arg 3’CA-Arg 3'C-Arg 3’0 = 118°). The
keto oxygen (Arg 3’0) makes hydrogen bonds with the amide
nitrogen atoms of Gly 193 and Ser 195 of thrombin (Table 3);
the former was observed in the transition-state intermediate
of the phenylethane boronic acid chymotrypsin complex (2.7 A)
(Tulinsky & Blevins, 1987) and the latter was observed in PPACK-
thrombin (Bode et al., 1989) (but longer at 3.1 A). The oxygen
atom of the amide group makes a good hydrogen bond with
His 57 (2.7 A), which utilizes the disrupted native geometrical
arrangement between Ser 195 and His 57 (Vijayalakshmi et al.,
1994). This hydrogen bond has been observed in the complex

of thrombin with cyclotheonamide and also in the trypsin-cyclo-
theonamide complex (Lee et al., 1993). The Ser 1950G-His S7TNE2
separation in unoccupied active-site thrombin complexes is
about 3.0 A (Vijayalakshmi et al., 1994), about 2.9 A in the
present complex and cyclotheonamide-thrombin, and 3.5 A
in the hirulog 3-thrombin complex, where His S7NE forms a
hydrogen bond with Gly 4’N of the pentaglycine spacer. The
distance between the carbon atom of the a-keto-amide and
Ser 1950G is about 2.4 A and about 3.5 A from His 57NE2
compared to 2.1 A and 1.9 A of the covalent PPACK-thrombin
complex, which most likely approximates posthydrolysis. These
observations strongly suggest that the interaction of the a-keto
group in the active site is that of a transition state of the throm-
bin scissile cleavage, where the substrate is undergoing cataly-
sis but has not yet been cleaved.

In the thrombin complex, CVS995 has a generally extended
conformation, but with bends at Gly 4’ and Asp 55’ (Figs. 1, 4).
It spans the enzyme surface, displaying many interactions sim-
ilar to hirulog 3 and hirutonin 2 at the active site and in the
FBS. Although the overall interactions of CVS995 are similar
to those of hirulog 3, the substitution of the methylene group
of B-homoarginine residue in hirulog 3 by a carbonyl group in
CVS995 makes subtle but significant changes in the hydrogen
bonding pattern observed in the active site and S1’ subsite. The
binding of Arg 3" of CVS995 in the S1 specificity pocket is similar
to the hirulog 1-thrombin complex rather than the 3-homoArg 3’
of hirulog 3, where the CA atom of the residue is noticeably
shifted and the side-chain conformation is in a less-favored
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Fig. 2. A: Stereo view of the active site of CVS995-thrombin complex showing all interactions listed in Table 3. Thrombin res-
idues are labeled by number and CVS995 residues are labeled by type. Atoms are colored by type (carbon, green; oxygen, red;
nitrogen, blue). B: Stereo view of the superposition of CVS995 (red) and PPACK (yellow) in the solvent- (1.4 A) accessible sur-
face of the thrombin active site (blue dots) computed from the CVS995-thrombin complex.

rotomer state (Fig. 4). As a result, the change in y-angle of

Ser 195 from —92° in hirulog 1-thrombin to +28° in hirulog 3-
thrombin is not observed in the CVS995 complex (x = —90°).
Moreover, the oxygen atom of the arginyl amide group forms
a hydrogen bond with His 57NE2 (Fig. 3). The carbonyl group
of the first residue of the pentaglycine linker in CVS995 has two
well-defined positions; thus, this residue does not form hydro-
gen bonds with Ser 1950G, Lys 60F and His S7NE2 as in hiru-
log 3 and the main-chain torsion angles of the first glycine

(Gly 4") fall in an allowed region, unlike Gly 4’ of the hirulog 3
complex (¢ = 100°, ¢ = —100°).

Other carbonyl oxygen atoms of the main chain of the linker
are only marginally defined in both CVS995 and hirulog 3.
Therefore, caution was exercised in interpreting the electron den-
sity to place the glycine linker. Although the pentaglycine linker
can be traced confidently, the exact position of each amide ox-
ygen atom is not as certain as the main chain of the structure.
Hence, some ambiguity exists, as in hirulog 3, in confirming the
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Fig. 3. Stereo view of interactions of the tetrahedral intermediate of CVS995 (red, labeled by residue type) with the oxyanion
hole and the active site of thrombin (colored by atom type, residues labeled by number). Hydrogen bonds are shown with dotted

lines with heavy atom distances.

