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ABSTRACT: The binding modes of four active site-directed, acylating inhibitors of huoagirombin have

been determined using X-ray crystallography. These inhibitors (GR157368, GR166081, GR167088, and
GR179849) are representatives of a series utilizing a novet&ipslactone template to specifically acylate
Ser195 of thrombin, resulting in an acyl complex. In each case the crystal structure of the complex reveals
a binding mode which is consistent with the formation of a covalent bond between the ring-opened lactone
of the inhibitor and residue Ser195. Improvements in potency and selectivity of these inhibitors for thrombin
are rationalized on the basis of the observed protein/inhibitor interactions identified in these complexes.
Occupation of the thrombin S2 and S3 pockets is shown to be directly correlated with improved binding
and a degree of selectivity. The binding mode of GR179849 to thrombin is compared with the thrombin/
PPACK complex [Bode, W., Turk, D., and Karshikov, A. (1992ptein Sci. 1426-471] as this represents

the archetypal binding mode for a thrombin inhibitor. This series of crystal structures is the first to be
reported of synthetic, nonpeptidic acylating inhibitors bound to thrombin and provides details of the
molecular recognition features that resulted in nanomolar potency.

Thrombin is a serine protease belonging to the trypsin triad (Ser195, His57, and Aspl@2pcated at the junction
family, and its function is central to the maintenance of of these supersecondary structural elements. In comparison
hemostasis and control of thrombosis. Its role in the blood with trypsin, the thrombin active site cleft is deeper and
coagulation cascade is to generate clots by cleaving fibrino- narrower due to several sequence insertions around this
gen, and the resulting fibrin polymerizes to form a matrix region resulting in longer loops that enclose the active site.
for the nascent clotl). Generation ofo-thrombin results Two pronounced insertion loops that partly form the
primarily from cleavage of the zymogen precursor prothrom- thrombin active site and contribute to its restricted substrate
bin by factor Xa which is part of the prothrombinase complex specificity are the “60-insertion loop” which includes residues
(2). Thrombin is also a major activator of platelet aggrega- Tyr60a, Trp 60d, and Lys 60f and the “148-insertion loop”
tion; proteolytic cleavage of the N-terminal extracellular which includes Trp1481(0). Another striking feature of the
domain of the thrombin receptor by thrombin creates a new thrombin structure is its pronounced electrostatic charge
N-terminus that serves as a tethered ligand which activatesdistribution, which is largely due to a positively charged
the receptord). Platelet activation by thrombin leads to shape “anion-binding” site or exosite (also known as the fibrinogen
change, platelet aggregation, and release of secretory granrecognition exosite) which is remote from the active site and
ules. Thrombin’s enzymatic activity is regulated in vivo by is involved in binding fibrinogen, hirudin, and the thrombin
endogenous inhibitors such agmacroglobulin, antithrom-  receptor. In addition to this fibrinogen recognition site there
bin Ill, heparin cofactor Il, and proteinase nexin |. Other is also another positively charged region on the surface of
potent and specific proteinacous inhibitors of thrombin thrombin which has been shown to interact with heparin and,
include hirudin, the anticoagulant found in the saliva of the hence, is known as the “heparin-binding sit8}.(
medicinal leech 4), and rhodniin, which is found in the Thrombin is similar to trypsin in that it exhibits a
blood-sucking insedRhodnius prolixug5). Clearly, thrombin  preference for basic residues at the P1 position of substrates
has a central position in maintaining hemostasis, and as suchipreferring Arg to Lys); this is reflected in the nature of most
it has become a key target for treatment of thromboembolic of its synthetic substrates and inhibitotd). This preference
disease ). is due to the presence of the negatively charged residue

Thrombin has been the focus of intensive biochemical and Asp189 at the base of the S1 pocké&mall hydrophobic
structural studies which have resulted in a detailed descriptionresidues such as pro|ine are preferred at position P2, the size
of the structure and function of this serine protease (for constraint being due to the relatively small S2 pocket which
review see ref§ and8). The crystal structure of thrombin,
like trypsin, reveals twg@-barrels with the active site catalytic

