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Structural Analysis of Thrombin Complexed with Potent Inhibitors
Incorporating a Phenyl Group as a Peptide Mimetic and Aminopyridines as
Guanidine Substitutes
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The structure of the noncovalent complex of human a-thrombin with a nonpeptide inhibitor
containing a central phenyl scaffold, N-[2-[5-methyl-3-(2-chlorophenylsulfonyloxy)phenoxy]-
ethyl]-N-methyl-4-aminopyridine (1), has been determined to 2.20 A resolution. In addition,
the thrombin-bound structures of two distinct amino acid-based inhibitors (3 and 4) containing
different aminopyridine-derived guanidine mimetics have been determined. Each compound
occupies the same region of the active site and projects an aminopyridine, a central hydrophobic
group, and an aryl group, into the S;, S,, and aryl subsites on thrombin. Nonpeptide 1 forms
only one direct intermolecular hydrogen bond to the thrombin active site and forms no hydrogen
bonds to ordered molecules of solvent. Close contacts are observed between main-chain carbonyl
groups on thrombin and the edges of the central phenyl and aminopyridine rings and the
sulfonyl group of 1 such that atoms carrying opposite partial charges are juxtaposed.
Aminopyridine groups in 3 and 4 also form close contacts with the edges of carbonyl groups on
thrombin and are flexibly accommodated in the S; subsite. Superposition of the bound
conformations of 1 and p-Phe-Pro-amidobutylguanidine (2) revealed that the central phenyl

scaffold of 1 substitutes for the peptide main chain of 2.

Among the greatest challenges in modern drug dis-
covery is the conversion of peptide lead molecules with
intermediate potency into high potency, nonpeptide
compounds with pharmacological properties that are
appropriate for use as drugs. Recent efforts have led
to the discovery of peptide residue replacements that
have many of the characteristics desirable in a drug:
low molecular weight, rigidity, limited hydrophilicity,
and no chiral centers. For example, antagonists of the
lIb/l11la receptor have been identified in which the
central glycine of Arg-Gly-Asp-Trp (9) is replaced with
the phenolic ring of a tyrosine!2 (8; see Figure 1). In
another example, inhibitors of the Ras farnesyl trans-
ferase have been discovered in which the three C-
terminal residues of the natural Cys-Val-lle-Met ligand
(7) are replaced with a substituted biphenyl system3+4
(6). Finally, thrombin inhibitors have been developed
recently in which the central Pro residue of b-Phe-Pro-
descarboxy-Arg® (2) can be replaced with a phenyl ring®”’
in N-[2-[5-methyl-3-(2-chlorophenylsulfonyloxy)phenoxy]-
ethyl]-N-methyl-4-aminopyridine (1).

In each of these examples an entire amino acid
residue is replaced with a phenyl group with greater
rigidity and more limited hydrogen-bonding capabilities.
In each case, potency with the phenyl group replace-
ment is improved by 1 order of magnitude over that of
the peptide ligand (Table 1) and a number of questions
arise. Do these phenyl groups occupy the same position
in the binding site as the peptide residues which they
replace? How can phenyl groups with limited hydrogen-
bonding capacity substitute for extremely polar peptide
bonds? Why are the potencies of these nonpeptides
superior to the peptide leads which they replace?
Understanding the structural basis for the inhibition
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of thrombin by compounds such as 1 is also of interest
because of the use of an aminopyridine group as a
substitute for a guanidine function.

In this work we report the determination of the
structure of the intermolecular complex of 1 with
thrombin using X-ray crystallography and provide a
detailed description of the structural basis for the ability
of a phenyl group to substitute for a peptide residue.
For comparison, we have independently determined the
structure of the thrombin complex with a noncovalent
peptide inhibitor® (2). Although more elaborate and
potent analogues of 2 have been discovered,®1° 2 is an
ideal comparator to 1 because they have similar size,
surface area, and complexity and 2 retains peptide
character similar to substrates. Our results show that
although 1 forms only a single, direct hydrogen bond
with the enzyme, it occupies the same location in the
active site as peptide inhibitor 2 which forms six direct
hydrogen bonds and two water-mediated hydrogen
bonds with thrombin. In addition, we have determined
the structures of thrombin complexes with three classes
of inhibitor, each containing a different aminopyridine-
based guanidine mimetic. The aminopyridine groups
in compounds 1, 3, and 4 appear to interact with the S;
pocket!! in novel ways and each compound presents the
pyridine group to the binding pocket in a different
manner.

