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We have studied the thrombin and trypsin complexed structures of a pair of peptidomimetic
thrombin inhibitors, containing different P1 fragments. The first has arginine as its P1
fragment, and the second contains the constrained arginine mimic (2S)-2-amino-(3S)-3-(1-
carbamimidoyl-piperidin-3-yl)-propanoic acid (SAPA), a fragment known to enhance thrombin/
trypsin selectivity of inhibitors. On the basis of an analysis of the nonbonded interactions present
in the structures of the trypsin and thrombin complexes of the two inhibitors, the calculated
accessible surfaces of the enzymes and inhibitors in the four complexes, data on known
structures of trypsin complexes of inhibitors, and factor Xa inhibitory potency of these
compounds, we conclude that the ability of this arginine mimic to increase thrombin selectivity
of an inhibitor is mediated by its differential interaction with the residue at position 192
(chymotrypsinogen numbering). Thrombin has a glutamic acid at residue 192, and trypsin has
a glutamine. The analysis also suggests that this constrained arginine mimic, when present
in an inhibitor, might enhance selectivity against other trypsin-like enzymes that have a

glutamine at residue position 192.

Introduction

Blood coagulation is the result of a cascade of enzy-
matic activation resulting in the production of thrombin
(factor 11a) in the penultimate step.! Thrombin catalyzes
the conversion of fibrinogen to fibrinopeptides, activates
factor X111 which in turn cross-links the fibrinopeptides
to form the clot, and is also a potent stimulator of
platelet aggregation.2 This multiple role in thrombosis
makes thrombin an important target for therapeutic
agents designed for thrombus prevention.3# There has
been considerable interest in the design and develop-
ment of potent, safe, and orally bioavailable thrombin
inhibitors as anticoagulants for treating a variety of
clotting disorders.5-13

Thrombin is a serine protease and has remarkable
similarity in overall three-dimensional structure to the
digestive serine proteases trypsin and chymotrypsin.1415
Trypsin and thrombin share a common primary speci-
ficity for proteolysis next to arginine or lysine residues.
Structural data on thrombin and trypsin have demon-
strated the strong resemblance in their substrate sites,
and many small organic inhibitors are comparably
active against both the enzymes.1617 For this reason,
no or low inhibition of trypsin is viewed as a required
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Figure 1. Structures of 1 and 2 and data for their inhibition
of the enzymatic activity of thrombin, trypsin, and Factor Xa.

condition for a compound to be a successful orally
bioavailable thrombin inhibitor.

Several cyclic, constrained arginine analogues that
target the arginine binding S1 pocket of these enzymes
have been explored and are known to bind to these
enzymes with high potency.® A specific mimic, derived
from (2S)-2-amino-(3S)-3-(1-carbamimidoyl-piperidin-3-
yl)-propanoic acid (referred to in this manuscript as
SAPA, see Figure 1), was shown to add significant
thrombin/trypsin selectivity to inhibitors when com-
pared to their arginine analogues in two different
classes of compounds.19-22

In this paper we present a study that investigates the
structural basis of the thrombin selectivity of SAPA in
comparison to arginine. We present details of the X-ray
crystal structures of the trypsin and thrombin com-
plexes of two compounds, 122 and 224 (see Figure 1),
which contain the P12% fragments, argininine and SAPA,
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respectively. The two compounds differ only in their P1
fragments. In chemical terms, the only difference be-
tween 1 and 2 is the presence of a trimethylene bridge,
C1C,C3 (shown in bold in Figure 1) in 2 and its absence
in 1. A study of the nonbonded interactions present in
the structures of the trypsin and thrombin complexes
of the two compounds, an analysis of calculated acces-
sible surfaces of the enzymes and inhibitors in the four
complexes, additional data on known structures of
trypsin complexes of inhibitors, and factor Xa inhibitory
potency of these compounds are discussed, and together
they provide a convergent description of the factors that
contribute to the selectivity of SAPA. Such an under-
standing could lead to the design of modifications that
preserve/enhance the selectivity characteristics of this
moiety and could serve to be of general applicability in
the design of inhibitors for other serine protease tar-
gets.26

Results and Discussion

Enzyme Inhibition. Inhibition values of substrate
catalysis in vitro by 1 and 2 for the enzymes thrombin,
trypsin, and factor Xa are given in Figure 1. Compounds
1 and 2 inhibit thrombin with ICsy values of 5 nM
(Kij = 0.6 nM) and 30 nM (K; = 3.5 nM), respectively,
suggesting that the introduction of the trimethylene
bridge in the P1 fragment of 2 has a small impact on
thrombin binding. In contrast, the trypsin inhibitory
ICs0 for 1 and 2 are <1 nM (K; not measured) and 4350
nM (K = 4000 nM), respectively, showing a 4350-fold
reduction in trypsin potency. The net effect of the
replacement of arginine by SAPA is a 145-fold selective
inhibition of thrombin over trypsin. Data on factor Xa
inhibition of 1 and 2 are included in Figure 1 to facilitate
a later discussion on the relative effects of sequence
differences between thrombin and trypsin on the ob-
served selectivity of 2. The factor Xa activity of 2 drops
3800-fold when compared to that of 1, which is an
inhibition pattern similar to that seen with trypsin.