1 The amino acid residue numbering follows the chymotrypsinogen

system 9).
*Present address: AxyS Pharmaceutical Inc., 180 Kimball Way, 2 Enzyme pockets (S1, S2, ...) corresponding to substrate/inhibitor
South San Francisco, CA 94065. residues (P1, P2, ...) follow Schechter and Berger notafiéh (
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is partially defined by the side chains of Tyr60a and Trp60d EXPERIMENTAL PROCEDURES

from the 60-insertion loop. This pocket is also referred to ) . .
as the P-pocket, “proximal” to the active site sering)( Materials The freeze-dried human prothrombin complex

and provides a significant contribution to the narrow substrate INtérmediate was purchased from Bio Products Laboratory,
specificity of thrombin. A region of thrombin that has been D2gger Lane, Elstree, U.KOxyuranus scutellatusnake
described as the “aryl-binding” pocket is enclosed by the VENOmM was purchased from Sigma. The hepaSapharose
side chains of Trp215, Leu99, lle174, and Tyr60a. This CL-6B resin was from Pharmacia, PEG 6000 from Fluka,
pocket is also referred to as S3 due to the binding of the P3 11S-HCI from BDH, and sodium chloride from Fisons. Al
fragment of peptide-like inhibitors such as PPAQMhich buffers were made up with Milli-Q grade water.
has ap-amino acid at P3) and also as the D_pocket as itis Activation and Purification of a-Thrombin. Human
“distal” to the active site serine residu@%_ |nsights into a-thrombin was activated and pUrified fO”OWing a modified
the molecular basis of thrombin’s specificity have also come Procedure of Ngai and Chan@g). One vial of the pro-
from structural and biochemical data on thrombin in complex thrombin complex intermediate was resuspended at room
with the protein hirudin 14), hybrids of active site and temperature in a buffer of 20 mM Tris HCl and 0.1 M NaCl
exosite hirudin peptideslp) and fibrinogen {6, 17. at pH 7.5 and diluted to a concentration of 824 mg/mL,

The search for small, orally bioavailable, nonpeptidic, estimated using an exctinction coefficient at 280 nm of
synthetic inhibitors of thrombin has been particularly intense =2-2 X 10*M~* cm™*. In the presence of 10 mM CaClL0
in many pharmaceutical companies. The binding modes as™d of freeze-dried snake venom was dissolved in 1 mL of
determined by X-ray crystallography of some of these water and gdded to the _prothrombln _under constant stirring.
inhibitor series have been described: a 5-amidinoindole lead The activation was monitored by the increase in absorbance
compound 18), a series containing rigid bi- and tricyclic at 405 nm following the rglease of nitroaniline from the
core templatesl®), compounds containing a pyridinone core  ¢l€avage of the chromogenic substrate S228 Once the
(20), and a series with 4-aminopyridine as P1 substituents rate of absorption change became constant, the activated

(21). These compounds can be described as competitivePO'UtiO” was placed on ice; activatior_1 was usually complete
reversible “nonelectrophilic” inhibitors that derive their bind- 1N 30—45 min. The activated-thrombin was loaded onto a

ing energy solely from noncovalent interactions with the Neparin-sepharose column equilibrated with a buffer of 20
protein. Many other studies have described thrombin inhibi- MM Tris-HCl and 0.1 M NaCl, pH 7.5, at a flow rate of 5
tors that utilize an electrophilic center as a target for a nucleo- ML/min. After being loaded, the column was washed until
philic attack by the enzyme, usually by the active site serine. all the un_bound inactive material was eluted. '_I'he act_lvated
The mode of action of these “electrophilic” inhibitors results @-thrombin was eluted from the column using a linear
in the formation of a covalent bond between the inhibitor 9radient from 0 to 100% 20 mM Tris HCI drl M NaCl,
and the serine residue which is usually irreversil22) ( PH 6.0, and pooled fractions were stored-&t0 °C.