Experimental Procedures

Human a-thrombin was purchased from Enzyme Research
Laboratories and crystallized at 4 °C in a complex with
sulfated hirudin 53—65 (Bachem Biosciences) as previously
described.’>13 Complexes of thrombin with the hirudin frag-
ment and active site-directed inhibitors were formed by adding
inhibitor solutions to standing vapor diffusion drops (2 ulL)
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Figure 1. Structures of nonpeptide and corresponding peptide inhibitors of thrombin, farnesyl transferase, and antagonists of

the Ilb/l11a receptor.

Table 1. Potency of Peptide Leads and Phenyl Group Amino
Acid Surrogates

compd target potency (nM) ref
1 thrombin 242 6
2 thrombin 1802 5
3 thrombin 41002 15
4 thrombin 3602 15
5 thrombin 300 49
6 farnesyl transferase 40b 3
7 farnesyl transferase 200b 3
8 l1b/I11a receptor gb 2
9 l1b/111a receptor 1700 2

aK;. b ICso.

containing large single crystals of a-thrombin. Crystals were
undamaged by this procedure and were mounted for data
collection 4—5 h after the addition of inhibitors. Compounds
1—4 were synthesized using published procedures.®1415 The
HCI salt of 1 was dissolved in DMSO at a concentration of
200 mM and then diluted to 4 mM in 28% PEG 8000
containing 100 mM phosphate buffer (pH 7.3), 0.15 M NaCl,
and 3 mM NaNs. An aliquot (1 L) of this solution was added

to adrop (2 uL) containing single thrombin crystals to produce
a final inhibitor concentration of 1.3 mM. Inhibitor 2 was
dissolved in 25% PEG 8000 containing 100 mM phosphate
buffer, 0.2 M NaCl, and 3 mM NaNj3 at a final concentration
of 4.2 mM. An aliquot (0.5 uL) of this solution was added to
a drop (2 uL) containing a single thrombin crystal to yield a
final inhibitor concentration of 0.8 mM. Inhibitor 3 was
dissolved in DMSO containing 0.98 equivalents of HCI at a
concentration of 200 mM. This solution was diluted into 28%
PEG 8000 containing 100 mM phosphate buffer, 0.15 M NacCl,
and 3 mM NaNj3; to produce a final concentration of 6 mM. An
aliquot (1.0 uL) of this solution was added to a drop (2 uL)
containing a single thrombin crystal to yield a final inhibitor
concentration of 2.0 mM. Inhibitor 4 was dissolved in DMSO
(200 mM) then diluted into buffer to produce a solution of 25%
PEG 8000 and 4% DMSO containing mM phosphate buffer,
0.2 M NaCl, and 3 mM NaNj; with 4 at a final concentration
of 1.0 mM. An aliquot (2.0 xL) of this solution was added to
a drop (2 uL) containing a single thrombin crystal to yield a
final inhibitor concentration of 0.5 mM.

Data for each ternary complex were collected from a single
crystal using monochromatic Cu Ko X-rays (1 = 1.5418 A) from
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Table 2. Statistics for Structure Determinations of Human o-Thrombin Complexes with Sulfated Hirudin 53—65 and Inhibitors

ternary complex

parameter 1 2 3 4
space group Cc2 c2 Cc2 c2
cell dimensions a=705A a=702A a=709A a=714A
b=718A b=718A b=718A b=727A
c=723A c=722A c=727A c=726A
A =100.52° /= 100.85° /= 100.52° f =100.44°
resolution 8.0-2.20 A 8.0—2.25A 8.0-1.8 A 8.0-2.35A
Rmerge? 0.073 0.071 0.083 0.101
% lloy > 2 85.3% 87.4% 86.6% 83.6%
av. l/o 12.9, 3.6 16.5, 5.3 12.3,35 10.7,3.5
completeness 87.7% 88.0% 88.1% 83.6%
refinement
Reryst? 0.18 0.18 0.19 0.19
rms bond dev 0.011 A 0.011 A 0.010 A 0.013 A
rms angle dev 1.3° 1.3° 1.2° 1.5°
B-factors
protein
average B 24.5 A2 26.6 A2 21.1 A2 23.9 A2
active site B 19.4 A2 21.2 A2 16.6 A2 17.7 A2
rms bonded (MC) 2.4 A2 2.5 A2 2.4 A2 2.4 A2
rms bonded (SC) 3.9A2 4.1 A2 3.9A2 3.8 A2
inhibitor
min 18.6 A2 18.6 A2 19.2 A2 24.9 A2
max 37.6 A2 29.3 A2 39.2 A2 16.7 A2
average 27.3 A2 22.1 A2 26.1 A2 33.6 A2