X-ray Crystallographic Structures of Complexes.
To gain a comprehensive understanding of the factors
that influence the binding of 1 and 2 to thrombin and
trypsin, the thrombin- and trypsin-bound complexes of
both the compounds were subjected to X-ray crystal-
lographic studies (for full crystallographic details, see
the Experimental Section). The complexes were ob-
tained by soaking the inhibitors into preformed crystals,
and the structures were refined to 2.5 A resolution in
the case of thrombin complexes and 1.7 A resolution for
the trypsin complexes. The structures were refined to
an R-factor of at least 21%, and high occupancy and
well-defined difference density were seen for a molecule
of the inhibitor in the active site in all the cases.

Structural Details of Thrombin Complexes of 1
and 2. A schematic, summarizing the X-ray crystal-
lographic results for 1 bound to thrombin, is shown in
Figure 2. The arginine of 1 binds in the S1 pocket. The
thiazole binds in the S1' prime pocket, and the thiazole
nitrogen is positioned to make a hydrogen bond to
His57Ne of thrombin. The ketocarbon is covalently
bonded to Ser1950y, and the ketooxygen fits in the
oxyanion hole comprised of Ser195NH and Gly193NH.
The backbone nitrogen of the arginine fragment of 1
hydrogen bonds to Ser2140. The bicyclic template fits
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Figure 2. Schematic of the binding of 1 in the thrombin
substrate site as seen by X-ray crystallography. A covalent
bond is formed between the Ser195 side chain oxygen and the
inhibitor (shown). Essential elements of the S3, S2, S1, and
S1' pockets of the enzyme are included. The apportioning of
the inhibitor into P3, P2, P1, and P1' fragments is approximate
since the nomenclature is designed to describe peptide sub-
strates and not small molecule inhibitors.

in the S2—S3 pocket in a hydrophobic cavity formed by
side chains of Leu99, His57, Tyr60A, and Trp60D. The
template carbonyl oxygen hydrogen bonds to Gly216N.
The phenylpropanoyl group fits in the distal hydropho-
bic cavity amidst 11e274, Trp215, and Leu99 side chains
positioned orthogonally to the indole ring of Trp215.

The orientation of the P1' (thiazole), P2 (five-mem-
bered ring of the bicyclic template), and P3 (phenylpro-
panoyl) fragments of the inhibitor in the respective
enzyme subsites is remarkably similar in the thrombin
and trypsin complexes of 1 and 2 as shown in Figures
5 and 6. This suggests that the binding differences seen
for the arginine and SAPA fragments can account for
the origin of the selectivity of 2.

The details of binding in S1 and vicinity, seen in the
structural complex of thrombin and 1, are shown
schematically in Figure 3a and stereographically in
Figure 5. The amidine end of the arginine fragment is
engaged in a salt bridge to Asp189COO™~ and is further
hydrogen bonded to Gly2190 and to a solvent molecule
W38. The internal guanidine nitrogen hydrogen bonds
to a water molecule (W65) which is hydrogen bonded to
Glul192COO~ as well. The P2 C=0O of the inhibitor
hydrogen bonds to water molecule W64.

The hydrogen bond pairs formed in the S1 pocket of
the thrombin—2 complex are shown in Figure 3b and
bear strong similarity to those for the arginine fragment
of 1, in Figure 3a. The boxed segments of Figure 3a,b
highlight the notable differences seen for 1 and 2 in
their thrombin complexes. First, due to the trimethylene
bridge in 2, the internal nitrogen of the guanidine is
now fully substituted and is not able to hydrogen bond
to solvent (contrast thrombin—1 complex). This results
in the displacement of water W65 and the elimination
of a water-mediated hydrogen bond between protein and
inhibitor. Second, the Glu192 side chain has moved to
a slightly different position allowing it to make VDW
contact with two of the bridge methylene carbons while
also hydrogen bonding to both water W57 and Glu192N.
The small differences in the position of Glu192 in the
two complexes is illustrated by the significant overlap
of their Connolly surfaces, as shown in Figure 5. The
enzyme does not shift significantly elsewhere when
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Figure 3. Schematic of the binding seen in and around the
S1 pocket in the X-ray structure of the thrombin complexes of
1 (a) and 2 (b). Enzyme inhibitor interactions covering the
phenylpropanoyl and bicyclic portion of the inhibitor are
excluded. The portion of the hydrogen bonding network
containing differences between 1 and 2 are highlighted with
a box.
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Figure 4. Schematic of the binding seen in and around the
S1 pocket in the trypsin complexes of 1 (a) and 2 (b). Enzyme
inhibitor interactions covering the phenylpropanoyl and bicy-
clic portion of the inhibitor are excluded. The portion of the
hydrogen bonding network containing differences between 1
and 2 are highlighted with a box.

