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ABSTRACT: Well-ordered water molecules are displaced
from thrombin’s hydrophobic S3/4-pocket by P3-varied
ligands (Gly, p-Ala, p-Val, pD-Leu to p-Cha with increased
hydrophobicity and steric requirement). Two series with 2-
(aminomethyl)-S-chlorobenzylamide and 4-amidinobenzyla-
mide at P1 were examined by ITC and crystallography.
Although experiencing different interactions in S1, they display
almost equal potency. For both scaffolds the terminal
benzylsulfonyl substituent differs in binding, whereas the
increasingly bulky P3-groups address S3/4 pocket similarly.
Small substituents leave the solvation pattern unperturbed as
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found in the uncomplexed enzyme while increasingly larger ones stepwise displace the waters. Medium-sized groups show
patterns with partially occupied waters. The overall 40-fold affinity enhancement correlates with water displacement and growing
number of van der Waals contacts and is mainly attributed to favorable entropy. Both Gly derivatives deviate from the series and
adopt different binding modes. Nonetheless, their thermodynamic signatures are virtually identical with the homologous p-Ala
derivatives. Accordingly, unchanged thermodynamic profiles are no reliable indicator for conserved binding modes.

Bl INTRODUCTION

Molecular recognition is of fundamental importance in biology
and drug discovery. Especially in drug design, the demand for
modulating the recognition features between a small molecule
ligand and a target protein at will is of utmost importance as it
provides an opportunity to interfere with a pathogenic
mechanism where the target molecule plays a crucial role.
Inhibition or enhancement of the activity of this target protein
is one of the most popular approaches for the treatment of the
associated disease. The binding process of a small ligand to a
protein, no matter whether it results in inhibition or activation,
is mediated, in the majority of cases, by noncovalent
interactions. Hydrogen bonds, hydrophobic contacts, and
charged interactions are in this context the most important
interactions and they are believed to exert major part of binding
affinity. Therefore, detailed understanding of the contributions
of these types of interactions to the overall binding affinity is a
prerequisite for the development of new and effective drugs
against a target protein. In this respect, the accurate prediction
of binding affinity of a drug candidate under consideration is
pivotal to the idea of rational drug design. For example, how
much does a newly formed hydrogen bond in a designed
complex structure contribute to binding affinity, or is it virtually
canceling out due to enthalpy/entropy compensation?' > What
is the role of water molecules in the binding event,”> and how
can we exploit hydrophobic interactions to achieve optimal
ligand affinity?® These are only some questions which must be
answered to put medicinal chemists in place to optimize their
lead structures into potent drug candidates at will.” Our
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understanding of hydrophobic contributions to protein—ligand
interactions is still rather rudimentary despite enormous
research efforts which went into the characterization of the
hydrophobic effect.” In its classical view, the hydrophobic effect
experienced between interacting hydrophobic species is driven
by the reorganization of water molecules upon protein—ligand
binding.* Hydrophobic cavities in proteins and hydrophobic
patches on ligand surfaces are exposed to water molecules prior
to complex formation. These contacting water molecules are on
first glance assumed to be well-ordered and thus associated with
an unfavorable entropic component. According to textbook
knowledge, the release of such water molecules from
hydrophobic interfaces to the bulk water phase leads to a
favorable entropic signal upon complex formation as the
released water molecules gain additional degrees of freedom.
The association of hydrophobic species is therefore assumed to
be driven by an entropic enhancement. However, an impressive
number of hydrophobic complex formations in biology and
host—guest chemistry have been reported that follow an
opposed enthalpy-driven thermodynamic profile and would
thus intuitively contradict the classical view on the hydrophobic
effect. Smithrud et al,® for instance, tested the binding of
benzene and pyrene derivatives to cyclophanes, and their
results suggest a strongly exothermic signal upon complexation
despite interaction of hydrophobic binding partners. The same
could be observed for accommodating apolar molecules in the
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cavity of cyclodextrins'®'" and in the narrow AT-rich region of

the DNA minor groove.'”"* With respect to protein—ligand
com4p1ex formation, examples were provided by Bingham et
al,! Englert et al,’ and Synder et al’® In the first case,
binding of two pyrazine derivatives with propyl or butyl
substituents to the hydrophobic binding pocket of the major
urinary protein (MUP-1) was studied by ITC and resulted in
an enthalpy-driven process. In the example of Englert et al,
thermolysin was selected as model protein and its large
hydrophobic S," pocket is addressed by ligand portions of
gradually increasing size (methyl, propyl, isobutyl, and benzyl).
The protein—ligand association was investigated by ITC and
suggested also enthalpy-driven hydrophobic interactions.
Notably, in both examined proteins, the binding pocket appears
to be suboptimally hydrated'>'” prior to ligand binding, and
indeed, this common feature could explain the observed
paradoxical enthalpic signal as proposed by Homans.'® In a
subsequent study, a deconvolution of the binding process in the
MUP-1 case was done and it indicates that poor solvation of
the uncomplexed pocket makes its desolvation even favorable.
In other words, if a subsite is poorly solvated, only little
enthalpy is required for its full desolvation in order to allow
ligand binding. In the binding inventory, the unspent enthalpy
pays off in an unexpectedly high enthalpy term as the released
water molecules find enthalpically favorable interactions in the
bulk water phase. These examples underline the importance of
studying the solvation properties of hydrophobic ligands and
hydrophobic protein pockets prior to complex formation to
correctly consider their contributions to binding. This aspect is
also decisive with respect to hydrophobic ligand optimization
because addressing a poorly hydrated pocket could require a
different design concept to enhance binding affinity than
dealing with well-solvated pockets. In a recent study, Synder et
al.' studied the thermodynamic profile of heterocyclic aromatic
sulfonamides with increasing hydrophobic surface against
carbonic anhydrase. Interestingly, they also received an
enthalpy-driven signal with growing hydrophobicity. Here, the
differences are explained by changes in the number and
organization of well-ordered water molecules in the binding
site. These studies clearly indicate that the thermodynamic
signature of hydrophobic binding is determined by changes in
the water structure and depend on the status of the water
molecules being reorganized during the binding process. Also,
from a computational point of view, the role of water in ligand
binding and the factorization into enthalpic and entropic
contributions has recently gained increasing appreciation.'®~>°

To shed some further light on this complex behavior, we
investigated the occupancy of a rather well-solvated hydro-
phobic pocket to further characterize the driving forces for
complex formation. We selected the large hydrophobic S3/4
pocket of thrombin as a model system and in contrast to the
above-described examples, this pocket is well hydrated in
uncomplexed state (PDB code 2UUF>®). A feasible approach to
evaluate the contributions from hydrophobic complex for-
mation is to examine the influence of successive ligand
structural variations on the binding thermodynamics. We
systematically varied the P3 substituent of substrate—analogue
peptidomimetics by incorporation of a Gly, p-Ala, p-Val, D-Leu,
and a p-Cha to become increasingly more hydrophobic and
sterically larger. To study these effects on broader scope, we
synthesized two inhibitor series with different S1 occupants
(see Table 1). 2-(Aminomethyl)-5-chlorobenzylamide
(ACB)**™* and 4-amidinobenzylamide (AMBA)* are known
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Table 1. Chemical Structures of the Studied Ligands in the
ACB and AMBA Series”

P3 variation
for S3/4 Pro for S2
AN
oA
benzylsulfonyl -~ 0o H cl
o P1 variation
for S1
H,N.
P3 variation
for S3/4
e\/\ Pro for S2
B /\/S
o 4
N
oa‘gfﬂ/\'r
benzylsulfonyl o o NH
\\Q\«N Hz P1 variation
for S1
NH
P1 substituent: P1 substituent:
ACB K; (nM)* AMBA K; mM)*
R: R:
1 6
li| 1.5+0.1 T 3.7+0.6
2 7
CH, 22+04 CH, 52+0.8
3 8
Y 0.798 +0.070 Y 1.290 +0.347
4 9
H\ 0.259 +0.024 H\ 0.891 £ 0.115
5 10
(O 0.052 £ 0.005 rO 0.119 £ 0.010

“The estimated standard deviation of the K; values is calculated from
at least three measurements (in nM). “The designed variants R are
given with the kinetically determined inhibition constants (K, in nM)
towards human thrombin.

anchors to bind with high potency to the S1 pocket. An
experimental approach comprising ITC measurements, enzyme
characterization, and high resolution crystal structure determi-
nation was applied to study the influence of a stepwise removal
of water molecules from the hydrophobic S3/4 pocket of
thrombin due to variations of the P3 residues.

