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Abstract

The X-ray crystallographic structure of [N-(3-phenyl-
propionyl)-N-(phenethyl)]-Gly-boroLys-OH (HPBK,
Ki = 0.42 nM, crystallographic R factor to 1.8 AÊ

resolution, 19.6%) complexed with human �-thrombin
shows that the boron adopts a tetrahedral
geometry and is covalently bonded to the active
serine, Ser195. The HPBK phenethyl aromatic ring
forms an edge-to-face interaction with the indole side
chain of Trp215. Four HPBK analogs containing
either electron-withdrawing or electron-donating
substitutents at the 30 position of the phenethyl
ring were synthesized in an attempt to modulate
ligand af®nity by inductive stabilization of the
edge-to-face interaction. Re®ned crystallographic
structures of the tri¯uoromethyl (Ki = 0.37 nM,
crystallographic R factor to 2.0 AÊ resolution =
18.7%), ¯uoro (Ki = 0.60; R factor to 2.3 AÊ

resolution = 18.4%), methoxy (Ki = 0.91 nM, R
factor to 2.2 AÊ resolution = 19.8%) and methyl (Ki =
0.20 nM, R factor to 2.5 AÊ resolution = 16.9%)
HPBK analogs complexed with thrombin revealed
two binding modes for the closely related com-
pounds. A less than 1.5-fold variation in af®nity
was observed for analogs (tri¯uoromethyl-HPBK
and ¯uoro-HPBK) binding with the edge-to-face
interaction. The slight inductive modulation is
consistent with the overall weak nature of the
edge-to-face interaction. Owing to an unexpected
rotation of the phenethyl aromatic ring, the 30

substituent of two analogs, methoxy-HPBK and
methyl-HPBK, made direct contact with the Trp215
indole side chain. Increased af®nity of the 30 methyl
analog is attributed to favorable interactions between
the methyl group and the Trp215 indole ring.
Differences in inhibitor, thrombin and solvent structure
are discussed in detail. These results demonstrate the
subtle interplay of weak forces that determine the
equilibrium binding orientation of inhibitor, solvent and
protein.

1. Introduction

The perpendicular arrangement of aromatic rings is a
recurrent feature contributing to the stabilization of
protein structures (Burley & Petsko, 1985; Hunter et al.,
1991; Singh & Thornton, 1985) and protein±ligand
complexes (Burley et al., 1987; De Vos et al., 1988; Ishida
et al., 1993). An edge-to-face interaction is prevalent in
complexes of thrombin with both substrates and inhi-
bitors. Within the aryl-binding pocket of thrombin, the
face of the indole side chain of Trp215 is relatively
exposed to solvent (Fig. 1) and can serve as the
hydrogen-bond acceptor ring in edge-to-face interac-
tions (Fig. 2). For example, the Phe8 aromatic ring of the
®brinogen substrate (Martin et al., 1992), the Tyr3 side
chain of the thrombin inhibitor hirudin (Rydel et al.,
1990) and the (d)Phe rings of the peptidomimetic inhi-
bitors (d)Phe-Pro-Arg chloromethylketone (PPACK;
Bode et al., 1989) and Ac-(d)Phe-Pro-boroArg-OH
(DuP714, Weber et al., 1995), all form edge-to-face
interactions with Trp215. To utilize this preferred inter-
action, aromatic ring systems have been incorporated
into many synthetic thrombin inhibitors and the exis-
tence of the interaction has been con®rmed in the
crystallographic structures of thrombin complexed with
several inhibitors, including sodium [(2-naphthyl
sulfonyl)glycyl]-dl-p-amidinophenylalanylpiperidide
(NAPAP; Brandstetter et al., 1992), a retro-binding
peptide inhibitor (Tabernero et al., 1995) and a designed
non-peptide inhibitor (Obst et al., 1995).