As part of an effort to identify novel, small molecule ~ Crystallographic StudiesCrystals of humarn-thrombin
inhibitors of thrombin, we have previously reported the Complexed to hirugen were prepared by a modification of
discovery of a class of thrombin inhibitor that was isolated the method described by Skrzypczak-Jankun et 2i). (
from Lantana camaralcommonly known as “wild sage”) ~ 1YPically, crystals grew to 20& 150 x 200xm?®, and these
during high-throughput screening3). This novel class of ~ Were then_ use_d in soaking experiments with inhibitors to
serine protease inhibitor contains a strainedtfghsfused ~ Obtain active site complexes. For example, a crystal would
lactone which was shown to be responsible for its inhibitory P€ harvested into a solution containing 30% PEG 4000, 100
activity. Subsequent mechanistic and biophysical studies™M Hepes, 200 mM NaCl at pH 7.0, and 16200 uM
established the mode of action of these euphane triterpendnhibitor and soaked for 2448 h at 4°C prior to data
molecules to involve acylation of the catalytic Ser195 in the Collection. In each case the inhibitors were dissolved in 100%
thrombin active site via the strained lactone rirg)( DMSO to prodl_Jce stock solutions prior to ad_dltlon to the
However, as these natural product inhibitors lacked signifi- harvesting solution. The crystals were then capillary mounted
cant specificity and were synthetically complex, a chemistry @nd X-ray data collected from one crystal using a FAST area
effort was initiated to exploit the novetanslactone template ~ detector system mounted on an Enraf-Nonius FR581 rotating
in the design of simpler synthetic inhibitors for thrombin. A @node. The data sets were processed using MADNABS (
crystal structure of thrombin complexed to one of these and CCP4 programs29). Table 1 contains the crystal-
compounds (GR133686) provided the basis for molecular lographic parameters for the four. thrombln/mh}bltor com-
modeling studies which allowed potency and selectivity of plexes. All inhibitors were synthesized as described by Pass
this series to be optimize@4). In this study we present the et al. 30).
results of this inhibitor design process by describing the Models for the inhibitors were constructed using QUANTA
binding modes of some representatives from this series in(Molecular Simulations Inc., San Diego, CA) and fitted to
complex with thrombin as defined by X-ray crystallography. difference electron density maps using interactive computer
These crystal structures are the first to be determined ofgraphics. All refinement procedures were performed using
thrombin complexed with synthetic, nonpeptidic electrophilic X-PLOR (31), and manual refitting and inclusion of water
inhibitors, and they identify the key protein/inhibitor interac- molecules were carried out on a computer graphics terminal
tions that resulted in nanomolar potency for thrombin. using QUANTA. In each case the starting model for

crystallographic refinement was derived from the native

3 Abbreviations: DMSO, dimethyl sulfoxide: PEG, poly(ethylene thrombin/hirugen complex with the water molecules around

glycol); ESI-MS, electrospray ionization mass spectrometry; PPACK, _th_e_ active site omitted. This was then Useq for phasing the
p-Phet-Pro+-Arg chloromethyl ketone. initial (|Fo] — |Fc|)acac maps which were interpreted for
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Table 1: Statistics for X-ray Data Collection and Refinement for the Thrombin/Inhibitor Complexes

complex A GR157368 complex B GR166081 complex C GR167088 complex D GR179849

unit cell

a(h) 71.7 71.7 71.8 71.4

b (A) 72.0 71.9 72.0 72.1

c(A) 73.0 73.0 73.2 72.8

S (deg) 101.0 100.9 101.0 100.7
Rinerge (%) 5.8 6.1 4.4 5.9
resolution (A) 306-2.0 38-2.0 39-2.0 30-2.2
no. of reflections 21972 21478 23518 18523
R-factor (%) 20.4 18.9 20.0 18.7

no. of atoms 2696 (205, 16) 2729 (254, 27) 2736 (233, 28) 2727 (219, 33)
averageB (A3) 28.6 (46.3, 23.1) 32.3(53.2,51.4) 32.7 (47.6, 40.9) 33.5(54.4, 26.1)
occupancy 0.87 0.89 0.75 0.64
rms deviations

bonds (A) 0.016 0.016 0.017 0.019

angles (deg) 3.1 3.0 3.2 3.0

aThe numbers given foRnergeand reflections are for all data; no sigma cutoff was applied. Figures in parentheses are for solvent and inhibitor,
respectively, and the occupancy is for the inhibitor atoms only.