B RESULTS AND DISCUSSION

Crystal Structure Analysis. Resolution Required for
Interpreting Solvation Patterns. To study systematically the
replacement of water molecules from a binding pocket by
crystallography requires high resolution crystal structures as the
number of observed water molecules can depend on resolution
of the diffraction data.>' Statistics show that, on average, at 2.0
A resolution, one water molecule per residue is included in the
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Figure 1. Binding modes of 2 and 7. (a,c) The aminomethylene and the sulfonyl group in 2 are structurally organized by intramolecular H-bonds
and an interstitial water molecule is picked up (a). For 7, the interaction pattern near the disulfide bond is depicted in detail (c). Nitrogen is shown
in blue, chlorine in green, sulfur in orange, oxygen in red, and carbon in yellow (ligand site) and cyan (protein site). Distances are given in A. (b,d)
Overall binding mode of 2 (b) and 7 (d) in complex with thrombin is shown with the protein’s solvent-accessible surface. Colors are assigned to all
atoms in (b) and (d) according to their temperature factors, from blue (low B-factor) to green and to red (high B-factor).

model, while at 1.0 A resolution, about 1.6—1.7 are crystallo-
graphically located. We therefore used synchrotron radiation to
achieve the best possible resolution of our complex structures.
In total, 10 crystal structures of human thrombin in complex
with 1—10 were determined with good to excellent resolution
(1.78—1.23 A).

Binding Mode of the ACB Scaffold in 2—5. As the
derivatives with a Gly P3 residue show completely different
binding modes compared to the other members of the designed
series, we will present their data in a separate section. The
complex structures of 2—3 exhibit a comparable binding mode,
and their binding will be exemplified using 2 as a representative
(Figure la). The chlorine atom of the S1 occupant points
toward the center of the Tyr228 ring with a distance of 4.3 A
suggesting a strong halogen—7 interaction.”> The amino-
methylene anchor takes remarkable preorganizational influence
on the overall binding mode. It is involved in intermolecular
hydrogen bonds to the backbone carbonyl groups of Gly219
(3.1 A) and Gly216 (3.1 A). Furthermore, intramolecular
contacts to (i) the oxygen atom of the inhibitor’s own sulfonyl
moiety (3.2 A), (ii) the P2 (3.1 A), and (iii) the P3 carbonyl
groups (3.2 A) are observed. This binding motif associates a
water molecule that mediates an additional contact between
both moieties. As we assume the primary amino group to be
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largely protonated at the applied pH 7.5, this interaction
pattern is supposedly charge assisted. The pyrrolidine ring of
proline is accommodated in the S2 pocket capped by Tyr60A
and Trp60D of the 60s loop (Figure 1b). The methyl group of
the P3-alanine is pointing into the S3/4 specificity pocket. The
sulfonamide NH group and the adjacent central P3 carbonyl
function form an antiparallel f-sheet-like binding motif to
Gly216. This binding feature has already been observed in
other inhibitor series, e.g., bearing a terminal amino group at
this position.”> One oxygen of the sulfonyl group is engaged in
a hydrogen bond to the NH of Gly219 (3.1 A) and, as
mentioned, with the aminomethylene group of the P1 anchor
(3.2 A), while the other oxygen is pointing toward the bulk
solvent. The intramolecularly preorganized binding geometry of
this ligand series forces the terminal benzyl group to adopt an
orientation that largely exposes this group to the bulk solvent
without extensive hydrophobic contacts because it is mostly
surrounded by hydrophilic amino acids (Arg221, Glu2l7,
Lys224).

Binding Mode of the AMBA Scaffold in 7—10. The scaffold
of ligand 7 will be used to describe the binding features within
the AMBA series. The AMBA anchor is placed into the S1
pocket to form a salt bridge with short distances (2.9 and 2.8
A) to the deprotonated Asp189 at the bottom of this pocket
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Figure 2. Binding modes of the ligands 2—S with the ACB anchor group emphasizing the structural changes in the S3/4 region and in the ligand's
P3 position. The F, — F, difference electron density is shown as a green mesh at a 26 level for 2 (a), 3 (b), 4 (c), and S (d) together with the bound
water molecules in the $S3/4 pocket if present. Favorable interactions with the corresponding distances in A are depicted as broken lines. Values in
red indicate short distances found for a specific contact described in the text. Nitrogen is shown in blue, chlorine in green, sulfur in orange, oxygen in
red, and carbon in yellow (ligand site) and white (protein site); water molecules are given as red spheres.

(Figure 1c). The proline portion fits perfectly under the 60s
loop of the S2 pocket, and the ligand’s central amide NH and
the adjacent carbonyl group form the above-mentioned p-
ladder-type binding motif to the backbone of Gly216 with
comparable distances (3.1 and 2.9 A, Figure 1d). The sulfonyl
takes a different role in this inhibitor series. It forms a short
hydrogen bond (3.0 A) to the backbone carbonyl of Gly219. In
contrast to the ACB series, we could not observe any
intramolecular hydrogen bonds in the AMBA examples. The
lack of the aminomethylene anchor is most likely responsible
for a different positioning of the terminal benzyl portion. It
orients in opposite direction compared to the ACB series and
binds to a shallow subpocket making a strong hydrophobic
interaction to one of the sulfur atoms of the disulfide bridge
between Cys220 and Cys191 (3.7 A). A further van der Waals
contact is found to the Cf methylene and carboxyl group of
Glul92 with a distance of 3.7 and 3.6 A, respectively.
Additionally, strong intramolecular hydrophobic contacts are
observed between the terminal benzyl moiety and the phenyl
ring of the AMBA (3.6 A) and the inhibitor’s own P2 carbonyl
oxygen (3.3 A). The U-shaped inhibitor conformation most
likely results from a hydrophobic collapse. It is worth
mentioning that the flexibility of the Glul92 side chain is
strongly reduced in this complex, as the adjacent benzyl moiety
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restricts its accessible conformational space. Only one single
Glul92 conformer is observed, whereas it is disordered in many
other thrombin complexes.**

Crystallographic Analysis of Displaced Water Molecules
and Implications on the Binding Affinity in the ACB Series
2—-5. In the following, focus will be attributed to the
displacement of water molecules from the S3/4 pocket. Ligand
2 with P3 p-Ala leaves the hydrophobic pocket well hydrated as
the methyl group penetrates only slightly and does not reach
the hydration shell (Figure 2a). The distance of the methyl
group to the closest water molecule is 4.0 A. Interestingly, the
water network in this pocket shows remarkable features: The
most deeply buried water molecule is bound to the backbone
carbonyl of Asn98 (2.9 A), and it is located on top of the center
of the indole moiety of Trp21S (3.1 A) to form a polar 7-
interaction.>® The neighboring water molecule is rather loosely
bound to the protein site (3.4 A to Glu97A), and it is fixed in
position by two flanking water molecules (2.9 A each). The
third water is located close to the rim of the pocket and
interacts with the hydroxyl group of Tyr60A (2.9 A). Besides
one van der Waals contact to a carbon of Trp215 (4.2 A), the
P3-methyl group is not able to form any further interactions to
the hydrophobic S3/4 pocket. Nevertheless, 2 exhibits a
binding affinity of K; = 2.2 &+ 0.4 nM even though only weak
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interactions with the pocket residues are experienced and no
water displacement could be observed.