Structure-based approaches led to the design of
[N-(3-phenylpropionyl)-N-(phenethyl)]-Gly-boroLys-
OH, a novel class of thrombin inhibitor (HPBK, Fig. 1,
Table 1; Galemmo et al., 1996). The crystal structure of
HPBK complexed with thrombin, described here, shows
that the phenethyl ring of HPBK forms an edge-to-face
interaction with the Trp215 side chain. The tenfold
reduction in af®nity relative to DuP714 prompted
further elaboration of the compound to increase
potency and block potential sites of metabolism in the
phenethyl group. The structure of the HPBK±thrombin



complex suggested that inhibitor af®nity could be
enhanced by strengthening the edge-to-face interaction.
The perpendicular arrangement of aromatic rings is
thought to be stabilized by a favorable electrostatic
interaction between the partially positively charged H
atoms of the donor ring and the �-electron cloud of the
acceptor ring (Fig. 2; Chipot et al., 1996; Jada et al., 1975;
Levitt & Perutz, 1988; Pawliszyn et al., 1984). The
strength of the edge-to-face interaction is, therefore,

expected to vary with the difference in charge between
the donor-ring H atoms and the acceptor-ring �-cloud.
One strategy to strengthen this interaction involves
modi®cation of the donor ring to increase the effective
positive charge of its H atoms. Hammett sigma values
(�H), derived from the changes in ionization of benzoic
acid arising from substitutions on the benzene ring,
provide a measure of the inductive polarization of
aromatic rings (Hammett, 1937). Addition of electron-

Fig. 1. (a) Stereoscopic view of the �-
thrombin structure and HPBK
binding site. The 26-residue A-
chain (red ribbon) and 249-
residue B-chain (blue ribbon) are
covalently bonded via a disul®de
bond. The catalytic triad
composed of residues His57,
Aspl02 and Ser195, is shown in
green. The solvent-exposed indole
side chain of Trp215 is shown in
yellow. (b) Enlarged stereoscopic
view of HPBK binding site
showing the bridging water mole-
cule between the lysine side chain
of HPBK and Asp199, the cova-
lent bond between the inhibitor B
atom and side-chain O atom of
Ser195, packing of the hydrocin-
namoyl against Glu217 and the
edge-to-face interaction of HPBK
with Trp215. (c) Stereoviews of
thrombin complexed with HPBK
(yellow) and DuP714 (Weber et
al., 1995; PDB code 1LHC).
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withdrawing substituents, having positive �H values,
increases the relative positive charge of the ring H
atoms. Rings containing substituents with positive �H

values should produce stronger edge-to-face interac-
tions relative to those of an unsubstituted ring. Using a
series of small molecules with two gently constrained
conformational states, the inductive effect was estimated
to increase the stability of an edge-to-face interaction by
�0.5 kcal molÿ1 (Paliwal et al., 1994).

Here we report the synthesis of phenethyl-substituted
HPBK analogs designed to determine the extent to
which inhibitor af®nity could be modulated by altera-
tions in the strength of the edge-to-face interaction. The
structure of the HPBK±thrombin complex revealed a
surface pocket large enough to accommodate small
substituents at the meta position of the phenethyl ring.
Methyl (�H = ÿ0.06), methoxy (�H = 0.11), ¯uoro (�H =
0.34) and tri¯uoromethyl (�H = 0.43) analogs were
synthesized and analyzed. To understand the lack of
correlation between substituent �H value and observed

binding af®nity (Fig. 3), crystallographic structures of
inhibitors bound to thrombin were determined. As
described, two binding modes for the substituted
phenethyl group were observed. The protein structure
was unchanged by inhibitor binding, although rearran-
gements in solvent occurred. Overall, these studies
provide a demonstration that, in addition to its role in
inhibitor design, crystallographic information is critical
for understanding binding af®nities in situations where
the observed data are contrary to hypothesis (Meyer et
al., 1995).