e identical solution with a pH of 6.0 which was intended to
oy .. arrest any hydrolysis of the inhibitor and capture the acyl
complex. Only after employing this modified soaking
protocol were we able to detect significant difference electron
density in the thrombin active site indicating that GR179849
was bound. This was confirmed by electrospray ionization
mass spectrometric analysis of the crystal after data collection
that indicated 64% occupancy of thrombin active sites by
GR179849 (data not shown). Despite the significant electron
density at the active site for GR166081 (complex B), the
interpretation was problematic in that there were features
that could not be completely accounted for by the proposed
inhibitor conformation (Figure 1). We concluded that,
although alternative inhibitor conformations may also be
possible, it was most likely that these unexplained density
peaks were due to other entities, such as solvent, bound to
thrombin. This conclusion was consistent with the electro-
spray ionization mass spectrometric analysis of the crystal
calculated after the refinement shown with the final conformation after data collection that indicated only 40% of the thrombin
of the inhibitor. Phases for thelRy| — |Fc/)acac maps were  active sites were bound by GR166081 (data not shown). We
calculated after the inhibitor molecule was omitted from the model, are, therefore, convinced that the bulk of the difference
and the maps were contoured at 2.5 density is due to the presence of bound GR166081 and that
fitting the inhibitor models. After the inhibitor molecule was ~these unexplained density peaks are a consequence of low
modeled into the difference electron density, the geometry 0ccupancy of these sites by the inhibitor.
around the acylated Ser195 residue was restrained to produce Thrombin/GR157368 Complekhe synthesis of GR157368
a planar ester linkage to the inhibitor. Final refinement and was an attempt to define the “minimal core” which would
analysis statistics of the four complexes are provided in Table be required for binding and would act as a scaffold for further
1. interactions with the proteir8(); see Figure 2. The crystal
structure of thrombin/GR157368 was determined to identify
RESULTS the precise position of this minimal core template (complex

Structure determination for each complex was trivial as A)- This structure showed the acylation of the active site
the crystals were isomorphous to the native thrombin/hirugen Ser195 of thrombin by GR157368, resulting in a ring-opened
complex that we had previously solved in our laboratory. In conformation of theranslactone template and a covalent
most cases there were strong density features at the thrombiPond between the carbonyl carbon of the lactone and the
active site in the difference electron density maps; however, Oy of the serine side chain (Figure 3). The carbonyl oxygen
this was not the case for GR179849 (complex D) (Figure of the ring-opened lactone resides in the oxyanion hole
1). Initial attempts at obtaining a structure of thrombin making hydrogen bonds to the backbone NH atoms of
complexed to GR179849 resulted in no significant difference Gly193 (2.8 A) and Ser195 (2.8 A). A water-mediated
electron density in the active site. We presumed this outcomeinteraction is observed between the inhibitor hydroxyl and
to be a result of hydrolysis of the inhibitor by thrombin and NZ of Lys60f from the 60-insertion loop; a similar interaction
tested this hypothesis by varying the pH during the soaking was also observed in the structures of thrombin complexed
stage. The harvesting solution was maintained at pH 8.2 forto GR133686 and GR13348724). Interactions in the S1
2 h to optimize binding and then gradually replaced by an specificity pocket are dominated by the basic nature of the

Ficure 1: Difference electron density for each inhibitor molecule
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Ficure 2: (a) Chemical structure of the lead compound GR133686 drawn with respect to its binding mode in the thrombin active site, as
reported by Weir et al.Z4). The enone side chain is bound in the S1 pocket, and the S2 pocket is partially occupied by a methyl group.
The jagged line indicates the bond that is broken on acylation of the active site Ser195. (b) Chemical structures of the inhibitors shown
together with inhibition data against thrombin. Apparent second-order association rate congtapta/ére determined essentially as
described by Weir et al2@). For comparison, the apparent second-order rate constant for PPACK»s102 M~ s71 as reported by

Kettner and Shaw30).