S2’-S4’ subsites exactly. The pentaglycine linker interactions of

CVS995 are compared with hirulog 3-thrombin associations in
Table 4. The somewhat different interactions of the glycine
linker result from the hydrogen bond organization in and around
the active site because of the a-keto-amide group.

The main-chain structure of the Asn 53’ to Ile 59" segment is
similar to that observed in hirudin, hirugen, hirulogs I and 3,
hirutonins 2 and 6, hirullin P18 and MDL 28050 (Qiu et al.,
1993), and the comparable segment of thrombin platelet recep-
tor peptide (Mathews et al., 1994) (Table 1). Noteworthy inter-
actions are: (1) the formation of a hydrogen bonded salt bridge
between Asp 55" and Arg 73, and (2) hydrophobic contacts be-
tween Phe 56/, Ile 59, and Phe 34, GIn 38, Leu 65, Ile 82, and
Tyr 76. The interaction between Glu 57" and a crystallographi-
cally related molecule is ambiguous because neighboring Arg 75
side-chain atoms do not have complete density. The structure
of the region, however, is very similar to the intermolecular salt
bridge formed by these two residues in the hirugen-thrombin
and hirudin-thrombin crystal structures. The side-chain atoms
of Glu 58’ residue have no electron density, as in hirulogs 1
and 3, and hirutonin 2 and hirullin P18, whereas in hirutonin 6,
MDL28050, and the platelet receptor peptide, they are a well-
defined proline residue. This same Glu 58’ residue, however, was
found to be ordered and interacting with a symmetry-related
thrombin molecule (Arg 93) in the lower pH thrombin com-
plexes crystallizing in an orthorhombic space group (unpubl. re-
sults of A. Tulinsky laboratory), and not with Arg 77A, the
B cleavage site of thrombin, as in the hirudin-thrombin com-
plex. As described elsewhere (Qiu et al., 1992), the protection
against 3 cleavage at Arg 77A by hirugen and hirulog 3 is more
by physical obstruction rather than specific interactions at the
autolytic cleavage site. The same applies to CVS995.

The lack of a bound structure for Pro 60'-Leu 64’ of CVS995
is similar to the behavior of hirulog 1, where cleavage occurred
at the scissile bond in the active site, additionally resulting in a
linker peptide that was disordered. A likely cause of the lack of
stable structure of the C-terminal segment of CVS995 could be
due to an inability to conformationally adjust to the 3,,-turn
hydrophobic binding patch on the thrombin surface, as has been
observed in hirullin P18 and MD28050 complexes of thrombin
(Qiu et al., 1993). This, in turn, could be related to the differ-
ent terminal peptide sequence of CVS995 (missing Glu 62”). The
response of this part of FBS peptides has been generally vari-
able and even anomalous in the instance of hirulog 1 and hiru-
log 3, where the former is disordered and the latter is not. The
deletion relative to the hirugen sequence occurs adjacent to the
critical Tyr 63’ residue and likely causes its dislocation. Inter-
estingly, Tyr 63" was previously thought to be important because
its mutation to Ala in hirudin resulted in a loss of 2.2 kJ/mol
in binding energy, possibly due to the loss of hydrophobic con-
tact with thrombin residue Ile 82. The deletion of Glu 62" ap-
parently does not permit high occupancy of Leu 64’ in the site
normally filled by Tyr 63". This is consistent with the Tyr 63'Leu
mutant of hirudin showing a 3.1 kJ/mol loss in binding energy
relative to the native inhibitor (Betz et al., 1991). Thus, it is not
surprising that the C-terminal residues of CVS995 do not show
well-ordered structure with the thrombin FBS.

The interactions of CVS995, hirutonin 2, and hirutonin 6 cor-
respond closely to those observed with the hirulog 3-thrombin
and hirudin-thrombin complexes (Qiu et al., 1992). Superposi-
tion of CVS995, hirulog 3, and hirutonin 2 shows that these in-
hibitors have a similar overall structure (Fig. 4). The main chain
of the pentaglycine linker of CVS995 makes a much closer con-
tact with thrombin (as does hirulog 3) compared to Lys 47'-
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Table 3. Important interactions of CVS995
in the active site of thrombin

