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Abstract
Thrombin, a serine proteinase of the trypsin family, plays a central role in thrombosis and hemostasis. There is a high
need for potent, fast, stable and selective direct thrombin inhibitors for oral use, and intensive research in this field is being carried out. Recently, we followed a rational design paradigm for discovery of two novel series of thrombin inhibitors. Firstly, we concentrated on inhibitors with an aza peptide scaffold that mimic the classical tripeptide D-PhePro-Arg structure. A second focus of our work was the search for thrombin inhibitors with uncharged P1 functionalities
to optimize the bioavailability and selectivity towards trypsin. Our efforts resulted in several P1 bicyclic arginine mimetics attached to the glycyl-proline amide and pyridinone acetamide scaffold. In this paper we report seven crystal structures of a series of congeneric inhibitors with the novel aza scaffold and with neutral P1 moieties in complex with
thrombin. In particular, the requirements for a successful recognition of both inhibitor classes directed at the protein’s
active-site pocket S1 are discussed based on detailed analysis of their electron distribution and water structure in the
pocket.
Keywords: Thrombin, inhibitor, X-ray structure

1. Introduction
Control of platelet aggregation, clot lysis and inhibition of thrombin generation and activity are therapeutic
approaches leading to lower cardiovascular morbidity and
mortality. The majority of existing reversible thrombin inhibitors are derived from fibrinogen and belong to one of
the following chemical groups: tripeptidic reversible transition state mimetics, tripeptidic noncovalent inhibitors,
and nonpeptidic inhibitors.1,2 Two principle-modifying
strategies were used in efforts to obtain an orally active
drug and resulted in chemically very heterogeneous structures: firstly, the highly basic P1 moiety is kept unchanged, while the P2–P3 part is modified to increase
bioavailability; the basic P1 assures an effective binding
constant, and this is the approach that also nature favors;
all natural inhibitors and substrates possess a highly basic

residue – arginine or lysine – at the P1 site. Alternatively,
the basicity of the P1 part can be lowered to improve
bioavailability, but the loss of potency must be compensated through modifications in the P2–P3 part.3 E.g. replacing the benzamidine moiety with amino-bicycloaryl
brought about increased bioavailability and potency in the
low nanomolar range.4
In order to introduce novel chemical and biological
properties in the classical tripeptide D-Phe-Pro-Arg structure, we incorporated an azapeptide moiety into the central part of the inhibitor.5 In this way, the conformational
flexibility of these molecules was reduced, their stereogenic center eliminated and the in vivo stability increased. To improve the bioavailability the basicity at the
P1 site was reduced by exchanging benzamidine with
benzamidoxime in some of these aza analogues. In order
to optimize the occupancy in the S2 pocket, a further se-
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ries of compounds was synthesized with binding constants in the nanomolar range.6
Investigations in the glycyl-proline amide family of
thrombin inhibitors directed toward the S2 pocket have been
described in the literature.7 The P1 moieties reported constitute of a variety of analogs based on the substituted aromatic or aliphatic five or six- membered rings.8 In order to develop orally bioavailable and selective thrombin inhibitors,
we prepared several new heterobicyclic P1 moieties of low
basicity. To improve the potency of such inhibitors, various
optimization strategies at sites P2 and P3 were attempted:
e.g. an additional benzyl sulfonamide group at the P3 moiety was appended to the glycyl-prolyl scaffold, or the glycyl-prolyl moiety at P2 was replaced with the pyridinone acetamide ring,9–11 which is devoid of cis/trans izomerization
and thus conformationally more restricted.

The long and narrow S1 pocket of the thrombin active site ideally accomodates an arginine group as discovered by structural studies of natural inhibitors and substrates. However, functional groups of different degrees of
basicity can mimic and bind as a surrogate for arginine
e.g.: benzamidine,12 lysyl,13,14 cyclohexylamine, benzylamine, aminopiridyl, tiazolyl,7 indole,15 guanidinopiperidyl16 etc. Remarkably, these groups also replace ordered water molecules present in the S1 pocket to different degrees. An analysis of thrombin inhibitors deposited
in the RCSB Protein Data Bank17 to date revealed that the
number and position of the water molecules remaining at
the bottom of the S1 site close to the residue Asp189 and
in the adjacent water channel remain consistenly unchanged upon binding of inhibitors. The main difference
in structures of complexes inhibitor-thrombin presented

Figure 1. Chemical structures of thrombin inhibitors 1–7.
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here was found in the position of the water molecules
close to the Asp189 carboxylate, depending on the structure of the inhibitors’ P1 moieties and the way they enter
the S1 pocket.
In this paper we summarize the principal findings on
the previously reported crystal structures of seven ternary
complexes of human -thrombin formed with sulfated hirugen and small molecule thrombin active-site inhibitors
that belong to three different families: to the “aza” scaffold family of inhibitors (molecules 1–3),6 to the pyridinone acetamide family: molecules 5 and 6, and to the glycylproline amide family: molecules 4 and 7.18–20
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The crystallization was carried out using the hanging drop vapor diffusion technique and crystals were
soaked in a solution containing 1 mM of inhibitor. Coordinates of α-thrombin-hirugen (PDB ID 1HGT)21 were
used as a replacement model. Structure solution and refinement was performed using the standard software 22–27
The X-ray crystallographic data and the model refinement statistics are summarized in Tables 1 and 2, respectively.
Initial difference electron density maps calculated
from the atomic coordinates of the protein after positional
and temperature factor refinement revealed the topology
of all seven inhibitors and the position of the solvent molecules. The crystal structures were determined to a maximal resolution varying from 1.7 Å to 2.7 Å (Table 1).
In the nonchiral group of molecules, the exact positions of all inhibitors were unequivocally defined by the
electron density at 1σ. Absent or weaker electron density

2. Results and Discussion
Thrombin crystals were prepared as described previously.21
Table 1. X-ray crystallographic data summary*.