2. Experimental procedures

2.1. Chemical synthesis

The synthesis of HPBK and related borolysine
thrombin inhibitors was accomplished in a convergent
manner in which an �-amino boronate was coupled to an
appropriate N,N-disubstituted glycine derivative. The
optically pure �-amino boronic ester component,
(+)-pinanediol (S)-1-amino-5-bromopentyl boronate
hydrochloride was prepared in ®ve steps from 4-bromo-
1-butene using the homologation procedure of Matteson
(Matteson et al., 1984). The N,N-disubstituted glycines
were prepared by standard laboratory procedures and
coupled with the �-amino boronate using the mixed
anhydride method of peptide-bond formation. The
bromobutyl side chains were converted to the required
lysine side chains via azide intermediates (Kettner et al.,
1990; Wityak et al., 1995). Finally, the pinanediol esters
were removed by transesteri®cation with phenylboric
acid to afford the free boronic acid inhibitors as amor-
phous solids. The identity of all intermediates was
supported by spectroscopic methods and the structures
of the ®nal compounds, HPBK, tri¯uoromethyl-HPBK,

Fig. 2. Schematic diagram of the edge-to-face interaction between
aromatic rings.

Table 1. Kinetic and crystallographic data for thrombin complexed with HPBK and its 30 substituted analogs

R H CH3 CF3 F OCH3

Ki (nM) 0.42 � 0.07 0.20 � 0.07 0.37 � 0.13 0.60 � 0.06 0.91 � 0.27
� value² 0.0 ÿ0.06 0.43 0.34 0.11
Resolution range (AÊ ) 8±1.8 8±2.5 8±2.0 8.0±2.3 8.0±2.0
Number of re¯ections³ 28275 9266 21329 11936 19423
Highest resolution hI/�Ii � 2 <1.8 2.6 <2.0 2.3 2.2
Crystallographic R factor (%) 19.6 16.9 18.7 18.4 19.8
Number of atoms§

Solvent 145 120 130 114 136
Ligand 32 33 36 33 34

R.m.s. coordinate error (AÊ )} 0.23 0.23 0.23 0.25 0.24
R.m.s. deviations

Bond lengths (AÊ ) 0.010 0.016 0.014 0.016 0.011
Bond angles (�) 1.97 1.64 1.73 1.61 1.80
Bond B factors²² 1.14 1.18 1.20 1.18 1.17

R.m.s. deviations³³
Backbone atoms (AÊ ) Ð 0.074 0.031 0.060 0.068
All atoms (AÊ ) Ð 0.146 0.335 0.209 0.173

² Values taken from reference (Maskill, 1985) as originally de®ned by Hammett (1937). ³ Number of re¯ections with I > 0.5I/�I. § A-chain
residues 1B±14J, B-chain residues 16±146 and 150±245 and hirudin residues 54±60 were used in the re®nement of all structures for a total of 2292
protein atoms. } As described by Luzzati (1952). ²²

P�bi ÿ bj�2=�2
bonds: ³³ Compared with HPBK±thrombin complex.
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¯uoro-HPBK, methoxy-HPBK and methyl-HPBK, were
con®rmed by X-ray crystallographic analysis of their
complexes with thrombin.

2.2. Inhibition studies

Binding constants of inhibitors for human �-thrombin
were determined at 298 K in 0.10 mM sodium phosphate
buffer pH 7.5 containing 0.20 M sodium chloride and
0.5% polyethylene glycol 8000. Assays were conducted
with human �-thrombin (with a speci®c activity of 2340
NIH units mgÿ1) at a level of 0.2 nM and with the
chromogenic substrate H-(d)-Phe-Pip-Arg-pNA
(S2238). Values of Ki were determined by the methods
described previously (Weber et al., 1995). All inhibitors
were slow binding. Steady-state velocities were obtained
after a reaction time of 25 min with the inhibitor, and the
equation for competitive inhibition readily ®t the velo-
cities measured. Reported Ki values are the average
steady-state values shown with standard deviations for
multiple determinations.