Interacting atoms®

PP CDI Asn 98 CA 3.8

PP CD1 Asn 98 C 3.7

PP CDI1 Asn 98 O 3.8

PP CD1 Leu 99 CD2 3.9

PP CBI lle 174 CDI1 3.9

PP CD1 Trp 215 CD2 39

PP CBI Trp 215 CE3 3.8

PP CG1 Trp 215 CD2 4.0

PP CB2 Gly 216 O 4.0

PP CG2 Gly 216 O 39

PP CB2 Glu 217 OE!1 3.1

PP CG2 Glu 217 OE1 3.3

Asp I'N Gly 216 O 2.6

Asp 1’0 Gly 216 N 3.0

Asp 1’ ODI1 Gly 219 N 2.8

Asp 1’ OD1 Ow 451 3.2

Asp 1"0OD2 Ow 639(Ow 423) 2.6 (2.9)
Pro2'CB His 57 CD2 3.8

Pro 2’ CB His 57 NE2 3.8

Pro 2’ CB Leu 99 CD2 3.9

Pro 2" CG Tyr 60A CE2 3.8

Pro 2’ CG Tyr 60A CZ 3.8

Pro 2’ CG Tyr 60A OH 3.8

Pro 2’ CG Trp 60D CH2 3.8

Pro 2 O Ow 423(Glu 192 OE2) 2.9 (3.0)
Pro 2’ O Glu 192 CG 3.6

Arg 3 C Ser 195 OG 1.7

Arg 3O Ser 195 N 2.7

Arg 3’0 Gly 193 N 2.8

Arg 3’ N Ser 214 O 33

Arg 3’ NH1 Asp 189 OD 2.8

Arg 3' NH2 Asp 189 OD2 2.7

Arg 3’ NH1 Gly 219 O 2.8

Arg 3'NE Ow 820(Glu 192 OE2) 3.0(2.5)
Arg 3’ NH2 Ow 403(Phe 227 O) 3.02.7
COCO’' O His 57 NE2 2.6

Asp 189 ODI Ow 716(0Ow 416,Asp 221 N) 2.7 (2.8,2.9)
Asp 189 OD2 Ow 410(Tyr 228 OH) 2.8 (3.0)
Glu 217 N Ow 798(Tyr 225 O) 3.1(2.9)
Gly 219 O Ow 820 2.6

Arg AN Ow 416(0Ow 798) 3.1 (2.6)
Arg 221A NH2 Ow 451 2.6

Arg 221A NH1 Ow 451 3.3

Lys 224 O Ow 409(0Ow 716) 2.4(3.1)
Phe 227 O Ow 403 3.1

“ Parenthetical atoms and distances denote extended stes of hydro-
gen bonds.

Gly 54’ of the natural inhibitor hirudin. The Glu 192 residue is
well defined in electron density and interacts through water mol-
ecule Ow 423 with the carbonyl oxygen of Pro 2’ and with Asp 3’
through an additional water molecule (Ow 423 and Ow 639). Its
compact orientation, however, is typical for active-site-occupied
thrombin, where the substrate does not possess a negative charge
at the P3 subsite (Vijayalakshmi et al., 1994). A critical role for
the position of Glu 192 is suggested in protein C activation by
the thrombomodulin-thrombin complex, which displays sensi-
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Table 4. Pentaglycine spacer® interactions with thrombin

Distance (A)

Interacting atoms CVS995 Hirulog 3
Gly 4 N Ser 195 OG 3.8 3.1
Gly 4 CA Leu 4l O 3.8 -
Gly4' O Lys 60F NZ 3.8 —
Gly5 0 Gly 193 N 3.7 32
Gly 6' N Leu 40 O 3.2 3.5
Gly7 0 Leu 40 N 3.5 2.6
Gly 770 Glu 39 OE2 34 3.6
Gly 8O Gin 151 NE2 3.7 —

4 Gly 7" and Gly 8 are modeled positions.

tivity to the substrate sequence at P3 (Le Bonniec & Esmon,
1991). In CVS995, Glu 192 cannot assume an extended confor-
mation because it would then collide with the Gly-linker on the
S1'-S2’ region of the extended binding site. Whether the same
occurs with substrates like protein C and thrombin platelet re-
ceptor remains to be determined.