lethylene bridge

compared to the thrombin—1 complex. This remarkable
similarity in binding, attenuated by what seem to be
minor differences, is consistent with the observed mod-
est change in ICso from 5 nM to 30 nM.
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Structural Details of Trypsin Complexes of 1
and 2. The hydrogen bonds in S1 and vicinity in the
trypsin complex of 1 and 2 are shown schematically in
parts a and b of Figure 4, respectively, and stereo-
graphically in Figure 6. The binding seen for the
arginine fragment of 1 includes the two hydrogen bond
salt bridge to Asp189COO™ and one hydrogen bond each
to Gly2190 and Ser1900y. The internal nitrogen of the
guanidine hydrogen bonds to a water molecule (W64 in
Figure 4a). This water molecule also hydrogen bonds
to Gly2190 and GIn192Ne, effectively bridging the
internal guanidine nitrogen and Gly2190. There is a
strong hydrogen bond between GIn192Ne and the P2
C=0 of the inhibitor. The GIn1920¢ hydrogen bonds to
GIn192N and to water W57.

The details of interactions in S1 between 2 and
trypsin are shown schematically in Figure 4b and
graphically in Figure 6. The amidine of the SAPA
fragment binds to trypsin, making contacts that are very
similar to those seen for the amidine portion of the Arg
fragment in 1. These include the two hydrogen bonds
to Aspl89COO~ and hydrogen bonds to Gly219 and
Ser1900y (see Figure 4a,b). The last hydrogen bond is
a consequence of the Ser190/Alal190 difference between
trypsin and thrombin. Thus, it is present in the trypsin
complexes of both 1 and 2. In thrombin the correspond-
ing hydrogen bond is to a water molecule, identified as
W38 in Figure 3a,b.

The segment with important differences in binding
of 1 and 2 to trypsin are highlighted with boxes in
Figure 4a,b. The internal nitrogen in SAPA is substi-
tuted fully with alkyl groups and hence does not make
a hydrogen bond to solvent. This change in hydrogen
bond to bound water is seen when 1 and 2 bind to
thrombin as well and is not unique to trypsin (hydrogen
bonds to W65 are present in Figures 3a and 4a and are
absent in Figures 3b and 4b).

The second and critical difference is the interaction
between the inhibitor and GIn192 of trypsin. In the
trypsin complex with 2, there is no hydrogen bond
between the P2 C=0 on the inhibitor and GIn192Ne due
to the potential for VDW clash between the trimethylene
bridge in 2 and GIn192Ne. To accommodate the trimeth-
ylene bridge in 2, the distance between P2 C=0 and
GIn192Ne increases to 5.61 A and the y1 angle?’ of
GIn192 changes from —90° to 62°. Presumably, this
angle change causes less strain than a significant
movement of backbone atoms of residue GIn192. The
change in y1 also causes a movement ranging from 2.8
to 3.3 A for the Cd, Oel, and Ne2 atoms of GIn192 in
the trypsin complex of 2 when compared to that of 1.
This is illustrated in Figure 6 by the minimal overlap
of the Connolly surfaces (yellow for 1 and cyan for 2).
In the trypsin complex of 2, GIn1920 no longer hydrogen
bonds to GIn192N, but hydrogen bonds to Asn143No.
In addition, GIn192Ne and GIn192N are surrounded by
inhibitor methylene atoms and the Cys191—Cys220
disulfide bridge, respectively, removing the possibility
of their hydrogen bonding to solvent.

In summary, the change in GIn192 y1 angle leaves
three amide protons without hydrogen bond partners,
which should increase the enthalpy of the complex.
Since two of those participate in strong hydrogen bonds
in the trypsin complex of 1 (with P2 C=0 on the
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Figure 5. Stereographic representation of the substrate site of thrombin—1 and thrombin—2 complexes shown overlapped.
Thrombin of thrombin—1 complex is shown in orange (thin lines), and residue Glu192 is highlighted as orange ball-and-stick. Its
Connolly surface is represented in translucent yellow. Inhibitor 1 is shown in red orange (thick lines), and select intermolecular
hydrogen bonds are highlighted in cyan. Selected water molecules in the vicinity of the S1 pocket are shown as red spheres.
Thrombin of thrombin—2 complex is shown (thin lines) in atom-type based coloring (C = white, O = red, N = blue, S = yellow),
and residue Glu192 is highlighted as ball-and-stick and its Connolly surface is shown in translucent cyan. Inhibitor 2 is shown
(thick lines) in atom-type based coloring (see above for color code). Selected water molecules in the vicinity of S1 site are shown
as cyan spheres.