2.3. Crystallization

A crystal form of thrombin suitable for preparing
thrombin±inhibitor complexes in the crystalline state
was grown as previously described (Skrzypczak-Jankun
et al., 1991). Crystals belong to the monoclinic space
group C2 (a = 70.7, b = 72.3, c = 72.5 AÊ and � = 100.4�)
and contain one molecule per crystallographic asym-
metric unit. To prepare the thrombin±inhibitor complex,
1 mg of inhibitor was dissolved in 10 ml of DMSO, then
added to 250 ml of crystal stabilization solution (0.058 M
sodium phosphate pH 7.2, 33% polyethylene glycol

8000, 0.05 mM NaN3) containing 1±2 crystals. Crystals
were soaked with inhibitor for at least 48 h prior to data
collection.

2.4. Data collection

Data were collected with a Rigaku R-AXIS IIC
image-plate detector system mounted on a Rigaku RU-
200B rotating-anode X-ray generator (100 mA, 50 kV)
with a 0.3 � 0.3 mm focus. X-ray diffraction intensities
were collected at room temperature in 60 contiguous 2�

oscillations counted for 30 min each. Crystals were
suf®ciently stable in the X-ray beam to allow use of one
crystal for a complete data set. Diffraction data were
reduced to integrated intensities using software
provided with the Rigaku R-AXIS IIC image-plate
detector or with the programs XDISPLAYF, DENZO
and SCALEPACK (Otwinowski & Minor, 1997). Data-
collection statistics for the various complexes are
summarized in Table 1.

2.5. Structure solution and re®nement

Coordinates of thrombin, taken from the 1.95 AÊ

resolution DuP714±thrombin complex (Weber et al.,
1995), were used as the starting model for re®nement of
the thrombin±HPBK complex. The thrombin coordi-
nates re®ned with bound HPBK were then used as the
starting structure for each of the substituted HPBK±
thrombin complexes. Each cycle of re®nement
(X-PLOR version 3.1; BruÈ nger et al., 1987) consisted of
50 cycles of conjugate-gradient minimization, followed
by 20 cycles of restrained individual B-factor re®nement,
followed by a further 20 cycles of conjugate-gradient
minimization and ®nished with ten additional cycles of

Fig. 3. Plot of inhibition constant (Ki) versus Hammett � value.
Inhibitors retaining the edge-to-face interaction are denoted by
open boxes, others by ®lled boxes.

Fig. 4. Hypothesis for addition of meta substituents. The van der Waals
surfaces of the thrombin active-site cleft and aryl-binding pocket are
red. The van der Waals surface of the bound HPBK is shown in
white. A 30-tri¯uoromethyl group attached to the phenethyl ring of
HPBK (shown in yellow) can be accommodated within the aryl-
binding pocket without alteration of thrombin structure.
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B-factor re®nement. After each re®nement cycle, the
model was manually adjusted based upon interpretation
of (Fo ÿ Fc)�calc and 2(Fo ÿ Fc)�calc electron-density
maps displayed with the computer graphics program
CHAIN (Sack, 1988). Potential water-molecule posi-
tions were initially located as 3� positive peaks in the
(Fo ÿ Fc)�calc electron-density map with corresponding
0.8� positive peaks in 2(Fo ÿ Fc)�calc electron-density
maps. Positions satisfying these positive density criteria
were added to the atomic model if reasonable hydrogen-
bond geometry to thrombin could be established. Inhi-
bitor geometric and atomic re®nement parameters were
calculated using the program QUANTA (Molecular
Simulations Inc.). Re®nement statistics for the
thrombin±inhibitor complexes are listed in Table 1.