Replacement of the P3 methyl side chain in 2 by a larger
isopropyl group in 3 changes the ligand’s conformation little
(Figure 3). Hardly any modifications of the solvation pattern of

Figure 3. Superposition of ligands 2 and 3 to emphasize the shift of
Glu217 and the movement of the benzyl portion in ligand 3. Colors
are assigned to all atoms according to their temperature factors, from
blue (low B-factor) to green and to red (high B-factor). The solvent-
accessible surface is shown. The distance indicated as broken line is
given in A.

the S3/4 pocket are apparent (Figure 2b). Obviously, the P3
D-Val seems to be too small to disrupt the S3/4 water network.
The isopropyl group forms here a contact with CD1 of Ile174
(4.0 A). Surprisingly, the isopropyl group does not point into
the pocket but to the bulk solvent. This reorientation provokes
a shift of the center of the terminal benzyl moiety by 1.5 A
compared to that in 2 (Figure 3). This movement is required to
preserve a close contact between isopropyl group and benzyl
moiety (now 3.9 A). Furthermore, this slightly changed benzyl
position induces the carboxyl group of Glu217 to adopt an
orientation also found in the apo structure of thrombin,
whereas in the complex with 2, the carboxyl group is rotated by
approximately 90° to allow binding of the benzyl portion
(Figure 3). Compared to 2 no additional water molecule is
displaced, the improved affinity (K; = 0.788 + 0.070 nM) by a
factor of 3 might be related by the formation of two additional
van der Waals contacts.

The p-Val/p-Leu exchange at P3 reveals some interesting
binding features with disordered molecular portions both on
protein and ligand side (see Figure 2c). The P3 isobutyl side
chain could be refined in two orientations with conformation A
(occupancy: 58%) inside and B (occupancy: 42%) outside the
pocket. Conformation B induces a second orientation of Ile174
preventing too close contacts with the inhibitor.

Two populated water sites can be detected in the S3/4
pocket. They would be too close to conformation A (distance
of 2.3 and 2.1 A), and refinement of these water sites with full
occupancy resulted in negative difference density (6 = —4.5).
This encouraged us to refine these sites with partial occupancy
as the water molecules can only be present in unit cells hosting
conformation B.
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Refinement of the latter water model with 42% occupancy
revealed no remaining difference electron density. The
observed disorder of the P3 p-Leu portion is therefore most
likely correlated to the residual hydration of the S3/4 pocket.
Despite the overall hydrophobic character of the S3/4 pocket, a
perfect interaction network among the waters and to the
protein is formed. As a matter of fact, a significant energetic
price of desolvation has to be paid draining this well-hydrated
subsite, which has to be compensated by the binding of 4.
Apparently, as a compromise, disorder is observed where in
about half of the cases the S3/4 binding pocket remains
solvated. Interestingly, in a previous contribution we showed a
similar example with partial replacement of water molecules
upon ligand binding in the S1 pocket of thrombin.> Subsumed,
we suppose an average replacement of one water molecule from
the S3/4 pocket upon binding of 4. The kinetic measurement
revealed a binding affinity of K; = 0.259 & 0.024 nM that is by a
factor of 3 stronger than the affinity of the p-Val derivative 3 for
which no water displacement has been observed.

The exchange of p-Leu by p-Cha in § showed significant
changes of the S3/4 water network with displacement of two
water molecules (Figure 2d). Only one water molecule at the
border of the pocket is still retained, and it appears to be tightly
bound to Tyr60A (2.8 A). Detailed structural analysis shows
remarkable van der Waals interactions between the cyclohexyl
ring adopting chair conformation and the protein subsite. The
contact distance to Trp21S is 3.6 A and to Ilel74 42 A
Interestingly, we could not recognize two conformations for the
side chain of Ile174 as observed with 4. We assume a disfavored
conformation as it is not observed in the apo structure and in
complexes with 2 and 3. Some close contacts (3.4 A) are
experienced by C—H vectors at the cyclohexyl ring and the
carbonyl backbone of Glu97A or the hydroxyl group of
Tyr60A. Most likely the displacement of two firmly bound
water molecules and the extensive hydrophobic contacts to the
P3 cyclohexyl side chain result in a further S-fold improved
affinity (K; = 0.052 + 0.005 nM) compared to 4. The overall
binding affinity was improved 42-fold from 2.2 nM for 2 to
0.052 nM for S.

Crystallographic Analysis of the Displaced Water Mole-
cules and Implications on the Binding Affinity in the AMBA
Series 7—10. Using the AMBA series, we wanted to confirm
the trends in the water displacement from the S3/4 pocket and
study whether the different orientation of the terminal benzyl
moiety takes any impact on the interaction pattern in the
hydrophobic S3/4 pocket. Unfortunately, it turned out that the
displacement of the water molecules could not be analyzed
directly. Similarly to the ACB series, the AMBA-D-Ala derivative
7 orients its P3 methyl group into the S3/4 pocket. However,
to our surprise, the remaining active site is filled by an
additional inhibitor molecule showing 54% occupancy (Figure
4a). In this case, the benzylsulfonyl portion of the second ligand
fits perfectly into the S3/4 pocket, resulting in its partial
desolvation. In agreement with the partial occupancy of this
second ligand, the diffraction data indicate at a position nearly
coinciding with the benzyl moiety (1.3 A), a density peak which
suggests a partially occupied water molecule as a remainder of
the above-described water network (Figure 5a). Occupancy of
this water molecule was refined with 46% population, indicating
its presence solely in absence of the second bound ligand. The
hydrophobic portion of the second extra ligand exhibits
pronounced van der Waals contacts (3.3—-3.6 A) with
hydrophobic residues in the active site. Its sulfonyl group
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Figure 4. Binding modes of ligands 7—10 with the AMBA anchor group. Especially, the structural changes in the S3/4 region and in the ligand's P3
position are emphasized. The F, — F. difference electron density is shown as a green mesh for the fully populated and in blue for the partially
populated ligand at a 26 level for 7 (a), 8 (b), 9 (c), and 10 (d) together with the bound water molecules in the S3/4 pocket if present. Favorable
interactions with the corresponding distances in A are depicted as broken lines.

Py e
A\ SR
1.
4

a “ b

Figure S. View from top on the S3/4 pocket to show close water contacts. The F, — F, difference electron density is displayed as a green mesh for
the fully populated and in blue for the partially populated ligand at a 20 level for 7 (a) and 8 (b) together with the bound water molecule in the S3/4
pocket. Favorable interactions with the corresponding distances in A are depicted as broken lines. Values in red indicate short distances in A found
for the specific atoms.

shows an intramolecular hydrogen bond (3.3 A) to the NH The positively charged amidino function is weakly hydrogen
group of its P2—P1 amide bond. The p-Ala and L-Pro portions bound (3.2 and 4.0 A) to the sulfonyl part of the fully
are solvent-exposed with no notable interactions to the protein. populated active-site bound ligand. The overall geometry
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adopted by the extra ligand resembles also a U-shaped
conformation. We checked whether any crystal packing eftects
could account for this unexpected crystallographic result.
However, we could not detect any further hydrogen bonds to
a symmetry-related protein molecule. The closest contact was
found between the methyl group of the p-Ala portion and
Glul3 of a neighboring crystal mate exhibiting rather large
distance of 5.4 A. Ligand 7 possesses comparable potency (K =
5.2 + 0.8 nM) as the corresponding D-Ala derivative of the
ACB series.

The p-Val derivative 8 shows the same properties again
hosting two inhibitor molecules in the crystal structure with
very similar binding poses (Figure 4b). The isopropyl group of
the first fully populated active-site ligand points toward the S3/
4 pocket. Also here the solvation pattern of this pocket is
difficult to define due to the presence of a second extra
inhibitor molecule with 42% occupancy. Nevertheless, the
overlaid adjacent water site converged to 58% occupancy
(Figure Sb). All contacts found for 8 compare well with those
detected for 7, whereas the binding affinity of 8 is increased by
a factor of 3 to K; = 0.788 + 0.070 nM.