Thrombin inhibition

The structural conservation of the 53’ to 59’ segments for hiru-
log 1, hirulog 3, hirugen, and CVS995 suggests that there is a
general similarity of exosite binding notwithstanding differences
in the active-site region or deletions in the extreme C-terminus.
It might be expected that the deletion of Glu 62’in CVS995 and
the concomitant dislocation of Tyr 63’ and Leu 64’ would lead
to poorer inhibitors of thrombin. In fact, for peptide inhibitors
with the Arg-Pro scissile bond, this is exactly what is observed
when the binding constants of inhibitors 3 versus 4 and inhib-
itors 2 versus 5 in Table 5 are examined. In these cases, the
deletion causes a 5-7-fold reduction in binding affinity. Surpris-
ingly, although the deletion results in crystallographic disorder
in CVS995 and possible loss of specific binding, the C-terminus
of the Glu 62’ deletion mutant still contributes significantly to
the binding affinity, because its removal in compound 6 leads
to a greater than 40-fold reduction in affinity for the divalent
peptide (Table 5). The effect of the C-terminal truncation in
these peptides is about the same as that observed for the trun-
cation of hirudin (Skrzypczak-Jankun et al., 1991). Although
the deletion reduces peptide activity, it is, in dramatic contrast,
quite beneficial for the divalent a-keto-amide inhibitor CVS995,
which is 26-fold more potent than compound 8 that contains the
full native C-terminal sequence.

For the case of intact hirugen-like exosite fragments, replac-
ing the Arg-Pro cleavable bond with the Arg-(CO)-Gly group
leads to a 200-300-fold improvement in K, (compare 1 with 7
or 2 with 8 in Table 5). If the interactions between thrombin and
the active site and FBS segments of the inhibitors were additive,
one would expect to see a 200-300-fold improvement in the other
a-keto-amide inhibitors. Additionally, one would expect to see
the affinity of the Glu 62’-deleted and the C-terminal-truncated
keto-amides to be reduced about 5-7-fold and 300-fold, respec-
tively, compared to the native-like inhibitor.

Surprisingly, the deletion a-keto-amide (CVS995) is 26-fold
more potent than the native-like «-keto-amide inhibitor 8 and
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Fig. 4. Stereo view of the superposition of CVS995 (red), hirulog 3 (yellow), and hirutonin 2 (black) showing their overall similarity
when bound to thrombin. Gly 54" of CVS995 and Gly 8’, Asn 53’, and Gly 54’ of hirulog 3 modeled.

truncated a-keto-amide 9 is about equipotent to 8. Viewed in
terms of the effect of the Arg-(CO)-Gly replacement for Arg-
Pro, the a-keto-amide in the Glu 62’-deleted inhibitor (CVS995)
improved activity by 58,000-fold over its peptide counterpart 5,
and the C-terminal-truncated a-keto-amide improved activity
by 83,000-fold over its peptide counterpart 6. Both of these ac-
tivity improvements are strikingly greater than the 200-300-fold
improvements seen for the native sequence. It is clear that the
interaction energies of the active-site, transition-state, and exo-
site regions of these inhibitors are not additive! The transition-

Divalent peptide® K; (nM)
1 Ac-dPhe-Pro-Arg-Pro-(Gly),-A 10.0
2 PP-Asp-Pro-Arg-Pro-(Gly),-A Touil
3 H-dPhe-Pro-Arg-Pro-(Gly)4-A 0.69
4  H-dPhe-Pro-Arg-Pro-(Gly),;-B 3.4
5 PP-Asp-Pro-Arg-Pro-(Gly),-B 58.0 CVS995
6 PP-Asp-Pro-Arg-Pro-(Gly)-C 2500.0

Gly-Asp-Phe-Glu-Glu-lle.

1 A = Asn-Gly-Asp-Phe-Glu-Glu-Ile-Pro-Glu-Glu-Tyr-Leu; B = Asn-Gly-Asp-Phe-Glu-Glu-lle-Pro-Glu-Tyr-Leu; C = Asn-

state binding of the a-keto-amide group gives the largest binding
energy increase to the bivalent peptide with the lowest binding
energy of the set examined. The effect of this unusual property
of the a-keto-amide group is that the best divalent keto-amide
inhibitor is derived from a moderate divalent peptide inhibitor,
and the activity range of the keto-amide inhibitors is compressed
relative to the range of the peptides.