3. Results

Interactions of HPBK with thrombin HPBK, a pepti-
domimetic of the thrombin substrate sequence Gly-Pro-
Arg-Gly, incorporates a boronic acid group which, on
complexation with thrombin, forms a covalent bond
with the active-site serine. In the covalent complex, the
boron adopts a tetrahedral geometry resembling the
transition state of serine proteases (Kraut, 1977).
Overall, HPBK retains many of the binding features of
the previously described peptidomimetic thrombin
inhibitors PPACK (Bode et al., 1989) and DuP714 (Fig. 1;
Weber et al., 1995). For example, the HPBK lysine side
chain occupies the thrombin S1 speci®city pocket and
interacts with Asp189 via a bridging water molecule.
Similar to the substrate and peptide-based inhibitors,
the carbonyl O atom of the hydrocinnamoyl group forms
a hydrogen bond with the main-chain N atom of Gly216
and the backbone amide N atom of the borolysine is
hydrogen bonded to the carbonyl backbone of Ser214.
The phenyl ring packs against the alkyl chain of Glu217.

The phenethyl aromatic ring of HPBK is situated in
the aryl pocket and forms an aromatic edge-to-face
interaction with Trp215 (Fig. 1). The 5.3 AÊ centroid-to-
centroid distance between the two rings and 70� inter-
ring angle are similar to values reported for tryptophan
edge-to-face interactions with phenylalanine in protein
structures (Burley & Petsko, 1985) where an average
5.9 AÊ centroid-to-centroid distance and 60� inter-ring
angle were found.

The meta position of the phenethyl ring is relatively
exposed to solvent (Fig. 4) with two ordered solvent
molecules, Wat1 and Wat2, nearby (Fig. 5). Wat1 is
hydrogen bonded both to the backbone carbonyl group
of Trp96 and the OH group of Tyr60A. The more weakly
bound water molecule, Wat2, forms a 3.0 AÊ hydrogen
bond to the backbone carbonyl group of Glu97A. A van
der Waals surface representation of the HPBK±
thrombin complex (Fig. 4) suggested that groups as large
as tri¯uoromethyl could be accommodated at the meta

position of the phenethyl ring without steric hindrance
by protein atoms.

3.1. Binding constants of inhibitors

Thrombin inhibition constants for HPBK and its
analogs are given in Table 1. HPBK binds thrombin with
a Ki of 0.42 nM. The tri¯uoromethyl analog binds with
comparable af®nity, while the ¯uoro and methoxy
analogs exhibit decreased af®nity relative to HPBK
(Ki = 0.60 and 0.91 nM, respectively). Only methyl-
HPBK binds more tightly (Ki = 0.20 nM).

3.2. Binding of 30-substituted HPBK analogs

The bound conformations of HPBK and its analogs
are crystallographically well de®ned. Continuous
density is seen for each of the inhibitors and the position
of the meta substituent is unambiguous (Fig. 6). Little
variation in the structure of thrombin is observed. The
r.m.s. differences in thrombin backbone atom coordi-
nates for the various complexes is less than 0.1 AÊ

(Table 1). In most aspects, the substituted HPBK deri-
vatives bind the same as HPBK. Both the lysine side
chain-to-aspartic acid interaction in the S1 speci®city
pocket and the hydrogen bonding between inhibitor
amide and carbonyl groups and thrombin main-chain
atoms are present.

Despite an overall preservation of many key inter-
actions, the inhibitor phenethyl ring binds either with
retention of the edge-to-face interaction or rotates so
that the meta substituent interacts directly with Trp215
(Fig. 7). The position of Wat2, as described below, varies
with orientation of the phenethyl ring (Fig. 5).