alkylamidine substituent, and as expected the amidine formsbut avoid steric clashe24). On the basis of this structural

a salt bridge with the carboxylate side chain of Asp189 which information, two series of indarteanslactone compounds

is located at the base of the pocket; distances betweenwere synthesized by substituting at the 5 or 6 position of
amidine nitrogens and carboxylate oxygens are-3.9 A the phenyl ring; three of these compounds (GR166081,
(Figure 4a). It is notable that the bound conformation of the GR167088, GR179849) and their inhibitory activity against
alkylamidine side chain contains a gauche torsion angle. thrombin are shown in Figure 2b. Structuactivity rela-

It is clear from complex A that the only binding pocket tionships (SAR) of the two series indicated that the “6-series”
of thrombin that is occupied is S1, and in order to access inhibitors were consistently more active against thrombin and
the S2 and S3 pockets, further modifications to titaas- also more selective for thrombin over tryps8d). To explore
lactone template would be required. To enable this, anthe molecular basis of this difference in potency and
aromatic ring was fused onto theanslactone template  selectivity of the two series of inhibitors, crystal structures
which could then be substituted at different positions to of thrombin complexed to representatives from both the 5-
provide suitable access to the S3 pocké&).(This modifica- and 6-series were determined.
tion was consistent with the binding mode of GR133686 to  Thrombin/GR166081 Complekhe structure of thrombin
thrombin which defined the position of the core euphane complexed to the 6-series inhibitor GR166081s(€ 9nM)
triterpene of GR133686 in the active site and indicated how was solved and analyzed (complex B) (Figure 2). The
thetransdactone template could be changed to increase bulk electron density in the difference Fourier map of the inhibitor
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inhibitor, the thrombin/GR167088 structure was determined
(complex C).

Thrombin/GR167088 CompleXhe indane carbocyclic
template in complex C displayed a binding mode similar to
that observed in the previous two complexes due to the

l acylation of Ser195 (Figure 4c). In complex C, however,
the phenyl ring of the indane did not occupy the S2 pocket
EW 4 to any significant degree although its position blocked access
to the pocket. Moreover, the methoxy-substituted aryl ring
was located at the entrance to the S3 pocket with the
methoxymethyl group bound further into the pocket making
hydrophobic interactions with the side chains of Trp215,
Leu99, and llel74. The packing of the methoxymethyl in
16" the S3 pocket is not optimal as the closest contact distance
between the methyl carbon and any protein atom in this
pocket is 4 A. This binding mode was largely as predicted,
a4 based on visual inspection of the previous complexes, apart
from the significant lack of binding in the S2 pocket.
Analysis of the thrombin S3 pocket in complex C indicated
that a substituent more bulky than a methoxy could be
FiGURE 3: Key interactions between GR157368 and thrombin accommodated. The hydrophobic nature of the pocket

around the oxyanion hole. Dotted lines indicate hydrogen bonds, ; .
the inhibitor is represented by thicker bonds, and the red spheressqueSted neutral substituents would be preferred; however,

are water molecules. A covalent bond is drawn between the Ser195the hydroxyl of Tyr60A Prov,ide_d lsome potential f_or hydro—
Oy and the inhibitor carbonyl which represents acylation. gen bonding. The 5-series inhibitor GR179849, in which a

diethylcarboxamide group replaced the methoxy group of
molecule was sufficient to define its conformation, and it GR166088, was synthesized in an attempt to exploit the
was clear that théranslactone had been opened and the hydrophobic nature of the S3 pocket. To define the binding
resulting carbocyclic template bound in a manner similar to mode of GR179849 and ascertain whether the predictions

that seen for complex A (Figure 1). The lactone ring has were correct, the crystal structure of the complex was
been opened by Serl95, and the resulting ester carbonyletermined (complex D).

oxygen atom is involved in hydrogen-bonding interactions 1o mhin/GR179849 CompleRifference electron density
with the oxyanion hole (Figure 4b). Also, the water-mediated ¢4 the inhibitor in complex D was largely well defined,

interaction between the inhibitor hydroxyl and the Lys60f eycapt for some local disorder in the diethylcarboxamide
side chain is conserved. Although the two complexes A and yegion, and allowed a confident interpretation to be made