For the p-Leu derivative 9, we observed an even more
complex situation in the S3/4 pocket (Figure 4c). Again, two
inhibitor molecules are found in the binding site. The first
ligand is fully populated and well defined. The difference
electron density suggests a very similar binding mode in
agreement with the other series members. Differently, the
electron density of the second extra-bound ligand is only poorly
defined and we could solely include the benzylsulfonyl portion
in our refinement model. The p-Leu side chain of the fully
populated ligand 9 scatters over two conformations, each
populated by 50%. The orientation outside the S3/4 pocket
would allow binding of the second extra ligand forming the
double hydrogen bond between the amidino group and the SO,
group of the first molecule. Most likely, the orientation inside
the pocket further reduces the occupancy of the extra ligand,
resulting in its minor population. As a matter of fact, solely its
benzylsulfonyl moiety could be assigned to the difference
electron density. Inhibitor 9 has a slightly improved affinity
likely due to its larger P3 residue (K; = 0.891 = 0.115 nM for
9).

The cyclohexyl portion of 10 is large enough to fully occupy
the S3/4 pocket. It completely disrupts the water network,
concomitantly displacing two water molecules from the S3/4
pocket (Figure 4d). This ligand is found in the crystal structure
with only one copy bound to the active site. As no space
remains in the S3/4 pocket, no extra ligand binding is indicated.
10 proved to be the strongest binder in the AMBA series with
an affinity of K; = 0.119 + 0.010 nM. The increasing
hydrophobicity from methyl to cyclohexyl improved the affinity
by a factor of 40. This is consistent with the first series. In
general, the ACB inhibitors are always slightly more potent
than the corresponding AMBA derivatives despite the lack of
the salt bridge to Asp189, as seen in previous studies.”’

Comparison of the Binding Mode of the Second
Additionally Bound Ligand in 7—9 to the Natural Substrate
Fibrinogen of Thrombin. Thrombin has a central role in blood
coagulation. After activation from inactive prothrombin (II) to
active thrombin (IIa), it converts soluble fibrinogen to insoluble
fibrin which becomes cross-linked by factor XIIla to form a
stable clot.*® Upon activation of the fibrinogen a-chain, the
fibrinopeptide A (FPA), which is composed of 16 amino acids
("ADSGEGDFLAEGGGVR'®), is cleaved off. Three crystal
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structures of human or bovine thrombin have been determined
in complex with FPA or slightly modified analogues.*” >
Superposition of both inhibitor molecules of 8 with a FPA-
analogue (Figure 6) shows impressively that our bound ligands

Figure 6. Active site region of thrombin in complex with the two
bound ligand molcules of 8 and an FPA analogue (PDB code 1UCY>®)
containing a stable ketomethylene group (Argy[CO-CH,]Gly) instead
of the scissile P1—P1’ peptide bond. The solvent-accessible surface of
thrombin is depicted in gray. Nitrogen is shown in blue, sulfur in
orange, oxygen in red, and carbon in yellow for ligand 8 and in cyan
for the FPA derivative.

map well the binding geometry of FPA in complex with
thrombin. In early days of thrombin research, it was a surprise
that FPA binds with its P9 residue (Phe8) into the S3/4 pocket.
It then leaves the cleavage site and forms a loop of six residues
(Leu9-Gly14) to return with its P2 residue (Vall$5) into the S2
pocket. The second extra ligand in our study binds remarkably
similarly with its benzyl portion into the S3/4 specificity
pocket, as seen for the Phe8 side chain in FPA. It traces with its
remaining scaffold the AEGG-loop of FPA that bulges out of
the cleavage site.

Crystal Structure Analysis of the Gly Derivatives 1 and 6.
The Gly derivatives 1 and 6 of both series exhibit a different
binding mode compared to the C, substituted examples. For 1
and 6, the geometry of the respective S1 occupants and the
central proline are consistent with all other members of the
series. Differences occur at P3 and involve the terminal
benzylsulfonyl moiety. The latter hydrophobic portion is used
to occupy the S3/4 pocket, which results in the displacement of
two water molecules as similiarly observed for the cyclohexyl
derivatives 5 and 10 (Figure 7a). The altered binding mode of
1 requires that the intramolecular water-mediated H-bond
between the sulfonyl oxygen and the P1 aminomethylene
anchor (present in 2—5) is sacrificed and the interstitial water
molecules are no longer detected. The aromatic ring of the
terminal benzylsulfonyl moiety in 1 orients nearly perpendic-
ular to the indole ring of Trp21S with a distance of 3.5 A.
Ile174 adopts a single conformation and rotates out of the
pocket to avoid close contact with the benzyl moiety (3.8 A).
Both sulfonyl oxygens are exposed to the solvent. In spite of the
displacement of two water molecules from the S3/4 pocket and
remarkable van der Waals contacts, the Gly derivative 1 exhibits
no significant gain in binding affinity (1.5 #+ 0.1 nM) compared

dx.doi.org/10.1021/jm300337q | J. Med. Chem. 2012, 55, 6094—6110
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Figure 7. Binding mode of the glycine derivatives 1 (a) and 6 (b). The F, — F, difference electron density is shown as a green mesh at a 20 level.
Favorable interactions with the corresponding distances in A are depicted as broken lines.

to the p-Ala analogue 2 (2.2 + 0.4 nM), where the pocket is
completely solvated.

The AMBA analogue 6 adopts a comparable binding mode
(Figure 7b). Again, its benzylsulfonyl portion is located in the
S3/4 pocket and the sulfonyl oxygens are oriented toward the
bulk solvent. Also, this ligand exhibits nearly the same affinity as
the corresponding p-Ala analogue 7 (3.7 + 0.6 nM and 5.2 +
0.8 nM for 6 and 7, respectively).

Thermodynamic Characterization. Displacement Titra-
tion. We used isothermal titration calorimetry (ITC) to
determine the thermodynamic profiles of both series and to
factorize Gibbs free energy of binding into enthalpic and
entropic components. ITC is usually restricted to a range up to
5 nM using direct titrations. However, inhibitors investigated in
this study show high potency from nano- to picomolar range. In
such situations, direct measurement of tight binders is not
possible, and we therefore applied displacement titrations to
attain an accurate thermodynamic profile. Hence, the
dissociation constant of the strong binder must be formally
lowered to a range which can be recorded accurately by ITC.*
In the displacement strategy, the protein solution is saturated
by a “weak” binder such as 11 or 12 (Table 2). In the following
step, the tight binder is titrated into the protein solution
saturated with the first ligand (see Materials and Methods for
details). During this titration, the “weak” binder is displaced by
the strong one and the resulting sigmoidal titration curve can
be analyzed according the displacement theory developed by
Sigurskjold.*!

Superimposed Proton Step. The measured heat signals
showed dependence on the three buffers applied for the
titrations (Table 3). This buffer dependence indicated
protonation reactions superimposed onto the binding event.
The net binding enthalpy can be extracted from these titrations
by extrapolation (Figure 8). We observed comparable depend-
encies for all studied ligands suggesting a release of n = 0.43 +
0.12 mol protons upon binding (Figure 9). For a related series
of ligands showing similar effects, Baum et al.>* pointed out that
HisS7 is responsible for the observed buffer dependency. As the
functional groups in our ligands that could change protonation
state (amidino group, aminomethylene group, sulfonamide
group) are either too basic or very close to neutral pH, we
anticipate that no ligand functional groups are involved in the
protonation changes. Therefore, more likely, the imidazole
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Table 2. Inhibitor Structures Used in the Displacement
Titration As Competitive Binders Together with the
Thermodynamically Determined Dissociation Contants (Kp
in nM)“? Towards Human Thrombin

Competitive Ligand 1 (11)

N
H
o 2"
o
NH,
NH

Competitive Ligand 2 (12)

D?ﬁx@

23248

255+16

“The estimated standard deviation of the Kp, values is calculated from
at least three measurements (in nM).

moiety of HisS7 is partially protonated in the uncomplexed
state and releases protons upon ligand accommodation.** After
buffer correction, factorization of the Gibbs free energy shows
increasingly entropy-driven binding which is consistent with the
classical hydrophobic effect.