Figure 6. Stereographic representation of the substrate site of trypsin—1 and trypsin—2 complexes shown overlapped. Trypsin
of trypsin—1 complex is shown in orange (thin lines), and residue GIn192 is highlighted as orange ball-and-stick. Its Connolly
surface is represented in translucent yellow. Inhibitor 1 is shown in red orange (thick lines), and select intermolecular hydrogen
bonds are highlighted in cyan. Selected water molecules in the vicinity of the S1 pocket are shown as red spheres. Trypsin of
trypsin—2 complex is shown (thin lines) in atom-type based coloring (C = white, O = red, N = blue, S = yellow), and residue
GIn192 is highlighted as ball-and-stick and its Connolly surface is shown in translucent cyan. Inhibitor 2 is shown (thick lines)
in atom-type based coloring (see above for color code).

inhibitor, and GIn1920 of the enzyme), one could expect
a significant drop in trypsin binding free energy for 2
relative to 1, consistent with a 4350-fold increase in 1Csg
to 4350 nM from <1 nM.

Comparison of Thrombin and Trypsin Binding
for 1. A comparison of binding in thrombin and trypsin
complexes of 1 (Figures 3a and 4a) reveals two signifi-
cant differences. First, Ser1900y of trypsin accepts a
hydrogen bond from the inhibitor, while in thrombin,
water W38 is the acceptor. This arises from a sequence
difference between trypsin (Serl190) and thrombin
(Ala190) and suggests that amidine ligands might be
slightly more potent against trypsin than thrombin due
to this intermolecular hydrogen bond to Ser1900y.

Second, water W65 (See figures 3a and 4a), which
hydrogen bonds to the arginine internal nitrogen,
donates a hydrogen bond to Glu192COO~ oxygen in the
thrombin complex but hydrogen bonds to Gly2190 (2.8
A) in the trypsin complex. Since this water accepts a
hydrogen bond from an electropositive arginine nitro-
gen, charge complementarity favors it to hydrogen bond
with the most electronegative atom available. In the
thrombin complex, the choice is between Glu192COO~
and Gly2190, and the former is preferred. In the trypsin
complex, the choice is between Gly2190 and GIn192Ne,
and Gly2190 is preferred. This observed binding dif-
ference is a direct consequence of the sequence differ-
ence at 192, glutamic acid in thrombin vs glutamine in
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Table 1. Comparison of Solvent Accessible Surface Area Occluded on Complex Formation (in A2)

buried area thr—1 thr—2 try—1 try—2 thr—2vs —1 try—2vs —1
polar 649 627 672 573 —22 —99
apolar 365 481 404 491 +116 +87
total 1013 1108 1075 1065 +95 —12
affinity 1Cs0 5nM 30 nM <1lnM 4350 nM

trypsin, but has little influence on selectivity since 1
binds to trypsin and thrombin with comparable potency.

Comparison of Thrombin and Trypsin Binding
for 2. The hydrogen bonds between 2 and water W38
in the thrombin complex and between 2 and Ser1900y
in the trypsin complex (see Figures 3b and 4b) are
caused by the sequence difference at residue 190 which
has been discussed previously, in the context of com-
plexes with 1. Second, in either complex with 2, there
is no room for water W65, since it is displaced by
inhibitor methylene atoms.

One significant difference between the two complexes
is the contact between the methylene bridge of the
inhibitor and the residue at 192. In the thrombin
complex, Glul192COO~ makes VDW contact with the
inhibitor methylene atoms via one oxygen and hydrogen
bonds to water W57 via the other. In the trypsin
complex, GIn192Ne does not make VDW contact with
the methylene atoms of inhibitor and is so juxtaposed
between the inhibitor and the Cys191—Cys220 disulfide
bridge that it cannot hydrogen bond to solvent. In
comparison to the corresponding complex with 1, the
Glu192COO~ of thrombin loses the interaction with
water W65 and gains the interaction with the inhibitor
methylene atoms. While there seems to be nothing
obvious that prevents the GIn192Ne of trypsin from
making VDW contact with the inhibitor methylene
similar to Glu192COO, it is possible that the aliphatic
hydrogen atoms of the amidinopiperidine are slightly
electropositive which would explain the attraction to
Glu192COO~ in the thrombin complex and possible
repulsion of GIn192Ne in the trypsin complex.