B exhibit grossly similar inhibitor binding modes, there is a rjgyre 1). The interactions observed in complex D are very
difference in the orientation of the five-membered carbocyclic gjmijar to those in complex C; the inhibitor molecules overlap

ring; in complex B the ring is positioned closer to the S2 g iremely well with significant differences localized to the
pocket than in complex A. This may be a consequence of g3 hocket as expected (Figure 4d). In complex D the
the additional hydrophobic phenyl ring of GR166081, which e thyicarboxamide occupies the S3 pocket with one of the

is fused onto the carbocyclic template, partially binding in ethyl groups making good hydrophobic interactions with the
the S2 pocket and so forcing the inhibitor to adopt a different gjye chain of Ile174 (closest contact distance is 3.7 A) and
orientation compared to that of GR157368. Although the 11,515 (closest contact distances are between 3.3 and 3.4
second phenyl ring of (_3R166081 is located at the mouth _of A). The other ethyl group appears to be less well ordered
the S3 pocket, where it makes van der Waals contact with 514 is [ocated almost outside the S3 pocket but may pack
the backbone atoms of Gly216, the hydroxyl group on the ,45inst the side chain of Leu99 (distance between CG and
ring makes no specific interactions with the protein. Despite o ethyl carbon atom is 3.9 A). Although the distance
the difference in the positi_on of the ca(bocyclic template in atween the carbonyl oxygen and the OH of Tyré0a is
complexes A and B, the interactions in the S1 pocket are ;qngjstent with a hydrogen bond (3.1 A), it is likely to be a
very similar; the alkylamidine of GR166081 also makes a \yeak interaction due to the accessibility of the tyrosine
salt bridge interaction with Asp189 and a hydrogen bond to hydroxyl to solvent. Despite the apparent disorder of the
Gly219. Furthermore, the conformation of the alkylamidine giethyicarboxamide group, it is clear from the electron
side chain, which again has a gauche bond in the chain, iSyensity that it is located in the S3 pocket. Modeling studies
similar in both structures. had also suggested an alternative binding mode for GR179849
It was apparent from the structure of complex B that access,,hich would result in an interaction between the carboxa-

to the S3 pocket could be obtained by substitution at the iqe carbonyl and the backbone NH of Gly219; however
meta position on the aryl ring which is located at the entrance this was not observed in the crystal structure. ’ ’

to the pocket. One such compound which contains a meta-

substituted aryl ring but from the 5-series is GR167088(IC p|SCUSSION

= 18nM); see Figure 2. Molecular modeling studies based

on complex B suggested that the methoxy substituent of The binding modes displayed by this novel series of active
GR167088 would bind in the S3 pocket. To confirm this site-directed thrombin inhibitors clearly show a large degree
prediction, and also to define the binding mode of a 5-series of conservation which is largely a consequence of the generic
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trans-lactone-based mechanism of inhibition. In each case
the potential interactions within the S1 pocket and the
oxyanion hole are constrained due to the acylation of the
active site serine, tethering the inhibitor to the enzyme. It
was due to this conservation of binding that we were able
to utilize the coretranslactone template as a scaffold and
model additional functionalities to interact with the other
protein pockets. These crystal structures are the first to
describe binding modes of a series of nonpeptidic synthetic
inhibitors that form a covalent adduct with thrombin. There
has been, however, a previous report of a series of peptidic
boronic acid inhibitors of thrombin whose binding modes
were also studied by X-ray crystallography2). In these
crystal structures the formation of a covalent adduct is
observed between the Ser195 hydroxyl and the boron atom
of the inhibitor. Interestingly, there is also a conserved water-
mediated interaction (via WAT2 as labeled in their study)
between an inhibitor hydroxyl and Lys60f from the 60-
insertion loop, a recurring feature seen in thenslactone
complexes. An analogous solvent-mediated interaction with
Lys60f is also observed on binding of NAPAP and MD-
805 to thrombin 13). Future inhibitor design experiments g qure 5: Superposition of the thrombin/PPACK structure with
could incorporate a direct interaction with Lys60f that would complex D (GR179849) showing the bound inhibitor molecules at

be expected to impart selectivity as this residue is unique to the active site. The protein residues from the PPACK structure are
thrombin. colored cyan. Apart from the side chain of lle174, the conformations