Thermodynamic Profiles ACB series 2—5. The p-Ala
derivative 2 reveals a thermodynamic profile that is clearly
dominated by an enthalpic component (AH = —32.1 kJ/mol
for 2). The entropic contribution amounts to about half of the
enthalpy term (—TAS = —15.1 kJ/mol for 2). With growing
size of the hydrophobic P3 substituent, we observed a constant
increase of the entropic component and a slight decrease of the
enthalpic signal. This thermodynamic signature is reversed
from an enthalpy- to a more entropy-driven binding as larger
hydrophobic portions are introduced at P3. Ligand S, with the
largest hydrophobic portion, binds with a balanced thermody-
namic profile, where both the enthalpy and entropy term,
contribute almost equally to binding affinity (AH = —28.7 kJ/
mol and —TAS = —25.8 kJ/mol for §). In our series, we
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Table 3. Binding Data AG®, AH’, and —TAS’ (kJ/mol) of Ligands Determined by ITC

ligand AH® (kJ/mol) in  AH® (IJ/mol) in AHC (kJ/mol) in AH° (kJ/mol) buffer —TAS® no. of proton release
name” AG° (kJ/mol) Tris? tricine” Hepesb corrected (kJ/mol) (mol/mol)

1 —47.8 + 0.1 =593 + 1.3 =50.5 —46.1 —35.4 —-12.4 0.49

2 —472 £ 09 —542 + 0.6 —49.6 —40.9 -32.1 —-1S5.1 0.48

3 =542 + 0.2 —61.5 + 0.7 -51.6 —47.7 —36.2 -18.0 0.52

4 =543 + 14 =559 + 1.9 —47.5 —41.3 -30.1 —24.2 0.54

S —-54.5 £ 0.1 —50.6 + 0.1 —38.8 —-39.8 —28.7 —25.8 0.43

6 —44.9 + 1.1 —419 £ 0.1 =327 —26.3 —-14.3 -30.6 0.58

7 —42.6 + 0.2 -269 + 0.5 —20.6 -21.6 -15.9 —26.7 021

8 —47.1 £ 0.1 —-350 £ 1.0 =277 —23.1 —-13.8 -333 0.44

9 =519 + 1.0 —284 £ 23 —23.5 -17.9 —-10.4 —41.5 0.38

10 —-53.7 £ 0.8 249 + 0.1 -19.3 -17.7 —-11.4 —42.3 0.27

11 —-379 £ 0.5 =171 £ 1.1 —-208+ 1.7

12 —37.6 +£ 02 =375 +£ 0.1 —0.1+ 0.2

“Inhibitors 1—10 were evaluated by displacement titrations using ligands 11 or 12 as competitive binder. The thermodynamic data of 11 and 12
were determined in a direct ITC titration in Tris buffer. >AH® was measured in three different buffers. Error ranges indicate the estimated standard
deviations from at least duplicate measurements. Because the single point measurements in Hepes and tricine indicate a constant rate of proton
release, these experiments were not performed in duplicate in order to save protein material (Figure 8).
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Figure 8. The measured heat signal is plotted against the ionization enthalpy of the buffer system (Tris, Hepes, and tricine) in order to extract the
enthalpy of binding. The squares represent the values of the ligands from the ACB series (1—5) and the circles of the AMBA series (6—10).
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Figure 9. Thermodynamic parameters determined by ITC for ligands 1—5 (a) and 6—10 (b). The buffer corrected enthalpy values were used.
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Figure 10. Binding mode of 1 (a) and 2 (b). The 2F, — F, difference electron density is contoured in blue at a 1o level for the water molecules.
Favorable interactions with the corresponding distances in A are depicted as broken lines.

observe a slight overall decrease of enthalpy (AAH,_s = —3.4
kJ/mol), however, fortunately the entropy term overcompen-
sates this enthalpy loss (—TAAS,_; = 10.7 kJ/mol). Therefore,
a net gain in Gibbs free energy could be observed of AAG, 5 =
7.3 kJ/mol.

Thermodynamic Profiles AMBA Series 7—10. Comparable
results are observed for the AMBA series, however, the
thermodynamic signature starts from a different partitioning
(Figure 9b). Here, the entropy term clearly governs the binding
across the entire series (AH = —15.9 kJ/mol and —TAS =
—26.7 kJ/mol for 7) and it gradually increases from 7 to 10
during hydrophobic optimization, consistent with the findings
in the ACB series. The entropic component of 10 is about four
times the enthalpic signal (AH = —11.4 kJ/mol and —TAS =
—42.3 kJ/mol for 10), but the entropic enhancement is
comparable to the ACB series. Again, we experience a net
Gibbs free energy change of AAG,_j, = 11.1 kJ/mol with a
slight decrease in the enthalpic term (AAH,_,, = —4.5 kJ/mol)
outbalanced by a huge favorable entropic contribution
(—TAAS,_,, = 15.5 kJ/mol).

Thermodynamic Profiles of the Gly Derivatives 1 and 6.
The Gly derivatives 1 and 6 adopt quite different binding
modes compared to the remaining examples of the two series.
Surprisingly, this is not reflected in the thermodynamic profiles,
as those for 1 and 6 fit quite reasonably into the series.
Therefore, a closer comparison of the corresponding Gly and p-
Ala derivatives should be regarded. Although 1 displaces two
water molecules from the S3/4 pocket, we could only observe a
slightly increased entropy component (—TAAS,_, = 2.7 kJ/
mol) and basically no impact on the Gibbs free energy
(AAG,_, = —0.6 kJ/mol) in comparison to 2. As both ligands 1
and 2 position their benzyl moieties differently, we must
examine whether a comparable displacement of water
molecules occurs. 1 is able to desolvate the S3/4 pocket but
leaves the adjacent hydrophilic site next to Glu217, Lys224, and
Arg221 solvated (Figure 10a). In contrast, ligand 2 leaves the
S3/4 pocket solvated but disrupts the solvation shell in the
neighboring Glu217/Lys224/Arg221 region through accom-
modation of the benzyl portion (Figure 10b). Because of its
polar character, the latter site is well solvated and the crystal
structure of 1, leaving this area unoccupied, does show here six
bound water molecules, whereas in 2, only three water
molecules are present. Possibly the water replacement from
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the different subpockets results in a very similar thermodynamic
signature for 1 and 2. Furthermore, we observe a difference in
the residual mobility of the benzyl portions of 1 and 2 which
should also influence the entropic term. We analyzed the B-
factor ratios of the benzyl portions relative to the remaining
inhibitor molecules in order to estimate the degree of mobility.
The benzylsulfonyl group of 1 exhibits low mobility
[B(benzylsulfonyl)/B(P1 + P2 + P3) = 1.26] as it is tightly
fixed in the S3/4 pocket, whereas in 2, this portion shows
substantially higher mobility [B(benzylsulfonyl)/B(P1 + P2 +
P3) = 2.06]. This enhanced motion of the benzylsulfonyl
portion is a common structural feature of 2—5 (1.90 for 3, 1.69
for 4, and 1.77 for 5). The polar region next to Glu217/
Lys224/Arg221A (Figure 3) is structured as a rather shallow
crevice which is not suited to experience strong interactions
with the benzyl portion. As a consequence, we observe this
portion with pronounced residual mobility.

A similar situation is observed for 6 and 7. Two water
molecules are released to the bulk solvent by 6 but now with a
slight entropic advantage (—TAAS;_;, = —3.9 kJ/mol). This
parallels a small loss in the free energy term (AAG,_, = —2.3
kJ/mol). Unfortunately, we cannot discuss here any details in
hydration of the binding pockets (as done in 1/2) as the extra
bound ligand in the AMBA series prevents these insights.
Surprisingly, the study of the B-factor ratios for the
benzylsulfonyl portions reveals in this series equivalent values
suggesting similar mobility [B(benzyl)/B(P1 + P2 + P3) = 1.58
for 6 and B(benzyl)/B(P1 + P2 + P3) = 1.51 for 7]. All
benzylsulfonyl moieties placed in this region next to the
disulfide bridge reveal less mobility compared to the
corresponding examples of the ACB series. It shows that the
binding into the shallow subpocket in the vicinity to the
disulfide bridge fixes the benzyl portion in 7 better than the
polar environment of Glu217/Lys224/Arg221A in 2 (Figure
1b,d). This positioning of the benzyl is also known from
inhibitor complexes with the related serine proteases factor
Xa,*® urokinase,** and factor VIIa.*

A further aspect affecting the partitioning of enthalpy and
entropy of the Gly and p-Ala derivatives are the conformational
differences in solution prior to protein binding. The Gly
derivatives which lack an C, substituent gain access to a larger
conformational space in solution compared to the D-Ala
examples. We studied the conformational behavior of these
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ligand pairs by MD simulations in aqueous solution. The
recorded angle distribution of @ and ¥ next to the Gly and Ala
residue clearly underscores the larger conformational multi-
plicity given for the Gly derivatives as it populates a broader
range of torsion angles (cf. Figures S1 and S2, Supporting
Information). As a consequence, this relates to a stronger loss
in the conformational entropy of the Gly derivatives upon
binding. Possibly, this entropic loss compensates to some
extent the entropically beneficial water release from the formed
complex and make the entropic signal less pronounced for 1
and 6.