3 Rmerge = (ZZ[1j(h) — O(h)V(Z=15(h)); summations done over all reflections from a crystal. ® Reryst = (Z|Fops —

Fcalc‘)/(z| Fobs|)-

Figure 2. Stereodrawing of a difference electron density map (|F,| — |F¢|) of the thrombin complex with 1. Structure factors and

phases were calculated as described in the text.

an Enraf Nonius generator and a Rigaku automated X-ray
imaging system. Cell dimensions and data reduction statistics
for each of the inhibitor complexes are shown in Table 2. Data
to 2.0 A resolution were also collected for the thrombin complex
with sulfated hirudin 53—65 and the structure refined to a
crystallographic R factor of 0.192 using XPLOR.'® This
structure, minus several active-site water molecules, was used
as the starting model for determining the structures of
complexes with active site-directed inhibitors. Preliminary
positional and temperature factor refinement with inhibitor
and solvent deleted was performed using XPLOR, and then
difference electron density maps were calculated (Figure 2).
The program CHAINY was used to model inhibitors and
ordered solvent molecules in difference electron density and
for additional adjustment of enzyme and inhibitor atomic
positions. The structures were further refined using XPLOR?®
(see Table 1 for refinement statistics). Residues that appeared
to be disordered were either left out of the model (A chain
residues 1—7 and 30—35 and B chain residues 180—189 and
244) or assigned an occupancy value of 0.0 (disordered side
chains). Inhibitor occupancy values were set to unity and not
refined. Calculations of molecular surface areas were done
using the molecular surfacing algorithm MS.181° The coordi-

nates have been deposited in the Protein Data Bank? (BNL
21349, 21376, 21377, 21378).

Results

Thrombin Inhibitor Complexes. Initial difference
electron density maps, calculated from atomic coordi-
nates after positional and temperature factor refinement
without the inhibitor, clearly revealed the positions of
each inhibitor as well as additional solvent molecules
which were not included in the difference Fourier
calculation (Figure 2). Remarkably, the inhibitors oc-
cupy the same binding locations within the active site
(Figures 3 and 4). Each inhibitor can be thought of as
being composed of three components: a basic Py sub-
stituent, a central group which acts as a scaffold and/
or S, binding fragment, and an aryl substituent. Com-
pounds 2 and 3 are based on a proline scaffold, compound
1 on a phenyl scaffold, and compound 4 on an ornithine
scaffold. Aminopyridine, phenyl, and chlorophenyl rings
in 1 are roughly equivalent to agmatine, Pro and p-Phe
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Figure 3. Stereodrawing of the structure of the thrombin-bound conformation of 2 (orange) superimposed on the structure of
the thrombin complex with 1 (green). The structures were superimposed using all Co. atoms in thrombin in each structure.

Figure 4. Stereodrawing of the structure of the thrombin-
bound conformations of 3 (red) and 4 (blue) superimposed on
the structure of the thrombin complex with 1 (white). The
structures were superimposed using all Co. atoms in thrombin
in each structure.

groups in 2 and aminopyridine, Pro and p-Phe groups,
respectively, in 3. Aminopyridine, methylpiperidine,
and dansyl groups in 4 occupy the same binding subsites
as the aminopyridine, phenyl, and chlorophenyl rings
in 1. Aryl and basic substituents in each compound are
bound by the distal aryl and P; pockets of thrombin in
similar orientations and positions. However, each
inhibitor appears to have a core region or scaffold which
interacts with the thrombin active site differently while
projecting substituents into these binding subsites
(Figures 3 and 4). Thrombin does not appear to adjust
significantly in order to accommodate these inhibitors,
but slight adjustments (0.1-0.2 A) relative to the
structure of the enzyme in the absence of inhibitor are
observed about Asp 189 in the S; pocket, Ser 195 and
Trp 60D above the S; pocket, and lle 174 in the aryl
binding region.