At present, the current structure has not suggested the rea-
son for the dramatic nonadditivity of binding components of
the transition state with the active site and exosite. The cause

Table 5. Binding constants of selected divalent peptide and o-keto-amide thrombin inhibitors

Divalent a-keto-amide® Ratio

K; (nM)
Ac-dPhe-Pro-Arg-(CO)-Gly-(Gly),-A 0.046 220
PP- Asp-Pro-Arg-(CO)-Gly-(Gly)4-A4 0.026 300
PP- Asp-Pro-Arg-(CO)-Gly-(Gly),-B 0.001 58,000
PP- Asp-Pro-Arg-(CO)-Gly-(Gly)4-C 0.030 83,000
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of this unusual behavior for the a-keto-amides does not appear
to be related to solution structure because there was very little
NMR evidence for any such structure. It is likely that the ex-
planation will be found in the dynamics of binding and/or the
kinetic mechanism. These possibilities are currently under inves-
tigation. It is interesting and perhaps sobering for rational drug
design efforts to find that kinetically significant effects can be
derived from a portion of an inhibitor that may show no ordered
structure in its complex.

Materials and methods
Synthesis

CVS995

Starting with Boc-Leu-Pam Resin (Advanced ChemTech,
Louisville, Kentucky), N-«-t-Boc amino acids were coupled suc-
cessively on an Applied Biosystems 430A Peptide Synthesizer
using the standard protocols of ABI (Users Manual, Part No.
901889, Rev. B, Version 2, Jan. 1992). Deblocking of the N--t-
Boc group with TFA was followed by neutralization with diiso-
propylethylamine and coupling of the next N-a-t-Boc amino
acid using 1-hydroxybenzotriazole hydrate and benzotriazole-
1-yloxy-tris(dimethylamino)-phosphonium hexafluorophos-
phate . The coupling efficiency was monitored by the Kaiser
ninhydrin test. N-a-t-Boc-O-(2-bromobenzyloxycarbonyl)-L-
tyrosine was coupled to the Leu-Pam resin followed by N-a-t-
Boc-L-glutamic acid-y-cyclohexyl ester, N-a-t-Boc-L-proline,
N-a-t-Boc-L-isoleucine, N-a-t-Boc-L-glutamic acid-y-cyclohexyl
ester, N-a-t-Boc-L-glutamic acid-y-cyclohexyl ester, N-a-t-Boc-
L-phenylalanine, N-«-t-Boc-L-aspartic acid-3-cyclohexyl ester,
N-a-t-Boc-glycine, N-a-t-Boc-N-d-xanthyl-L-asparagine, five
cycles of N-a-t-Boc-glycine, 6-nitroguanidino-3-(S)-t-Boc-
amido-2-(R, S)-hydroxy-hexanoic acid, N-«-t-Boc-L-proline,
and N-a-t-Boc-L-aspartic acid-3-cyclohexyl ester. In the final
coupling cycle, 2-propylpentanoic acid was coupled in the same
manner as the N-«-t-Boc amino acids. The resin-bound hydroxy-
amide peptide was oxidized to the a-keto-amide by treatment
of the suspended resin-peptide with dimethylsulfoxide followed
by 1-(3-dimethylaminopropyl)-3-ethylcarbodiimide hydrochlo-
ride in DCM. Dichloroacetic acid was added while maintaining
the reaction temperature at 20-25 °C. After 1 h, the resin was
filtered and washed with DCM and ether. A small portion of
the resin was removed and cleaved with HF. The efficiency of
the oxidation was checked by HPLC (Vydac C-18 25cm X
4.6 cm column, 20 min 20-35% acetonitrile/water gradient
[0.1% TFA], 1 mL/min flow rate) where the desired product had
a retention time of ~23 min. When the oxidation was complete,
the bulk of the product was deprotected and cleaved from the
resin with HF at —20 °C followed by slow warming to 10 °C.
After evaporation of the HF under a stream of nitrogen, the
peptide was extracted into 20% aqueous acetic acid and puri-
fied by HPLC on a Waters Delta-Prep 4000 with a Vydac C-18
column (50 x 250 mm, particle size 15-20 um). An acetonitrile/
water (0.1% TFA) gradient was used with a flow rate of 125 mL/
min. An overall yield of 11% was obtained of lyophilized, pu-
rified material. The final product was characterized by FAB
mass spectroscopy (M+H 2134) and analytical HPLC (97% pu-
rity) with the same analytical conditions as used for monitor-
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ing the oxidation. Amino acid analysis of the lyophilized powder
gave a peptide content of 76%.