B CONCLUSION

We performed a comprehensive study on water displacement
upon binding of hydrophobic ligand portions to thrombin’s
well-hydrated S3/4 pocket. We studied the structural properties
and thermodynamic signature driving the reorganization of the
water structure. Several studies in literature showed that
hydrophobic interactions are much more complex than
generally believed, as in some examples the binding of
hydrophobic species is accompanied with a clearly favorable
enthalpy component instead of the expected entropy signal. As
two studies'™"” propose that a poorly defined hydration state of
the protein pocket could be an explanation for an enthalpy-
driven hydrophobic effect, we decided to address a hydro-
phobic pocket which is according to a high-resolution structure
of uncomplexed thrombin well-hydrated and accessible to water
molecules. Additionally, the study was performed with pico- to
nanomolar ligands, which is in terms of thermodynamic
characterization still a rather rarely explored field. The applied
displacement titrations are elaborate as two titrations are
necessary, but the results are reliable and well reproducible.

Two series with different S1 occupants were designed and
synthesized which were systematically varied by hydrophobic
residues (Gly, p-Ala, p-Val, p-Leu, and p-Cha) in the P3
position addressing the S3/4 pocket. In both series, the affinity
improvement is correlated with the increasing size of the
hydrophobic P3 side chain except for the Gly derivatives. The
largest P3 substituent, D-Cha, shows highest affinity, whereas p-
Ala in this position is in both series the weakest binder. The
ACB series was optimized by a factor of 42, which is similar to
the factor obtained in the AMBA series (40-fold).

As mentioned in the introduction, the ACB anchor is well-
known to show high potency toward thrombin, but we found
only two deposited thrombin complexes with this P1 group
(PDB codes 1ZRB*® and 3EQO). These sparse structural data
are quite surprising because the ACB portion is highly potent
and less basic, which may lead to even better pharmacokinetic
properties.”” In our study, all ACB analogues possess slightly
better binding affinity compared to the corresponding AMBA
derivatives.

We observed a significant change in the binding mode of the
P4-P3 segment moving from the Gly derivatives to C,
substituted examples. The Gly derivatives 1 and 6 occupy the
S3/4 pocket and displace two water molecules, whereas the
corresponding D-Ala analogues 2 and 7 do not penetrate into
this pocket and leave it solvated. Surprisingly, no significant
differences in the thermodynamic profile of corresponding Gly/
Ala ligand pairs (1/2, 6/7) are observed, indicating that
unchanged thermodynamic signature is by no means a reliable
indicator for conserved binding modes. The most likely
experienced entropic benefit resulting from the displacement
of two well-ordered water molecules from the S3/4 pocket by 1
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and 6 is counterbalanced in the complexes of 2 and 7. The
latter ligands leave the S3/4 pocket solvated, but they desolvate
another more polar site which remains hydrated in the
complexes of 1 and 6. Furthermore, differences in the residual
mobility of the alternatively placed benzyl portions in 1/6 vs 2/
7 influence the entropic profile as well as discrepancies in the
accessible conformational space in solution prior to protein
binding.

The structural investigation of the AMBA series revealed
some surprising results. To the best of our knowledge, it is the
first reported case where a small size peptidomimetic shows up
twice as bound in and adjacent to the active site of thrombin.
Superimposing the binding mode of both inhibitor skeletons
with that of FPA, released from the natural substrate
(Fibrinogen), reveals remarkable similarities in their recog-
nition features. The soaking procedure was carried out at rather
high inhibitor concentrations. Because we could not find
evidence that the binding of the second extra ligands is
significantly supported by crystal packing effects, possibly this
additional binding mode could also be of some relevance in
solution when working with high inhibitor concentration.
Nevertheless, we assume the observed second bound molecule
is of no relevance for enzyme inhibition under in vivo
conditions, where plasma levels <1 uM are sufficient.
Interestingly, it can provide a remarkable mapping of the
substrate recognition area on the surface of the protease.

The thermodynamic characterization clearly suggests that the
stepwise increase of the hydrophobic P3 substituent results in a
growing potency which is associated with an enhanced entropic
term. Both series start with the Gly/p-Ala derivatives having the
smallest entropic contribution and end up with the cyclohexyl
derivatives possessing a remarkably stronger entropic compo-
nent. In this respect, our results support the current
understanding of the classical hydrophobic effect being mainly
entropy driven in nature and resulting from the release of firmly
fixed water molecules from a well-hydrated binding pocket.

Remarkably, the AMBA series exhibits overall a stronger
entropic binding component compared to the ACB series, even
though for both series the growing size of the hydrophobic P3
substituent results in an increasingly entropic signature. What
might be responsible for the stronger entropic profile of the
AMBA series? In a previous study, we compared the properties
of a benzamidine with m-chlorobenzyl P1 substituent.”® In this
analysis, the benzamidine portion is favored enthalpically by
AAH = —3.0 kJ/mol and even more entropically by —TAAS =
—7.8 kJ/mol compared to the m-chlorobenzyl group. As these
P1 substituents are also present in the current series, a similar
difference is given. Furthermore, the ACB series captures an
interstitial water molecule upon binding which contributes to
the enhanced enthalpic binding signal.*® This fact also
contributes to the larger enthalpic advantage of the ACB
ligands.

B MATERIALS AND METHODS

Synthesis. The detailed synthesis procedure for the p-Cha-
inhibitors § and 10 was described recently.” The ACB analogues
2—4 were prepared according to the identical strategy as used for
inhibitor § starting with the appropriate P4—P3 segments (Bzls-Gly-
OH, Bzs-p-Ala-OH, Bzls-p-Val-OH, or Bzls-p-Leu-OH). These P4—
P3 segments were alternatively coupled to H-Pro-4-amidinobenzyla-
mide-2HCI*® using PyBOP/diiodopropylethylamine in DMF, which
provided the benzamidine derivatives 6—9. All final inhibitors were
purified by preparative reversed-phase HPLC to a purity >95% based
at HPLC detection at 220 nm, as described previously.” The
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Table 4. Data Collection and Refinement Statistics for the Thrombin Complex Structures 1—10

THR-1 complex

(3RML)
(A) Data Collection and Processing
no. crystals used 1
wavelength (A) 1.00
space group C2
unit cell parameters
a, b, c (A) 69.3,71.2, 724
B (deg) 99.9
Matthews coefficient (A3/Da) 2.5
solvent content (%) 50
(B) Diffraction Data®
resolution range (A) 50—1.53
(1.56—1.53)
unique reflns 50478 (2436)
R(Dsym (%) 3.5 (357)
completeness (%) 96.4 (92.2)
redundancy 29 (2.7)
I/o(I) 29.2 (2.7)
(C) Refinement
resolution range (A) 35.7—1.53
reflns used in refinement 47916/2389
(work/free)
final R values for all reflections 15.9/18.6
(work/free) (%)
protein residues (L chain/H chain) 28/251
sodium ions 2
inhibitor atoms 32
water molecules 297
rmsd from ideality
bond lengths (A) 0.009
bond angles (deg) 1.08
Ramachandran plot
residues in most favored regions (%) 85.8
residues in additionally allowed regions 14.2
(%)
residues in generously allowed regions -
(%)
mean B-factor (A%)
protein (L + H chain) 229
binding site? 18.5
inhibitor 17.5
water molecules 33.6
THR-6 complex
(3RLW)
(A) Data Collection and Processing
no. crystals used 1
wavelength (A) 1.00
space group 2
unit cell parameters
a, b, c (A) 70.5, 71.3, 72.5
S (deg) 100.6
Matthews coefficient (A%/Da) 2.5
solvent content (%) S1
(B) Diffraction Data®
resolution range (A) 50-1.69
(1.72—1.69)
unique reflns 38822 (1961)
R(I)sym (%) 5.9 (49.0)