Comparison of Buried Apolar and Polar Sur-
faces on Enzyme and Inhibitor. The magnitude and
character of the solvent accessible surface area?®2° of
the enzymes (and ligands) occluded from solvent on
complex formation were studied to obtain a more
complete evaluation of the enzyme—inhibitor interfaces.
The results, as shown in Table 1 and discussed below,
were consistent with, and elaborated upon, the conclu-
sions reached from the study of the hydrogen bonding
patterns.

The buried polar surface decreases by 22 A? in
thrombin—2 when compared to thrombin—1. The cor-
responding change for trypsin—2 is a decrease of 99 A2
of buried polar surface area from that calculated for
trypsin—1. The reduction of 22 A? in the case of
thrombin is consistent with the earlier observation that
there is very little change in enzyme—inhibitor hydrogen
bonding between thrombin—1 and thrombin—2 com-
plexes (highlighted in Figure 3a,b). In the case of the
trypsin complexes, the markedly large decrease of 99
A2 emphasizes the earlier observation that there is a
significant reduction of enzyme—inhibitor hydrogen
bonds in trypsin—2 compared to trypsin—1 (Figure
4a,b).

Ligand 2 is less polar, and the nature of the variation
in buried apolar surface area among the complexes can

Table 2. Solvent Accessible Surface Area (in A2) for the Bound
Conformation of 1 and 2 in Their Complexes with Thrombin
and Trypsin

accessible lin 1lin 2in 2in
surface thrombin—1 trypsin—1 thrombin—2 trypsin—2
polar 267 260 233 231
apolar 528 531 586 577
total 795 790 819 809
affinity (1Csp) 5nM <1nM 30 nM 4350 nM

contribute to selectivity. A comparison of the change in
apolar surface area provides an additional detail on the
origin of the thrombin selectivity of 2. The increase in
buried apolar surface (see Table 1) going from throm-
bin—1 to thrombin—2 is 116 A2 and is larger than the
87 AZ increase calculated for the corresponding trypsin
complexes. This suggests that the extra methylenes in
2 may be contributing to selectivity through larger
hydrophobic binding to thrombin.

In summary, the surface area calculations corroborate
the structural observation that there is one less protein—
ligand hydrogen bond in trypsin—2 compared to trypsin—
1. In addition, change in buried apolar surfaces suggests
a slightly higher hydrophobic binding for thrombin—2
over trypsin—2.

Comparison of Bound Small Molecule Confor-
mations. The thrombin-bound conformations®® of 1 and
2 are superimposable with a root-mean-square deviation
(root-mean-square deviation, abbreviated to RMSD, is
a measure of mean distance between two groups of
atoms) of 0.47 A for the corresponding heavy atoms (0.23
A for the common heavy atoms in the arginine and
SAPA fragments), underscoring the strong similarity in
binding conformation present in the two complexes. The
trypsin-bound conformations of 1 and 2 are superim-
posable with an RMSD of 0.41 A for all corresponding
heavy atoms (0.18 A for common heavy atoms of
arginine and SAPA fragments). The trypsin and throm-
bin-bound conformations of 1 differ with an RMSD of
only 0.43 A (0.20 A for the arginine heavy atoms only),
and the corresponding number for 2 is 0.5 A (0.18 A for
the SAPA heavy atoms only).

The small RMS deviations for the trypsin- and
thrombin-bound conformations of 1 and 2 and the
smaller deviations for the common heavy atoms of their
arginine or SAPA fragments suggests that the binding
conformations of the common portions of these two
molecules are very similar with both enzymes. The
solvent accessible surface areas for 1 in its thrombin-
and trypsin-bound conformations are very close as
shown in Table 2. The same conclusion follows from the
surface areas for 2, also in Table 2. The very similar
surface areas for the thrombin and trypsin binding
conformations of the individual compounds supports the
conclusion from the RMSD values that the binding
conformations are very similar.

The Role of GIn192 and Ser190 of Trypsin. The
structural details, discussed previously, show that
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Table 3. Summary of Distances Observed between GIn192Ne and P2 C=0 Oxygen in a Set of 24 Trypsin—Inhibitor Complexes
Found in the PDB and Their Comparison to Corresponding Distances in Trypsin Complexes of 1 and 2

GIn192Ne to
structure/s P2 C=0 dist. (A) comments
172 structures from PDB 2.89 + 0.15 hydrogen bond present
7° structures from PDB 5.61+0.9 closer approach of GIn192 Ne and P2 C=0
blocked by other atoms on the inhibitors
trypsin—1 complex 2.35 hydrogen bond present
trypsin—2 complex 5.51 closer approach of of GIn192 Ne and P2 C=0

blocked by C1 on the trimethylene bridge

aThese 17 structures have the following PDB codes: 1BRB, 1BRC, 1PPE, 1TPA, 1TPS, 1TYN, 1AN1, 1AQ7, 1BTW, 1BTX, 1BTZ,
1FXY, 1JRS, 1JRT, 1LDT, 1SMF, and 1TAW. P These seven structures have the following PDB codes: 1TAB, 1IMAX, 1IMAY, 1SLU, 1SLV,

1SLW, 1SLX.