6-nitroguanidino-3-(S)-t-Boc-amido-2-(R, S)-

hydroxy-hexanoic acid

A mixture of N-a-t-Boc-L-nitroarginine in THF was cooled
under nitrogen to —5 °C, neutralized with an equimolar amount
of N-methylpiperidine, and reacted with isobutylchloroformate
to form the mixed anhydride. In a separate flask, an equimolar
amount of N-methyl-O-methyl-hydroxylamine hydrochloride in
DCM was cooled to 0°C and neutralized with an equimolar
amount of N-methylpiperidine. The free base N-methyl-O-
methyl-hydroxylamine was added slowly to the mixed anhydride
and the reaction mixture was stirred for 1.5h at —5 °C, at which
time the reaction to form the N, N-methoxy-methyl amide of
N-a-t-Boc-L-nitroarginine was complete (thin layer chromatog-
raphy 1:10:90 acetic acid:methanol:DCM). The reaction mix-
ture was filtered and the filtrate was concentrated in vacuo. The
product was dissolved in DCM and flash chromatographed on
a silica gel column (DCM, followed by 2% methanol in DCM,
followed by 5% methanol in DCM). Fractions containing pure
product were pooled and concentrated in vacuo to give carbox-
amide in 88% yield. Residual methanol and traces of water were
removed by redissolving the product in 50:50 (v/v) DCM:tolu-
ene and concentrating again in vacuo. The product was dissolved
in dry THF and cooled to —70 °C. An equimolar amount of lith-
ium aluminum hydride in THF and a 0.1 equivalent amount of
diisobutyl aluminum hydride in hexane was added to the cooled
arginine amide. The mixture was stirred at —70 °C for 0.5 h and
slowly warmed to 0 °C over about 2 h. The reaction mixture was
again cooled to —70 °C and quenched with 2 M potassium bi-
sulfate. The mixture was allowed to warm to 0 °C and the pre-
cipitated salts were filtered and washed with THF. The combined
filtrate/washes were concentrated in vacuo until most of the
THF was removed, leaving the product and residual water. This
hydrated product was dissolved in ethyl acetate and washed
(with appropriate back washes) sequentially with 2 M hydrochlo-
ric acid and sodium bicarbonate. The combined organic frac-
tions were dried and concentrated in vacuo to give an 88% yield
of N-a-t-Boc-L-nitroargininal. The cyanohydrin of the protected
argininal was prepared by the addition of a 5 M excess of po-
tassium cyanide and 16 M excess of potassium bicarbonate in
water to the argininal dissolved in THF. The organic phase was
separated and the water phase was washed (with appropriate
back washes) with ethyl acetate. The combined organic fractions
were dried and concentrated in vacuo to give the cyanohydrin
as a white solid (100% yield). This intermediate was treated with
anhydrous, hydrochloric acid-saturated methanol, which re-
moved the Boc group and converted the cyano group to a methyl
imidate. The imidate was subsequently converted to a mixture
of methyl ester and carboxylic acid upon the addition of 6 M
HCI. The solution was concentrated in vacuo and taken up in
methanol. The solution was once again concentrated in vacuo
and the resulting foam was dissolved in anhydrous methanol.
The solution was saturated with HCl1 to convert any carboxylic
acid present to methyl ester. The volatiles were removed in
vacuo, the crude product taken up in methanol, and this solu-
tion added to a biphasic mixture of saturated aqueous sodium
bicarbonate and THF containing 1.5 equivalents of di-z-butyl-
dicarbonate. After prolonged stirring, the mixture became bi-
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phasic again and the organic phase and the ethyl acetate washes
of the aqueous phase were combined, washed, dried, and con-
centrated in vacuo. The crude product was purified with silica
gel flash chromatography (1% methanol in DCM up to 5%
methanol in DCM) and pure fractions were concentrated in
vacuo to yield 56% of pure hydroxy ester. The final product,
6-nitroguanidino-3-(§)-t-Boc-amido-2-(R, S)-hydroxy-hexanoic
acid, was prepared by lithium hydroxide hydrolysis of the hy-
droxy ester to yield free acid in quantitative yield.

Other a-keto-amides

Compounds 7, 8, and 9 of Table 5 were all prepared in a man-
ner analogous to that of CVS995. Each compound was charac-
terized by HPLC and mass spectroscopy.

Peptides 1-6

All peptides shown in Table 5 were prepared by conventional
Boc peptide synthesis chemistry (as summarized above for
CVS995) and characterized by HPLC and mass spectroscopy.