THR-2 complex
(3RMM)

1.00
C2

70.1, 71.1, 72.7
100.4
2.5
s1

50—1.58
(1.61-1.58)
48248 (2403)
5.8 (47.8)
99.8 (99.6)
3.8 (3.7)
22.9 (3.0)

49.5-1.58
45959/2302

15.5/17.9

28/251
2
33
305

0.009
1.08

85.0
14.6

0.4

21.5
16.7
21.0
33.7

THR-7 complex
(3RLY)

1.00
C2

70.3, 71.4, 72.4
100.3

2.5

S1

50—1.51
(1.54-1.51)
55139 (2742)
5.1 (48.7)
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THR-3 complex
(3RMN)

1
0.91841
c2

69.9, 71.1, 72.9
100.6
2.5
S1

50—-1.78
(1.81-1.78)
32972 (1610)
7.8 (47.6)
97.9 (99.4)
3.0 (2.9)
142 (2.1)

34.4-1.78
31209/1551

15.4/18.5

28/251
2
35
314

0.008
1.06

85.8
14.2

20.6
15.8
18.5
32.5

THR-8 complex
(3RMO)

1
0.91841
c2

70.5, 71.3, 72.5
100.5

2.5

51

50—1.34
(1.36—1.34)
78347 (3850)
5.1 (51.9)
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THR-4 complex
(3TSF)

1
0.91841
2

70.2, 71.0, 73.0
100.5
2.5
s1

50—1.45
(1.48—1.45)
60276 (2698)
3.5 (33.9)
96.5 (85.6)
2.0 (2.0)
20.8 (2.2)

22.7-14S
57070/875

14.0/17.2

28/251
2
36°/41¢
325

0.009
1.04

86.2
134

0.4

19.9
16.2
22.4°
32.5

THR-9 complex
(3UwW])

1
0.91841
2

703, 71.2, 72.4
100.7

2.5

S1

50—1.50
(1.53—1.50)
55148 (2816)
53 (46.8)

THR-5 complex
(3RMO)

1.00
2

70.1, 71.0, 72.8
100.4
2.5
S1

50—1.40
(1.42—1.40)
64957 (3195)
34 (37.0)
94.0 (92.2)
2.4 (2.4)
242 (2.2)

24.7—-1.40
61099/3089

13.4/16.5

28/251
2
39
349

0.008
1.0S

85.0
15.0

18.2
14.8
16.5
36.0

THR-10 complex
(3RM2)

1
0.91841
C2

69.8, 71.5, 71.9
99.9

2.5

s1

50-1.23
(1.25-1.23)
99085 (4675)
4.7 (38.7)
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Table 4. continued

THR-6 complex

THR-7 complex

THR-8 complex

THR-9 complex

THR-10 complex

(3RLW. (3RLY) (3RMO Buwg (3RM2)

(B) Diffraction Data®
completeness (%) 97.7 (98.8) 99.9 (99.6) 98.7 (97.3) 97.3 (98.5) 97.9 (91.7)
redundancy 2.5 (2.4) 37 (3.5) 3.3 (3.3) 2.7 (2.6) 2.8 (2.1)
1/o(I) 14.6 (2.0) 24.8 (2.7) 223 (22) 177 (19) 212 (2.0)
(C) Refinement
resolution range (A) 34.7-1.69 35.6—1.51 21.5-1.34 22.5-1.5 20.1-1.23
reflns used in refinement 36443/1826 52718/2659 74108/3761 52016/2635 92538/4685
(work/free)
final R values for all reflections 16.2/19.2 15.5/17.2 14.0/16.6 16.0/18.3 14.0/16.3
(work/free) (%)
protein residues (L chain/H chain) 28/251 28/251 28/251 28/251 28/251
sodium ions 2 2 2 2 2
inhibitor atoms 32 33//33¢ 357/35¢ 327112 39
water molecules 243 347 361 349 390
rmsd from ideality
bond lengths (A) 0.008 0.009 0.008 0018 0.008
bond angles (deg) 1.060 1.114 1.112 1.095 1.111
Ramachandran plot
residues in most favored regions (%) 87.0 85.0 854 86.2 854
re?idl)les in additionally allowed regions 13.0 15.0 14.6 13.8 14.6

%
residues in generously allowed regions - - - - -

(%)
mean B-factor (A?)
protein (L + H chain) 229 19.1 18.0 17.7 174
binding site” 185 14.9 14.4 16.5 139
inhibitor 223 174" /267" 15.7"/16.9° 17.7"/21.1° 15.0
water molecules 31.4 32.4 315 33.6 333

“Numbers in parenthesis are for the highest resolution shell. The inhibitor atoms from the additional disordered part were not considered. “All
inhibitor atoms which were included in the refinement model. “Definition of the binding site: all amino acids which are 4 A within the inhibitor.
“Average B value for the ordered and fully ocupied inhibitor portion, the disordered portions were not considered. /Number of inhibitor atoms for
the fully occupied ligand. #Number of inhibitor atoms for the partially occupied ligand. "Mean B-factor for the fully occupied ligand. ‘Mean B-factor

for the partially occupied ligand.

analytical methods and data for inhibitors 1—10 are provided in the
Supporting Information.

Bioassay. We characterized the potent inhibitors by a fluorogenic
assay. Kinetic data were obtained using Tos-Gly-Pro-Arg-AMC>’
(tosyl-Gly-Pro-Arg-aminomethylcoumarin) as the fluorogenic sub-
strate with a Safire II plate reader (Tecan, Switzerland, ex = 380 nm,
em = 460 nm). This substrate allows us to work at a protein
concentration of 0.050 nM, which is sufficiently lower than the lowest
applied ligand concentration (0.780 nM). The experimental buffer
contained 50 mM Tris-HCL, 154 mM NaCl, 0.1% polyethylene glycol
8000, and 5% DMSO at pH 7.4. The K,, of the substrate (1.1 + 0.4
uM) was measured at 10 different substrate concentrations, and the
resulting curve was analyzed using GraFit 4 software.>" Cleavage of the
substrate was measured by monitoring the change in fluorescence over
a dilution series of at least 10 inhibitor concentrations (500—0.780
nM) at S uM substrate (S) over 600 s. The fluoroscence signal was
plotted against time, and after linear regression the reaction rates (v)
were calculated. The latter values (v) were plotted against the
respective inhibitor concentration (I), and the resulting curve was
fitted with ORIGIN software using equation 1. All measurements were
performed at least in triplicate.

VoS
I
Km-(l + f) +

i

(1)

Isothermal Titration Calorimetry. ITC experiments were
performed using an ITC200 system from Microcal (now part of GE
Healthcare, Northhampton, MA, USA). Thrombin Beriplast was
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freshly prepared for each experiment by dialysis of a thrombin sample
in the buffer used for titration experiments (50 mM Tris, 100 mM
NaCl, 0.1% polyethylene glycol 8000, 3% DMSO, pH 7.8). The ITC
displacement experiment is composed of two titrations. The first
experiment was done with one of the “weak-binding” ligands in a
typical direct titration. For this purpose, after dialysis, the final 11 or
12 concentrations were achieved after dilution of the stock solution
(40 mM, 100% DMSO) to the required ligand concentration
(0.5 mM). The final DMSO concentration was subsequently adjusted
to 3%. The reference cell contained pure water. The titration was
started after the syringe was placed in the sample cell containing the
thrombin solution (27 uM). The collected data were analyzed using
ORIGIN Software (Microcal Inc.) by fitting a single-site-binding
isotherm that yields AH® (enthalpy of binding) and Kj, (dissociation
constant). These data represent the thermodynamic profiles of the
“weak-binding” ligands which are important for further analysis of the
strong binders. After this first direct titration, the syringe was cleaned
and filled with a solution of a strong binder (0.5 mM). The syringe was
then placed into the sample cell which now contains the thrombin
solution saturated with the “weak-binding” ligand from the first
titration. During the titration, the strong ligand displaced step-by-step
the “weak-binding” ligand from the binding pocket of thrombin. The
experiment was stopped after small peaks of dilution indicated
complete displacement of the “weak-binding” ligand from the binding
site by the strong binder. The resulting curves were then analyzed
using the competitive binding fitting function implemented in the
ORIGIN software which was originally developed by Sigurskjold.*'
Each strong binder was characterized by this protocol by applying two
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titrations in Tris buffer. These experiments were performed at least in
duplicate.