The phenethyl ring of three inhibitors, HPBK and its
¯uoro and tri¯uoromethyl analogs, forms an edge-to-
face interaction with Trp215 (Fig. 5). For these
compounds, the geometric parameters of the edge-to-
face interaction are similar (Fig. 7). Distances between
the centroid of Trp215 and the phenethyl ring are 5.3, 5.4
and 5.3 AÊ for ¯uoro-HPBK, tri¯uoromethyl-HPBK and
HPBK, respectively. Similar inter-ring angles are also
observed (68, 62 and 70� for ¯uoro-HPBK, tri¯uoro-
methyl-HPBK and HPBK, respectively). The 8�

difference in inter-ring angle for tri¯uoromethyl-HPBK
is due to formation of a water-mediated hydrogen
bond between a ¯uorine of the inhibitor and the back-
bone carbonyl of Glu97A. Inclusion of Wat2 in this
bonding pattern results in a 1 AÊ positional shift and a
0.3 AÊ increase in the length of its hydrogen bond with
Glu97A (Fig. 5e). A similar ¯uorine±water±backbone
carbonyl hydrogen bond is observed for ¯uoro-HPBK,
although in this complex no signi®cant movement of
Wat2 occurs.

The X-ray crystallographic structures of the thrombin
methyl± and methoxy±HPBK complexes showed that no
edge-to-face interaction with Trp215 occurred on
binding (Fig. 5). Instead the phenethyl ring rotated
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�135� relative to HPBK, so that the 30 substituent
interacted directly with Trp215. Greater rotation of the
phenethyl ring is prevented by the approach of the ortho
C atom to within 3.3 AÊ of the hydroxyl group of Tyr60A.
Larger phenethyl ring to Trp215 indole distances of 6.0
and 6.4 AÊ are observed for the thrombin methyl- and
methoxy-HPBK complexes, respectively. The methyl
groups are within 3.7 and 3.2 AÊ of the Trp215 indole for
the methyl- and methoxy-HPBK inhibitors, respectively.
The positions of Wat1 and Wat2 are unaffected by
inhibitor binding.

4. Discussion

Having observed a speci®c edge-to-face interaction in
the thrombin±HPBK complex, a strategy to modulate its
strength was tested by the synthesis of four HPBK
analogs (Galemmo et al., 1996). Crystallographic and
kinetic analyses of these compounds binding to
�-thrombin show that the edge-to-face interaction can
be weakly modulated by through-ring inductive effects.
For example, the phenethyl groups of both ¯uoro-
HPBK and tri¯uoromethyl-HPBK form an edge-to-face

Fig. 5. Details of interaction between
thrombin and HPBK series of
inhibitors shown as stereoviews.
Distances between interacting
groups are given in AÊ . (a) HPBK,
(b) methyl-HPBK, (c) ¯uoro-
HPBK, (d) methoxy-HPBK, (e)
tri¯uoromethyl-HPBK. When the
145 immobilized solvent mole-
cules found in the HPBK±
thrombin complex are ordered
by electron-density value in the
®nal 2(Fo ÿ Fc)�calc electron-
density map, Wat1 (B value =
33 AÊ 2) ranks 51st and Wat2 (B
value = 45 AÊ 2) 101st.
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interaction with the indole side chain of Trp215 within
the thrombin aryl-binding pocket. The F atoms of the 30-
phenethyl substituent form hydrogen bonds with an
immobilized water molecule which, in turn, is hydrogen
bonded to the backbone carbonyl O atom of Glu97A.
For these homologous compounds making very similar
interactions with thrombin, the observed higher af®nity
of tri¯uoromethyl-HPBK (Ki = 0.37 nM) relative to
¯uoro-HPBK (Ki = 0.60 nM) is likely to be a re¯ection
of the greater electron-withdrawing effects of CF3 (�H =
0.43) compared with F (�H = 0.34). Minor changes in
af®nity are consistent with previous studies showing that
the edge-to-face interaction itself is relatively weak
(Adams et al., 1996; Jada et al., 1975; Paliwal et al.,
1994).