Crystallization

The thrombin-CVS995 complex was made by placing about a
10-fold molar excess of solid CVS995 over a frozen 1.0-mL sam-
ple of a-thrombin (0.81 mg/mL in 0.75M NaCl). This was then
diluted to 2.0 mL with 0.1 M sodium phosphate buffer, pH 7.3,
and the solution was concentrated to about 3.5 mg/mL. Crys-
tals were grown from 8 uL hanging drops with 1.8 mg/mL
protein complex, 0.075 M sodium phosphate buffer, pH 7.3,
0.19 M NacCl, 12% PEG 8000, equilibrating against well solu-
tions of 0.1 M sodium phosphate buffer, pH 7.3, 24% PEG
8000. A crystal measuring 0.45 X 0.30 x 0.15 mm was used for
the X-ray measurements.

Intensity data collection

The crystals were characterized and X-ray diffraction data
were collected using a Siemens multiwire X-1000 area detector
mounted on a Siemens P3/F four-circle goniostat. Graphite
monochromated Cu K, radiation was generated by a Rigaku
RU200 rotating anode source at 7.5 kW power (50 kV, 150 mA)
collimated to 0.3 mm. The crystal-to-detector distance was set
at 11.65 cm. The detector swing angle was —15°, the scan range
was 0.2° per frame and each frame was collected for 90 s. The
program XENGEN (Howard et al., 1987) was used to process
the raw data to obtain integrated intensities. The crystal dif-
fracted X-rays to 2.3 A resolution with the average peak width
of 0.6° and was isomorphous with the hirugen, hirulog 1, hi-
rulog 3 complexes (Table 1) and other ternary complexes (with
active site inhibitors and hirugen at the exosite) of thrombin
(Skrzypczak-Jankun et al., 1991; Qiu et al., 1992): monoclinic,
space group C2, four molecules per unit cell with a = 70.88 A,
b=7221A,c=7322A, and 8 = 100.9° (V,, = 2.4 A/Da,
protein fraction 51%). After XENGEN data reduction, a total
of 14,238 independent measurements were obtained from 47,817
collected measurements. Removing weak data with I/a (1) <2
produced a data set of 13,616 unique reflections (75% observed,
R, perge = 0.061). This data set is complete to 2.5 A resolution
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and has half of the possible reflections between 2.5 A and 2.3 A
resolution.

Structure determination and refinement

The phases of the CVS995 complex were approximated using
the thrombin coordinates of the thrombin-hirugen complex
(Brookhaven Protein Data Bank accession number 1HGT). The
structure was refined using restrained least-squares methods with
the program PROLSQ (Hendrickson, 1985). The starting model
included residues Ser 1E-Arg 15 of the A chain, Ile 16-Leu 144
and GIn 151-Glu 247 of the B chain (chymotrypsinogen num-
bering [Bode et al., 1989]). The initial crystallographic R-factor
(R = 2(|Fo| = |F.l)/2|Fs]) was 0.34 and reduced to 0.22
after 15 cycles of refinement. The first 2(|F,| — | F.|)electron
density from (7.0-2.8) A resolution showed density for most of
the thrombin residues, residues PP and the arginyl o-keto-amide
in the active site, and Asp 55'-1le 59’ in the exosite; all were also
prominent in the (| F.| — | F,|) difference map. However, as in
other complexes, there was no density for Trp 148-Lys 149E of
the autolysis loop of thrombin as in other isomorphous throm-
bin complexes. This new model was improved further by fitting
the electron density on an Evans & Sutherland PS390 stereo-
graphics system with the program FRODO (Jones, 1982).

The dictionary file was modified to introduce proper restraints
to the PP residue and the a-keto-amide group. The “transition-
state” hemiketal target structure was taken to be the calculated
structure and refined with more relaxed restraints (0.05-0.07 A).
This target structure was periodically updated during refine-
ment with the latest calculated structure of the hemiketal. The
PROLSQ refinement proceeded by a series of geometrically
“tight-loose-tight” restrained cycles, starting with an overall ther-
mal parameter of 30 A2 at 2.8 A resolution, then proceeding to
individual thermal parameters and gradually increasing resolu-
tion (to 2.5 and then to 2.3 A); water molecules were introduced
at 2.5 A resolution. The final structure converged at R = 0.149
with an average thermal parameter of 26 A? using 167 water
molecules with occupancy greater than 0.5 and 13,022 reflections
from 7.0 to 2.3 A resolution.

In the final stages, reflection weight option of PROLSQ that
was Bragg angle-dependent replaced constant weights (Hen-
drickson, 1985), which were assigned based on { | F,| — | F.| /2
in various angle ranges. The final R values in different ranges are
given in Table 2, along with a summary of refinement parameters.