Interaction of Thrombin with Scaffolds. The
central phenyl group of 1 roughly occupies the S, pocket,
lined by residues His 57, Tyr 60A, Trp 60D, Leu 99, and
Trp 215, where it is nearly completely removed from
solvent. The inhibitor adopts a conformation in which
the sulfate sulfur is rotated almost 90° out of the plane
of the central orcinol ring (Table 3). Examination of the
known single-crystal structures of several arylsulfonate
esters reveals the same nearly 90° torsional rotation

Table 3. Torsional Angles for the Bound Conformation of 1

angle, angle,
bond torsion deg bond torsion deg
C5—-C4-07-C10 47 C11—N12—-C16-C17 -3
C4-07-C10—-C11 155 C1-C6—08-S20 98
07—-C10-C11—-N12 63 C6—08—-S20—C26 —64

C10—C11-N12-Ci16 —-122 08-S20—C26—C27 —53

about the C—0O bond of the aryl ester.21=25 The chloro-
phenyl ring assumes a conformation in which the
2-chloro substituent is exactly staggered between two
sulfonate oxygens with the third sulfonate oxygen in the
plane of the ring. On the other side of the phenyl
scaffold, the ether is rotated out of the plane of the
central ring by nearly 45°. The methylene carbons
linking the central phenyl and aminopyridine rings
adopt staggered conformations with the carbon proximal
to the aminopyridine in the plane of the pyridine ring.

The core region of 1 does not form any direct hydrogen-
bonding interactions with thrombin, and only the aryl
ether oxygen (O8) is close to a hydrogen-bond donor on
thrombin (Gly 216 NH, 3.57 A). The edge of the central
aromatic ring of 1 is in close proximity to the carbonyl
group of residue 216 (Figure 3), which is typically
involved in key hydrogen-bonding interactions with
peptide-based inhibitors (Figure 3). Ordered solvent
molecules are not observed near the carbonyl group of
Gly 216, though it cannot be ruled out that the carbonyl
group is solvated by disordered water molecules. In
addition, one of the sulfonyl oxygens of 1 approaches
closely to the carbonyl oxygen of Gly 216 (3.06 A). This
apparently unfavorable contact may be partially or fully
compensated by the close proximity of the sulfur to the
same carbonyl oxygen (4.1 A).

Compounds 2 and 3 are bound with the central Pro
in the S; pocket and adopt conformations nearly identi-
cal to those found in the structures of thrombin com-
plexes with the p-Phe-Pro-Arg-chloromethyl ketone?®
(PPACK), acetyl-D-Phe-Pro-arginine boronic acid®?
(DuP714), and the previously reported structure of the
thrombin complex with 2.5 Interatomic distances are
shown in Figure 5 and suggest that the thrombin
complex with 2 is stabilized by three direct hydrogen
bonds between the main chain of the peptide inhibitors
and enzyme. Compound 3 forms the same three hy-
drogen bonds with main chain amide and carbonyl
groups on thrombin as 2 with interatomic distances of
3.12,3.12, and 2.86 A (equivalent to 3.21, 3.15, and 2.72
A, respectively, in 2, Figure 5).
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Figure 5. Schematic diagram of the binding modes of peptide compounds 2 and 4 and nonpeptide compound 1.

Figure 6. Drawing of the S; pocket with the superimposed structures of the thrombin-bound conformations of 2 (magenta) and
1 (white) in panel A, 2 and 3 (red) in panel B, and 2 and 4 (blue) in panel C.

Surprisingly, the central phenyl ring of 1 and Pro of
2 roughly superimpose, but the phenyl ring is displaced
by approximately 1 A so that the C5—C6 bond of 1
partially overlaps with the carbonyl group of the p-Phe
residue in 2. In this binding mode, atoms in the central
phenyl ring of 1 appear to overlay exclusively on main
chain atoms of peptidyl 2, with the methyl substituent
of 1 projecting into the same space as the side chain CS
of 2. The ether linkage in 1, which connects the phenyl
and aminopyridine groups, is displaced by about 1 A
from the position occupied by the amide linkage between
Pro and agmatine groups in 2, thus avoiding an un-
favorable contact with the carbonyl group of residue 214.
In addition, compound 1 has at least one fewer bonds
capable of free rotation (8) compared to 2 (9), and the
chloro substituent on 1 may act as a conformational lock
to reduce to seven the number of bonds with free
rotation.