Another conserved solvent interaction identified in the of the residues around the active site from the two complexes are

peptidic boronate series and in ttranslactone series is a very similar.
water molecule located close to the oxyanion hole. In the conformation of the P1 arginyl side chain of PPACK is
boronate complexes this water (WAT1) hydrogen bonds to extended; in comparison there is a gauche torsion angle in
an inhibitor hydroxyl as well as to the backbone NH of the alkylamidine side chain; similar geometry is observed
Gly193 and the CO of Leu4l. A water molecule (WAT2) in the other thredranslactone complexes. As the lengths
in a similar location and with equivalent interactions with of these P1 side chains are identical and they both position
the protein, and which also hydrogen bonds to the inhibitor the terminal nitrogen atoms in a very similar location at the
carbonyl in the oxyanion hole, is observed in all four of the base of the pocket, the different conformations may, in part,
resulting carbocyclic complexes described above (Figure 3).be due to the alkylation of His57 by PPACK as this causes
In fact, a water molecule in this position is conserved in the Gu of the arginine residue to be located in a different
many serine protease/ligand complexes and has been impliposition compared to the analogous carbon atom itréres
cated by some workers in the deacylation mechanism of lactone inhibitor (Figure 5). Thus, the direction of entry into
peptide hydrolysis33). However, recent studies based on a the S1 pocket of the two P1 side chains is significantly
stable acyl-enzyme complex of porcine pancreatic elastasedifferent. Also, the substitution of the 5pybridized Ne atom
have identified an alternative and more likely position for of the arginylguanidinium by an gmgarbon in the alkyla-
the deacylating water molecul84). This position for the midine may also be relevant as the minimum energy
water molecule is also consistent with the proposed mech-conformations for these side chains are likely to differ.
anism for the relactonization of the StEnslactone- Preliminary conformational analysis of the alkylamidine side
containing inhibitor GR13348724). chain performed in the enzyme pocket suggests that an
A good example of optimal recognition by a thrombin extended conformation is not possible due to steric clashes
inhibitor is highlighted by the crystal structure of the and also that the observed conformation is actually a low-
thrombin/PPACK complex 35). The functional groups energy conformer (data not shown). One of the peptidic
within PPACK mimic the natural substrate specificity of boronate inhibitors, from the series mentioned above, also
thrombin, and this excellent molecular complementarity is contains an alkylamidine P1 groupd). The P1 side chain
reflected in the potency of the inhibitor (Figure 2). It is conformation observed in this structure (PDB code: 1LHE)
therefore instructive to compare the key features of the is very similar to the alkylamidine conformation of GR157368
thrombin/PPACK complex with the binding mode exhibited observed in complex A, i.e., gauche.
by GR179849, a representative of ttranslactone series Comparison of GR179849 in complex D with the PPACK
of inhibitors. Occupation of the S1 pocket by the alkylami- complex identifies a key difference in occupation of the S2
dine substituent of GR179849 results in good electrostatic pocket (Figure 5). For PPACK a proline residue packs into
interactions between the basic amidine nitrogens and thethe hydrophobic S2 pocket and appears to be the optimal
carboxylate of Asp189 (Figure 5). This salt bridge is also shape and size. However, in complex D there is no significant
observed in PPACK, and in addition, the: ldtom of the binding in the S2 pocket; the phenyl ring of the indane is
arginylguanidinium group of PPACK hydrogen bonds to the located at the mouth of the pocket. In complex B (GR166081),
carbonyl of Gly219 via a bridging water molecule; this however, there appears to be more occupation of the S2
nitrogen is absent in the alkylamidine side chain. The pocket as the hydrophobic phenyl ring of the indane is
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located in a similar position to the proline side chain of of thrombin. Finally, it is envisaged that the novel reactive
PPACK. This difference in S2 binding between a 5-series translactone moiety central to these inhibitors could also
(GR179849) and a 6-series (GR166081) inhibitor is reflected be utilized for inhibition of other therapeutically important
in SAR, which suggest that not only are the 6-series inhibitors serine proteases.
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