Comparison of the bound conformations of HPBK
and methyl-HPBK suggests that the edge-to-face inter-
action, albeit somewhat destabilized by addition of the
30 methyl group (�H = 0.0 for H and ÿ0.06 for CH3), is
weaker than the interaction between the phenethyl
methyl group and the �-cloud of the Trp215 side chain.
Semiempirical calculations (INSIGHT, Molecular
Simulations Inc.) indicate that H atoms of a methyl
group attached to an aromatic ring and the phenyl H
atoms have approximately the same partial charge. The
higher af®nity of the methyl-HPBK analog may re¯ect

the packing of two partially charged H atoms near the
Trp215 indole side chain, instead of one which would be
the case if the phenethyl and Trp215 rings formed an
edge-to-face interaction.

The structural data provide evidence that both the
edge-to-face and methyl-to-aromatic interactions are
speci®c and somewhat directional. Within the phenethyl
side chain, lower B values for atoms directly interacting
with the Trp215 indole are observed. For ¯uoro-HPBK
and tri¯uoromethyl-HPBK, where the edge-to-face
interaction is preserved, the average B values for the
phenyl ring atoms are 34 and 35 AÊ 2, while the average B
values of the 30 substituents are 38 and 43 AÊ 2, respec-
tively. Similarly, the methyl substituent of methyl-HPBK
which packs adjacent to the indole ring is immobilized to
a greater extent than the phenyl ring, i.e. the average B
values for the phenyl ring atoms and methyl group are
16 and 13 AÊ 2, respectively.

The lower af®nity of the 30-methoxy analog may
re¯ect binding of a substituted aromatic side chain
whose overall size and shape are not ideal for the aryl-
binding pocket of thrombin. Several close contacts
within this complex are observed. These include a 3.2 AÊ

separation between the methoxy methyl group and the
centroid of the Trp215 indole and a 3.1 AÊ separation
between phenethyl ring C atom and hydroxyl side chain

Fig. 5 (cont.)
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of Tyr60A. Unlike the ¯uoro-, tri¯uoromethyl- and
methyl-HPBK analogs, little variation in B value for the
phenethyl side chain is seen in the 30-methoxy HPBK±
thrombin complex. For this compound, the average B
value for the phenyl ring atoms is 45 AÊ 2 and the average
B value of the 30-substituent atoms is 44 AÊ 2. Lack of
variability in side-chain B value again indicates the
inability of the 30-methoxy phenethyl group to optimally
pack within the aryl-binding pocket.

Two methods for increasing the binding af®nity of
compounds whose substituents participate in edge-to-
face interactions are demonstrated here. Either
approach, addition of electron-withdrawing substituents
to increase the strength of the edge-to-face interaction
or addition of substituents to directly interact with the

acceptor aromatic system, may ®nd general utility in
drug design. Such substitutions may be particularly well
suited for thrombin inhibitors where an edge-to-face
interaction involving the indole side chain of Trp 215 is
frequently observed.

Overall, these studies demonstrate how weak inter-
actions determine the equilibrium conformation of
molecules bound to proteins. Systematic studies of single
types of interactions, such as those described here, will
assist in understanding the relative contributions of
these forces within the complex environment of solvated
proteins.

We thank F. Lewandowski and L. Mersinger for
technical assistance.

Fig. 6. Electron density for HPBK
and its meta-substituted analogs.
(a) Stereoscopic views of HPBK
(2Fo ÿ Fc)�calc electron density
contoured at 1.6�. (b) Methyl-
HPBK (2Fo ÿ Fc)�calc electron-
density map contoured at 0.7�. (c)
Fluoro-HPBK (2Fo ÿ Fc)�calc

electron-density map contoured
at 1.1�. (d) Methoxy-HPBK
(2Fo ÿ Fc)�calc electron-density
map contoured at 0.8�. (e)
Tri¯uoromethyl-HPBK (2Fo

ÿ Fc)�calc electron-density map
contoured at 1.0�.
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Fig. 7. Overlay of HPBK derivatives showing their interaction with
Trp215. HPBK, blue; methyl-HPBK, red; ¯uoro-HPBK, green;
methoxy-HPBK, yellow; tri¯uoromethyl-HPBK, purple.
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