GIn192 of trypsin adopts a very different conformation
in the trypsin—2 complex as compared to the trypsin—1
complex, resulting in loss of intermolecular and in-
tramolecular hydrogen bonds. Glutamic acid 192 of
thrombin changes conformation very little between its
complexes with 1 and 2, leading to the conclusion that
this sequence difference between the two enzymes plays
a large role in the selectivity observed.

An active role for GIn192 of trypsin in ligand/
substrate specificity is in agreement with results from
other studies that have implicated the corresponding
residue in thrombin,3! protein C,32 and tissue factor
V1la® in determining substrate specificity. While no
such direct study exists for trypsin, a survey of struc-
tures of trypsin—inhibitor complexes available in the
PDB,3* where the inhibitor contains a P2 carbonyl, was
undertaken to study the frequency and nature of inter-
molecular hydrogen bond formation between GIn192Ne
and P2 C=0. The results are shown in Table 3.

In 17 of the 24 instances, the interatomic distance
between GIn192Ne and P2 C=0 oxygen is 2.89 + 0.15
A, indicating the presence of a strong hydrogen bond.
In 7 of the 24 cases, the corresponding distance is 5.61
+ 0.9 A and the hydrogen bond is absent. In all the
latter seven cases, it is clear that the GIn192Ne of
trypsin is blocked from closer approach to the P2 C=0
oxygen due to the potential for VDW overlap with one
or more atoms on the inhibitor. This bears similarity to
what is seen in the trypsin—2 complex, where the
methylene atoms on the inhibitor interfere with the
formation of this intermolecular hydrogen bond. The
distance seen in the trypsin—2 complex, 5.51 A, is in
the range of what is observed in these seven structures.
The spatial position of GIn192 atoms in these seven
structures is also similar to what is seen in the
trypsin—2 complex.

The data on these 24 structures show that what is
observed in the trypsin—2 complex is part of a trend
and is not unique to our structure. Further, the data in
Table 3 strongly support the precept that the intermo-
lecular hydrogen bond between P2 C=0 on the inhibitor
and GIn192Ne on trypsin is consistently formed and is
absent only when there is interference by other inhibitor
atoms. These results support our hypothesis that the
disruption of the intermolecular hydrogen bond involv-
ing GIn192 of trypsin plays a role in the lowered activity
of 2 toward trypsin.

The other sequence difference between thrombin and
trypsin in the vicinity of S1, Alal90 in thrombin in
comparison to Serl190 in trypsin, does not seem to
contribute to selectivity since there is very little change
in the spatial location or the nonbonded interactions of

Alal90 and Ser190 of the respective enzymes between
their complexes with 1 and 2. In this regard, the
inhibition of the catalytic activity of factor Xa by 1 and
2 provides an interesting contrast since factor Xa has a
glutamine at 192 and an alanine at 190, differing
partially from thrombin and trypsin, respectively. The
structure® of factor Xa is available, and its S1 pocket
is structurally very similar to that of thrombin and
trypsin. The activity profile of 1 and 2 against factor
Xa could be expected to be similar to trypsin if GIn192
has a stronger role in the differential binding and
similar to that of thrombin if Ala190 does. The I1Cs, data
for 1 and 2 against factor Xa are 30 nM and 115 000
nM (3800-fold difference), respectively, strongly paral-
leling the profile seen with trypsin and in agreement
with previous reports?® on factor Xa activity for com-
pounds containing the SAPA fragment. The activity
profile against factor Xa is supportive of our conclusion
that GIn192 of trypsin has a major role in causing the
selectivity of this P1 fragment and that the sequence
difference at position 190 has, if any, a minor role.

Conclusion

In summary, we have identified the factors respon-
sible for the selectivity resulting from the replacement
of the P1 arginyl fragment of a nonselective inhibitor
such as 1 with the SAPA fragment. The structural data
show that the introduction of this fragment selectively
disturbs the pattern of hydrogen bonding observed for
the trypsin—1 complex, reducing the number of enzyme—
inhibitor hydrogen bonds and burying two potentially
hydrogen bonding groups into apolar surfaces. In ad-
dition, the hydrophobic trimethylene chain of 2 causes
a relatively larger increase in buried apolar surface area
in the thrombin complex. The sum of these two effects
causes the reduction of potency against trypsin while
leaving thrombin affinity mostly unchanged.