Compound 4 is bound by the enzyme such that the
basic aminopyridine group projects into the S; pocket
from the position occupied by the P; residue of peptide
substrates. This mode of interaction allows the central
amino acid scaffold to form two hydrogen bonds with
Gly 216 on the enzyme (Figure 5) and the carboxy-
terminal piperidine to project into the S, pocket. The
central amino acid scaffold of 4 is displaced by ap-
proximately 3 A from the proline and phenyl scaffolds

of 1 and 2 such that there are no equivalent fragments.
The methylpiperidine ring is significantly shifted in the
S, site such that the orientation of the piperidine ring
is rotated 90° relative to the orientation of prolyl or
orcinol fragments and extends further into the pocket
(Figure 4). In this binding mode, the aryl and piperidine
substituents straddle the position occupied by the
central Pro scaffold in compounds 2 and 3.
Aminopyridine Interactions with S; Pocket.
Inhibitors 1 (K; = 24 nM), 3 (K; = 4100 nM), and 4 (K;
= 360 nM) utilize N,N-dialkyl-4-aminopyridine, N-alkyl-
4-aminopyridine, and N-2-alkyl-2,5-diaminopyridine
groups, respectively, to substitute for the basic guani-
dine group in the P; position of substrates or inhibitors.
The pyridine groups in 1 and 4 substitute for guanidine
and maintain equivalent potency while the pyridine
substitution in 3 is accompanied by a factor of 20
reduction in potency (ref 27; Table 1). Upon complex
formation, the aminopyridine groups of 1, 3, and 4 are
completely buried in the S; pocket and superimpose on
the guanidine group of 2 such that the aminopyridine
rings occupy the same plane as the guanidine group
with the pyridine nitrogens occupying roughly the same
position as the guanidine carbon (C25 of 2; Figure 6).
The aminopyridines in 1, 3, and 4 are expected to have
pKa values of 9.5, 9.5, and 7.0 based on the pK, values
of N-methyl-4-aminopyridine and 2,3-diaminopyridine.28
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Hydrogen-bonding interactions between the amino-
pyridine groups of 1, 3, and 4 and Asp 189 are shown
in Figure 6. While the pyridine nitrogen of 1 has nearly
symmetrical interactions with the carboxylate oxygens
of Asp 189 (2.93 A, 3.11 A), the pyridine nitrogen in 3
is shifted to one side so that the interaction is largely
with one carboxylate oxygen (2.70 A, 3.12 A) and the
pyridine nitrogen in 4 has an entirely asymmetric
interaction with Asp 189 (2.92 A, 3.61 A). Asp 189
appears to adjust slightly in each complex to optimize
the interaction with the pyridine nitrogen.

The edges of the aminopyridine ring systems in 1 and
4 appear in close proximity to electronegative atoms on
thrombin or solvent (Figures 5 and 6). In addition, the
pyridine ring in 3 remains 3.26 A from the carbonyl of
Gly 218 and 2.89 A from the buried water molecule. The
amino groups in compounds 1 and 3 do not appear to
form hydrogen bonds to any enzyme groups or solvent
molecules within the thrombin active site. This is in
contrast to recently reported structures of thrombin
complexes with nonpeptide inhibitors containing an
aminopyridine Py substituent from which the efficacy
of the aminopyridine functionality was attributed in
part to the unexpected ability of the amino group to form
either a direct or a water-mediated hydrogen bond to
the carbonyl of Ser 214.7 The 2-amino group in 4 does
make a hydrogen bond to the carbonyl of Gly 218 (3.16
A) and the 5-amino group with the carbonyl of Phe 227
(3.19 A). Of interest is the observation that the 5-amino
group in 4 displaces an active site water molecule which
is observed in nearly all thrombin inhibitor com-
p|exes_5,7,12,26,29