ITC experiments in different buffers indicate a protonation reaction
upon binding of the strong binders. The thermodynamic data were
thus collected in addition to Tris buffer in 50 mM tricine and 50 mM
Hepes buffer in a direct titration to achieve just the enthalpy
component because these one point measurements indicate the
expected constant rate of proton release. These experiments were not
performed in duplicate in order to save protein material. The observed
enthalpy values were plotted against the enthalpy of ionization of the
applied buffer and fitted by linear regression to determine the
intersection point with the y axis which represents the enthalpy of
binding corrected by the buffer contribution (Figure 8).

All ITC experiments were started at 25 °C after a stable baseline
had been achieved. The experimental design comprises an initial ligand
injection of 0.3 uL followed by 15 injections of 1.1-1.4 uL with a
180 s interval between each injection.

Raw data were collected and the area under each peak was
integrated, followed by correction for heats of dilution and mixing by
subtracting the final baseline consisting of small peaks of the same size
to zero. The initial data point was deleted from the integrated data
because this injection usually reflects an erroneous amount of heat due
to the possible exchange of liquids between syringe and cell when
inserting the syringe into the calorimetric cell and the backlash error in
the motorized screw mechanism in the injector.”>

Crystallization and Soaking. Human a-thrombin (from Enzyme
Research Laboratories, South Bend, IN, USA) was dissolved in the
crystallization buffer (20 mM NaH,PO,, 350 mM NaCl, 2 mM
benzamidine, pH 7.5) at 10 mg/mL. A hirudin fragment called acetyl-
hirudin (54—6S) purchased from Bachem (Bubendorf, Switzerland)
was dissolved in crystallization buffer at 2.5 mg/mL. In the next step,
40 pL of the solution of the hirudin fragment was mixed with 160 uL
of the thrombin solution. After incubation for 2 h at 4 °C,
crystallization was carried out at 4 °C by the hanging-drop method.
Then 1 uL of the hirudin/thrombin solution was placed in the center
of a coverslip and mixed with 1 uL of reservoir solution (20 mM
NaH,PO,, 27% polyethylene glycol 8000, pH 7.5). Immediately after
the mixing of protein and reservoir buffer, microseeding was done. The
wells of the crystallization trays were filled with 500 uL of the reservoir
buffer. Subsequently, the coverslips were placed over the wells and
sealed. Crystals of good diffracting quality were obtained after 7 days.
For soaking, DMSO stock solutions of the inhibitors (S0 mM) were
diluted 1:10 with a solution containing 50% crystallization and 50%
reservoir buffer, resulting in the final soaking concentration containing
5 mM of the inhibitor and 10% DMSO. Medium-size crystals without
visible imperfections were selected and transferred into the soaking
solution for 24 h.

Data Collection and Processing. Crystals were prepared for data
collection at 110 K using a cryoprotectant solution of 20% glycerol in
reservoir buffer. The data sets for 1, 2, 5, 6, and 7 were collected with
synchrotron radiation at SLS (Villingen, Switzerland) on a Marmosaic
225 mm CCD detector. Complex structures for 3, 4, 8, 9, and 10 were
collected at BESSY beamline 14.2 (Berlin, Germany) on a Rayonix
MX 225 CCD detector. Data 3processing and scaling were performed
using the HKL2000 package.’®

Structure Determination and Refinement. The coordinates of
human thrombin (PDB code 1H8D)>* were used for initial rigid body
refinement of the protein molecules followed by repeated cycles of
maximum likelihood energy minimization, simulated annealing, and B-
factor refinement using the CNS program package.*® Structures 1—10
were refined with PHENIX.*® The temperature factors for structures §,
8, and 10 were anisotropically refined, whereas for structures 1, 2, 3, 4,
6, 7, and 9, TLS refinement was applied. The definition of the TLS
groups was done with the TLSMD server.””*® A randomly chosen 5%
of all data were used for the calculation of Ry, and were not used in
the refinement. Amino acid side chains were fit into o-weighted 2F, —
F. and F, — F, electron density maps using Coot.*® After the first
refinement cycle, water molecules and subsequently ions and ligands
were located in the electron density and added to the model
Restraints were applied to bond lengths and angles, planarity of
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aromatic rings, and van der Waals contacts. Multiple side-chain
conformations were built in case an appropriate electron density was
observed and maintained during the refinement and if the minor
populated side chain showed at least 20% occupancy. The final models
were validated using PHENIX own validation options or MolPro-
bity.®” The Ramachandran plots were calculated with PROCHECK.®'
Data collection, unit cell parameters, and refinement statistics are given
in Table 4. Analysis of temperature factors was done with Moleman®*
and fconv.® The naming of the protein amino acids was done
according to Bode et al.** The figures were prepared using PyMOL
0.99. The Protein Data Bank accession codes of the coordinates and
structure factors of all X-ray structures are given in Table 4.

Molecular Dynamics Simulations. The MD simulations were
performed using AMBER 11% and Amber Tools 1.4. Extraction of the
ligands from PDB files followed by the assignment of hydrogens was
carried out using fconv.®* Additional protonation of the amino group
(1, 2) and of the amidino group (6, 7) was done using the program
PyMOL.®® After minimizing the ligands using the MMFF94x
forcefield”” implemented in the program MOE (version 2011.10),
the preprocessed ligands were parametrized with the program
antechamber using the generalized Amber force field (gaff).6 Atomic
charges were assigned by use of the AMI-BCC method.®”°
Electroneutrality of the system was maintained by adding chloride
ions as counterions followed by placing each starting structure in a
truncated octahedral periodic box of TIP3P water molecules.”” The
closest distance between the edges of the water box and any distance
of the solute was set to 10 A. MD simulations were performed with
pmemd.cuda under yeriodic boundary conditions using the particle
mesh Ewald method”” with a cutoff of 10 A. The SHAKE algorithm”
was applied to constrain bonds involving hydrogen. Langevin
dynamics”* with a predefined collision frequency of 5 ps™ between
external heat reservoir and simulated system were used to adjust
temperature and isotropic position scaling to regulate pressure. The
time steps of the simulation were set to 2 fs.

The water box was minimized by 100 cycles of steepest descent
minimization followed by 400 cycles of conjugate gradient
minimization. Afterward, the system consisting of water and ligand
was minimized by 200 cycles of steepest descent minimization
followed by 1000 cycles of conjugate gradient minimization. The
system was gradually heated from 0 to 300 K in 150 ps using Cartesian
restraints of 500 kcal mol™ A™* on the ligand followed by adjusting
the pressure in 100 ps to 1 bar. Finally, before running the MD
simulation, the restraints on the ligand were set gradually to 0 in 400
ps. The 100 ns MD simulation was performed storing the coordinates
along the trajectory every 10 ps. Analysis of the trajectory was carried
out using ptraj as implemented in Amber Tools 1.4.
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Additional experimental data concerning the synthesis. This
material is available free of charge via the Internet at http://
pubs.acs.org.

Accession Codes

Coordinates and structure factors have been deposited in the
Protein Data Bank with the following accession codes: THR-1
complex 3RML; THR-2 complex 3RMM; THR-3 complex
3RMN; THR-4 complex 3TSF; THR-S complex 3RMO; THR-
6 complex 3RLW; THR-7 complex 3RLY; THR-8 complex
3RMO; THR-9 complex 3UWJ; THR-10 complex 3RM2.
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