The structural data also suggest that GIn192 of
trypsin plays a major role in the selectivity observed.
It is of note that the activity ratio for 1 and 2 against
factor Xa is very similar to the activity ratio against
trypsin. Since factor Xa also has a glutamine at position
192, the factor Xa activity profile is consistent with the
conclusion that the selectivity is related to the sequence
at position 192 and suggests that all trypsin-like serine
proteases with GIn192 might show reduced affinity for
inhibitors containing the SAPA fragment.

Experimental Section

Chemistry. The compounds 1 and 2 were synthesized by
methods published previously.?324
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Table 4. Crystallographic Data Collection and Refinement
Statistics for Complexes

thrombin trypsin

inhibitor 1 2 1 2
space group Cc2 c2 pP212121 P212121
cell constants

a(h) 70.9 70.6 63.7 63.8

b (A) 72.4 72.4 63.5 63.8

c(A) 72.9 72,5 69.1 69.1

f (deg) 100.8 100.3 90.0 90.0
data resolution (A) 2.5 2.5 1.7 1.7
Rmerge (%) 13.1 7.7 6.6 6.4

R for last shell (%) 51.3 23.9 27.3 34.0

last shell 2.8-25 28-25 176-1.7 18-17
redundancy 2.8 2.7 4.0 7.1
no. unique reflections 12093 10835 29253 29716
completeness (%) 95.6 85.9 93.1 99.0

last shell (%) 98.1 88.3 89.5 93.3
/o (last shell) 1.9 4.2 >5.0 3.9
refinement

no. reflections 12093 10835 27711 19515

resolution (A) 25 2.5 1.7 1.7

no. solvent molecules 90 92 78 71

R-factor (%) 17.7 20.6 20.3 20.9

Riree (10% test set) 31.1 30.8 24.1 21.7
rms deviations

bond lengths (A) 0.02 0.02 0.018 0.018

bond angles (deg) 3.95 3.93 3.7 3.6

X-ray Crystallography. a-Thrombin from human serum
was obtained from Haematologic Technologies Inc. Hirugen
fragment 55—65 and bovine trypsin were obtained from Sigma.
Crystals of a trypsin—benzamidine complex were grown at
room temperature from hanging drops comprised of 4 uL of
40 mg/mL trypsin, 4 uL of well solution, and 0.4 uL of 1 M
benzamidine, where the well solution contained 2.5 M (NH,),-
SOy, 0.01 M CaCl,, and 0.1 M Tris-HCI buffer at pH 7.0. Drops
were equilibrated against 600 «L of well solution and produced
brick-shaped crystals in 3 days, typically 0.3 mm x 0.3 mm x
1.0 mm in size. Crystals of the thrombin—hirugen complex
were obtained by the sitting drop vapor diffusion method.
Protein solution (8 uL drops) containing 3.5 mg/mL thrombin—
hirugen complex, 50 mM sodium phosphate, pH 7.3, and 10%
PEG 8000 were allowed to equilibrate against a reservoir
containing 600 xL of 0.1 M sodium phosphate and 20% w/v
PEG 8000. Following equilibration for 24 h at room temper-
ature, the protein drops were seeded with small thrombin—
hirugen crystals which continued to grow for several months,
reaching dimensions of 0.5 mm x 0.5 mm x 0.3 mm.

Inhibitor—trypsin complexes were prepared by soaking
preformed trypsin—benzamidine crystal in 300 uL of mother
liquor [3.0 M (NH4);S0O4, 0.01 M CaCl,, and 0.1 M Tris-HCI
buffer, pH 7.0] for 1 day and exchanging this mother liquor
twice with some containing a saturating amount of inhibitor
(2 mg/mL); the second exchange was after 1 day. The total
soak time was 3 days. Crystals of each complex of thrombin
with inhibitor were obtained by soaking pregrown thrombin—
hirugen crystals in solution containing 10 mM inhibitor, 0.1
M sodium phosphate, pH 7.3, and 20% PEG 8000 for 24—48 h
at24°C.

X-ray diffraction data were collected at room temperature
using a MarResearch Image Plate detector and a Rigaku Ru-
200B rotating anode X-ray generator operating at 40 kV and
120 mA. Both trypsin complexes are isomorphous with S-trypsin
in space group P2;2,2,.%6 The thrombin complexes are isomor-
phous to the monoclinic hirugen—thrombin crystals in space
group C2.3" Diffraction data were processed using the Mar-
Research version of XDS. Important data collection statistics
and parameters are given in Table 4.