Aryl Binding Region. The chlorosulfonyl group of
1 projects into the aryl binding site where it contacts
residues Asn 98, Leu 99, lle 174, and Trp 215 and
superimposes nearly exactly on the position occupied
by the p-Phe in 2 (Figure 3). The phenyl ring, sulfonate
sulfur (S20), and ester oxygen (O8) appear to overlay
exactly on the p-Phe phenyl ring, C and Ca atoms. One
edge of the chlorophenyl ring of 1 and p-Phe rings of 2
and 3 pack against the face of the Trp 215 side chain
and the electron-withdrawing sulfonyl and chloro groups
of 1 would be expected to strengthen this electrostatic
interaction.3°=32 The 2-chloro substituent projects to-
ward solution and makes no contact with the enzyme.
The naphthyl ring of 4 also projects into the aryl binding
pocket such that the edge of one ring packs against the
face of Trp 215 (Figure 4). However, the orientation and
position of the ring are significantly different than the
other ring structures. In each of these structures, the
aryl substituent appears to be completely removed from
solvent but for the one edge.

Hydrophobic Interactions. Although 1 and 2 are
similar in terms of molecular weight (neutral species:
432 vs 374), molecular volume (392 vs 372 A3), molec-
ular surface area, and molecular surface area buried
upon thrombin complex formation (Table 4), 1 has 75
A2 more hydrophobic surface than 2. Upon complex
formation, 70 A2 more hydrophobic surface area is
buried in the thrombin—1 structure than in the throm-
bin—2 structure; 75 A2 corresponding to the surface area
of approximately three methyl groups.®® Compound 3
is similar to compound 2 except that slightly more
hydrophobic surface area is buried in the thrombin
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Table 4. Surface Area Calculations for Thrombin Inhibitor
Complexes

thrombin complex

surface area 1 2 3 4
ligand 358 348 351 452
hydrophobic 313 238 274 355
hydrophilic 45 110 i 97
ligand buried surface 299 280 284 364
hydrophobic 267 198 235 287
hydrophilic 32 82 49 76
protein buried surface 432 419 414 470
hydrophobic 270 269 261 304
hydrophilic 162 150 153 166
total buried surface 730 699 698 834
hydrophobic 537 467 496 501
hydrophilic 193 232 202 242

complex with 3. Compound 4 (539 molecular weight,
534 A3 volume) is significantly larger than 1, 2, or 3
and buries correspondingly more surface area upon
complex formation, although the greatest proportion of
the increase is derived from hydrophilic surface area.
For each of the compounds the thrombin surface area
(hydrophobic and hydrophilic) buried upon complex
formation is nearly the same. For these diverse ligands
there appears to be no correlation of surface area or
buried surface area with ligand affinity.

Discussion

The active site of thrombin appears to be capable of
accommodating a variety of structurally diverse inhibi-
tors. The central phenyl, proline, and ornithine scaf-
folds of 1—4 interact with thrombin in a manner which
preserves the projection of substituents into the S;, Sy,
and aryl-binding pockets using apparently low-energy
conformations. Surprisingly, the central phenyl ring of
1 substitutes for the main chain atoms of the P; amide
and P, residue of peptidyl 2 rather than the hydrophobic
proline ring. In an earlier study, molecular modeling
suggested that the tyrosine ring of fibrinogen receptor
antagonist 8 might replace the Gly in an Arg-Gly-Asp
ligand in a manner very similar to the way in which
the phenyl ring of 1 replaces main chain elements in
2.12 The superior potency of the nonpeptide 1 compared
to peptide 2 (Table 1) can be attributed in part to the
presence of additional hydrophobic interactions and
reduced degrees of conformational flexibility in the
nonpeptide. However, the potency of 1 remains surpris-
ing in view of the absence of direct hydrogen-bonding
interactions between 1 and residues Ser 214 and Gly
216 of thrombin which typically interact with the P; and
P3; main chain atoms of substrates or peptide-based
inhibitors such as 2.

Upon complex formation between thrombin and 1,
four or five hydrogen-bond donor or acceptor sites on
the enzyme and two hydrogen-bond acceptor sites on 1
become buried. The crystallographic data provide no
evidence that ordered solvent molecules are buried or
otherwise partially solvate these sites. Instead, these
thrombin hydrogen-bonding groups appear to be juxta-
posed with inhibitor groups which are expected to carry
complementary partial charges. The edges of the
central phenyl and aminopyridine rings and the sulfonyl
sulfur of 1, anticipated to carry partial positive charge,
are in close contact with enzyme carbonyl groups, which
are expected to carry partial negative charge (Figures
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3 and 6). The ability of these weak electrostatic
interactions to contribute to intermolecular interactions
has been studied in a number of theoretical and crystal-
lographic studies3%34~44 and has been noted previously
for the thrombin interaction with aminopyridines.”