The w angles of 97% of the peptide bonds of the thrombin
part of the structure are within +6° of planarity and the distri-
bution of main-chain torsion angles of the complex shows that
all the non-glycine amino acids fall within or close to the allowed
regions in the Ramachandran map. The coordinates of the fi-
nal structure have been deposited in the Brookhaven Protein
Data Bank [access number 1DIT].

Binding constant (K;) determination

Human thrombin was purchased from Enzyme Research Lab-
oratories, Inc. (South Bend, Indiana); its concentration was pre-
determined by the supplier from the absorbance at 280 nm, and
the extinction coefficient. The activity of this material was 3,806
NIH units/mg. The chromogenic substrate Pefachrome tPA
(CH;S0,-p-hexahydotyrosine-glycyl-arginine-p-nitroanaline -



432

AcOH, Pentapharm, Ltd, Basel, Switzerland) was obtained
from Centerchem, Inc. (Tarrytown, New York). The substrate
was reconstituted in ultrapure water prior to use. The enzymatic
reactions were monitored in the wells of a microtiter plate by
measuring the increase in absorbance at 405 nm, using a Ther-
momax microplate reader (Molecular Devices, Menlo Park, Cal-
ifornia); this change in absorbance directly reflected thrombin’s
cleavage of Pefachrome tPA and the release of p-nitroaniline.
Inhibitors were diluted into HBSA, 10 mM HEPES, 150 mM
NaCl, and BSA, 0.1% (w/v), pH 7.5. To individual wells, either
100 uL of inhibitor, or, in the case of the uninhibited control,
100 L of HBSA, were combined with 100 uL of Pefachrome
tPA. Reactions were initiated by the addition of 50 gL of hu-
man thrombin. All reactions were performed in triplicate in a
final volume of 250 uL. of HBSA, containing, at final concen-
tration: 250 pM thrombin, 400 uM Pefachrome tPA, and, de-
pending on the inhibitor, 0.1-1.2 nM for the «-keto-amide
inhibitors, 0.001-25 uM for all peptides, with the exception of
0.1-250 uM for 6 (Table 5). The inhibition reactions were mea-
sured for either 30 min at 15-s intervals for the a-keto-amide in-
hibitors, or 5 min at 9-s intervals for all peptides at ambient
temperature under steady-state conditions, where less than 5%
of the substrate was consumed.

Kinetic constants describing the inhibitory interaction of
a-keto-amide inhibitors with thrombin were calculated from
generated progress curves, reflecting the slow inhibition by the
ketoamide inhibitors of thrombin. Data representing each prog-
ress curve were fit directly by nonlinear regression to the inte-
grated first-order rate Equation 1, described by Cha (1975) and
Williams and Morrison (1979), shown below.

P=Vi+ (Vo= V) — e orl)/kyy, 8))

where 1} is the initial uninhibited velocity, V; is the final steady-
state inhibited velocity, and k,,, is the apparent first-order rate
constant, which describes the equilibration of the inhibitory re-
action from the initial to the final steady state. The inhibition
of thrombin by CVS995 can then be described by Equation 2,
which relates the measured values of k,,, over a range of inhibi-
tor concentrations to calculated rate constants (Morrison, 1982).

kops = ki [11/(1 + [S1/K,) + k_, 2

where k, is the second-order association rate constant describ-
ing the formation of the enzyme-inhibitor complex, k_; is the
dissociation rate constant. The equilibrium dissociation rate con-
stant K; is calculated from a ratio of k; to k_,. Because the in-
hibition of thrombin by peptides was rapidly achieved, velocity
data could be plotted directly against the inhibitor concentra-
tion, and then fit to a curve described by the 4-parameter Equa-
tion 3, giving term C:

Y=(A-D)/(l + (X/C)%)+ D. 3)

K; was calculated from term C of Equation 3 using Equation 4.

K+ [S1/K,,) =C. 4
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Nuclear magnetic resonance experiments

CVS995 was dissolved in 10% D,0/90% H,O to a concentra-
tion of 1 mM with an ambient pH of 2.7. Conventional 2D
TOCSY and ROESY experiments were performed at 25 °C with
a Varian-Unity 600 MHz spectrometer. Spin system assignments
were determined for all amino acids, and sequential assignments
were determined for all but the glycine linker residues. Only two
weak long-range ROESY crosspeaks were observed, implying
that CVS995 has little stable tertiary structure in water.
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