Structures of complexes were determined using difference
electron density methods which revealed the positions and
conformations of a single bound ligand located in the active
site of the respective protein. The S-trypsin structure (PDB
entry code 1TLD)% including protein, waters, and Ca?* ions,
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but without the sulfate molecule, was used as a starting model
for trypsin complexes. The published coordinates for the
unliganded thrombin—hirugen structure (PDB entry code
1HGT)%” were used for the thrombin complexes. Initially,
XPLOR was used to refine protein atom positions and indi-
vidual temperature factors.®® The position and conformation
of the inhibitor in each complex was identified in QUANTA
using the residual map phased on the protein refinement.
Additionally, individual waters were examined for reasonable
temperature factors and positions, while new waters were
added based on appropriate peaks in the fo-fc map making
reasonable hydrogen bonds. A final round of refinement was
carried out for each complex including the protein, inhibitor,
and solvent. Relevant refinement statistics are shown in Table
4,

Molecular Modeling. Molecular graphics operations and
geometry measurements were accomplished using the Sybyl
molecular modeling package (Version 6.4) from Tripos Inc.,
St. Louis, MO. The solvent accessible surface area (SASA) data
were calculated using Connolly’'s MSAREA? program from the
three-dimensional coordinates of the complexes. A probe of size
1.4 A was used. The SASA values were calculated for the apo
protein, the ligand (in its binding conformation), and the
complex separately. The SASA values for the complex was
subtracted from the sum of the individual SASA for the apo
protein and ligand to obtain the SASA occluded on binding.
The coordinates of thrombin, present in PDB entry 1IHAH, was
used as apo protein for thrombin complexes, and the coordi-
nates of trypsin, present in PDB entry 2PTN, were used for
trypsin complexes. The structures in PDB entries 1IHAH and
2PTN do not have any ligand bound in their substrate site,
and their structure closely resembles that of the thrombin and
trypsin structures present in the complexes. The apolar and
polar characterization was based on atom types. Surface points
in contact with carbon or sulfur were considered apolar, and
surfaces in contact with oxygen or nitrogen were considered
polar.

Chromogenic Assay. Thrombin Inhibition. The inhibi-
tion of catalytic activity of thrombin by a compound was
assessed by determination of its concentration that inhibits
the thrombin cleavage of the chromogenic substrate Chro-
mozym TH (Tos-Gly-Pro-Arg-p-nitroanilide acetate from Boeh-
ringer Mannheim) at the 50% level. Typically, 145 uL of
human thrombin (0.75 nM, from Enzyme Research Labora-
tories) in HPB buffer (10 mM HEPES, with 100 mM NacCl,
0.05% bovine serum albumin, and 0.1% PEG-8000, pH 7.4)
and 5 uL of the test compound in DMSO (2% final) were
incubated for 60 min at room temperature. To this mixture
was added 100 uL of Chromozym TH (24 uM final) in HPB
buffer, and the velocity of Chromozyme TH hydrolysis was
obtained by measuring absorbance at 405 nM every 10 s for 5
min using a ThermoMax Kinetic Microplate Reader.

Trypsin Inhibition. The inhibition of catalytic activity of
trypsin by a compound was assessed by determination of its
concentration that inhibits the trypsin cleavage of the chro-
mogenic substrate S2222 (Bz-lle-Glu-Gly-Pro-Arg-p-nitroanil-
ide HCI, from Diapharma) at the 50% level. Typically, 145 uL
of human trypsin (0.5 nM final, in 10 mM HEPES, with 100
mM NacCl, 0.05% bovine serum albumin, and 0.1% PEG-8000)
and 5 uL of test substance in DMSO (2% final) were incubated
for 60 min at room temperature. To this mixture was added
100 uL of S2222 in HBSA buffer (100 uM final), and the
velocity of S2222 hydrolysis was obtained by measuring
absorbance at 405 nM every 10 s for 5 min using a ThermoMax
Kinetic Microplate Reader.

Factor Xa Inhibition. The inhibition of catalytic activity
of factor Xa by a compound was assessed by determination of
its concentration that inhibits the factor Xa cleavage of the
chromogenic substrate S2765 (N-CBz-pArg-LGly-LArg-p-ni-
troanilide 2HCI, from Diapharma) at the 50% level. Typically,
145 uL of human factor Xa (1 nM final, from Enzyme Research
Laboratories), in HBSA buffer (10 mM HEPES, with 150 mM
NacCl, 0.05% bovine serum albumin, and 0.1% PEG-8000), and
5 uL of test substance in DMSO (2% final) were incubated for
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60 min at room temperature. After this mixture was preheated
to 37 °C for 5 min, 100 uL of S2765 in HBSA buffer (400 uM
final) was added, and the velocity of S2765 hydrolysis was
obtained by measuring absorbance at 405 nM every 10 s for 5
min using a ThermoMax Kinetic Microplate Reader.
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