Previously, aminopyridine-containing thrombin in-
hibitors have been observed to form a direct hydrogen
bond between the 4-amino group and the carbonyl group
of Ser 214 on the enzyme.” In the present work, two
additional modes of aminopyridine interaction are ob-
served and significant flexibility is observed in the
positioning of the pyridine ring systems in the S; pocket
and in the mode of interaction of the pyridine function-
ality with Asp 189. This may result from the ability of
these ring systems to participate in weak electrostatic
interactions (Figure 6). In the thrombin complex with
3, the 4-amino group does not form a hydrogen bond to
either enzyme or solvent, while in the complex with 4
both 2-amino and 5-amino groups appear to find hy-
drogen-bonding partners. The aminopyridine group in
4 (K; = 360 nM), which retains the ability to form two
hydrogen bonds with the S; pocket, substitutes for a
guanidine without loss in activity (Table 1). However,
on the basis of the potency of compound 1 (K; = 24 nM)
and the inability of 1 to donate a hydrogen bond to the
enzyme, it is not clear that participation of pyridine
amino groups in hydrogen bonding contributes signifi-
cantly to the free energy of binding to thrombin. The
reduced potency of compound 3 (K;j = 4100 nM) com-
pared to 2 (K;j = 180 nM) suggests that the efficacy of
aminopyridine functional groups as guanidine replace-
ments may depend in large part on the effectiveness of
the scaffold in presenting the groups appropriately.

The superior binding potency of nonpeptides, such as
1, compared with peptide ligands, such as 2, may derive
in large part from the greater ease with which the
nonpeptides can be removed from solvent water. During
the binding process, the protein and the ligand must
each be desolvated in an energetically costly process
before they can combine in an energetically productive
process in which intermolecular interactions are formed.*
Compounds 1 and 2 have the same sized surfaces and
volumes and interact with similarly sized hydrophobic
and hydrophilic surfaces on thrombin, so desolvation of
the thrombin active site in each complex is nearly
identical. However, the aryl ether linkage which con-
nects the central phenyl and aminopyridine groups in
1 is 10°-fold more easily extracted from water into the
vapor phase than the amide linkage which connects the
central prolyl and guanidino groups in 2.5 The neutral
pyridine group in 1 is 10°-fold more easily removed from
solvent water than the neutral guanidine group in 2.4
Similarly, on the basis of water—octanol partition coef-
ficients for phenyl benzenesulfonate and N-phenyl-
benzamide,*® the ester linkage connecting the central
phenyl and chlorophenyl rings is expected to be more
easily extracted from water than the amide linkage
connecting p-Phe and Pro residues in 2.

Conclusions

The thrombin substrate binding site is degenerate in
its ability to accommodate a variety of structurally
diverse inhibitors which project equivalent substituents
into the same binding subsites from differert scaffolds.

Bone et al.

Our data provide additional detail and insight concern-
ing how one phenyl scaffold maps onto the peptide
residue that it replaces and how substituents project
off the scaffold into binding subsites on the drug target.
The affinity of nonpeptide 1 for thrombin appears to be
a consequence of excellent hydrophobic interactions
between 1 and thrombin and the ease of desolvation of
1; the juxtaposition of complementary partial charges
on 1 and thrombin may also contribute to affinity. The
aminopyridine groups on 1, 3, and 4 appear to be
versatile guanidine substitutes which can interact in a
number of ways with the S; pocket of tryptic proteases,
have reduced pKj, values, and are readily extracted from
solvent.

In the future, when the structure of a drug target is
determined complexed with a natural peptide ligand or
peptide lead it will be possible to compare the bound
conformation of the peptide to the thrombin bound
conformations of 2 and 1 to know whether the phenyl
group in 1 will be a suitable scaffold for the new target
binding site. By establishing a structural database for
a series of corresponding target—nonpeptide and target—
peptide complexes, it should be possible to rapidly
identify a suitable nonpeptide scaffold for new drug
targets for which structural data with peptide leads
exists. Database approaches such as this have shown
tremendous utility in protein design and protein struc-
ture prediction.4748
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