Inhibitor
Resolution range (Å)
Number of observations
Number of theor. possible reflections.
Number of unique reflections
No. of reflections in refinement
Completeness (%) Overall
Highest resolution shell
Rsym, I/σ>2: Total
Rsym, I/σ>2: Highest resolution shell
Space group
Unit cell parameters
a (Å)
b (Å)
c (Å)
β (°)

1
20–1.73
362071
36891
35877
34096
95.2
97.2
0.045
0.357
C2

2
20–2.55
69880
11344
10191
9650
94.8
85.3
0.108
0.339
C2

3
20–2.7
56694
9574
8670
8191
90.4
75.7
0.118
0.358
C2

4
20–2.4
75333
13652
13215
12542
97.4
99.3
0.132
0.338
C2

5
20–1.9
192438
27485
26348
25074
95.8
97.7
0.062
0.342
C2

6
20–2.0
113755
23414
21428
20397
91.4
88.3
0.092
0.319
C2

7
20–1.9
91361
27629
27085
25755
98.3
98.0
0.058
0.295
C2

70.4
71.37
72.58
100.37

69.43
71.36
71.71
99.61

69.89
71.37
71.42
99.85

69.48
71.52
71.97
99.84

69.53
71.71
71.72
99.53

69.47
71.53
71.80
99.87

69.96
71.49
72.18
100.15

* – Rsym is defined as∑n∑i |Ii – 〈I〉| / ∑n ∑i 〈I〉 where Ii is the ith observarion of the nth reflection and I is the mean of all observarions of the nth
reflections.

Table 2. Model refinement statistics*.

Inhibitor
Number of atoms in the model
Overall
Protein
Hirudin peptide
Inhibitor
Water molecules
Na+
DMSO
RMSD: Bond lengths
RMSD: Bond angles
Crystallographic R-value
Rfree

1

2

3

4

5

6

7

2618
2263
86
34
234
1
0
0.010
1.4586
19.82
21.93

2506
2263
86
34
122
1
0
0.0106
1.5415
19.52
24.93

2481
2263
86
37
90
5
0
0.0105
1.5407
19.45
26.45

2602
2263
86
39
197
5
12
0.010
1.576
22.60
27.52

2590
2263
86
33
207
1
0
0.0108
1.4174
19.21
22.96

2688
2263
86
33
294
4
8
0.0101
1.5714
19.43
23.70

2663
2263
86
39
273
2
0
0.0114
1.7090
19.98
22.42

* – Rfree is a statistical value that is calculated as R = ∑ | Fobs – Fcalc | / ∑ | Fobs|. It uses a small subset of randomly selected reflections that are set
aside from the beginning and not used in the refinement of the structural model.
Fcalc is a computed expected structure factor amplitude, Fobs is an observed value.
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was noticed for the benzyl rings in 4 and 7, respectively.
For chiral molecules, the distinction between R and S configurations was resolved using the crystallographic experimental data and quantum-chemical computational approach.28
We begin our analysis of the general binding mode
of the inhibitors by a description of the inhibitor scaffold
positioning in the active site. All inhibitors that are reported here are noncovalent tripeptide mimetics. They bind into the S1 to S4 pockets of the active site of thrombin in
two different binding modes: either in a compact more or
an extended binding mode. The difference between both
types resides primarily in the way their scaffolds are positioned in the respective pockets and thus in the way by
which the P1–P3 residues enter and fill the pockets of the
active site. In the aza bond family (compact form), the P2
moiety is linked to the scaffold via an amide bond. This
leads to a differential binding of the backbones of the inhibitors in the compact vs extended binding mode, which
lie as far as 4 Å appart from each other and to a different
orientation of the P2 moiety in the S2 pocket (Fig. 2).

The differences in location and orientation of the P1
and P3 parts are less pronounced. This causes in the aza
bond series different contacts between the inhibitors and
the protein moiety and gives rise to an induced fit of the
Trp60D side chain of the S2 pocket. In the glycyl-proline
and piridinone acetamide series (extended form), the P2
moiety constitutes a part of the backbone, which links the
P1 and the P3 moieties.

2. 1. Thrombin Inhibitors With
azaphenylalanine Scaffold
The main novelty of the aza bond inhibitors 1–3
was the elimination of the chiral center and achievement
of an increased in vivo stability of inhibitors. In inhibitors 1 and 2, the benzamidine is linked to the backbone of the inhibitor as a 1,3 substituent, which enables
its optimal entrance into the S1 pocket and restricts its
rotation. The amidine interacts with the Asp189 forming
a strong salt bridge, which appears to strongly contribute to the low nanomolar affinity constant. As the

Figure 2. General binding mode of the inhibitors represented by overlapping a compact (red) and an extended binding mode (cyan).
Table 3. Hydrogen bond contacts for inhibitors 1–3.

Atom
(inhibitor)
1
N20
N19
N19
O9
N21
O24
N19
N21
N20

Residue

Atom Distance

Asp189
Asp189
Ala190
Gly216
Gly216
Gly219
Gly219
1
W5

Oδ1
Oδ2
O
N
O
N
O
O9
O

2.82
2.84
3.09
3.10
2.76
2.94
2.81
2.65
3.02

Atom
(inhibitor)
2
N20
N19
N19
O9
N21
O24
N19
N21
N20

Residue

Atom Distance

Asp 189
Asp 189
Ala 190
Gly 216
Gly 216
Gly 219
Gly 219
2
H2O

Oδ1
Oδ2
O
N
O
N
O
O9
12

2.57
2.50
3.32*
3.12
2.90
3.17
2.70
2.79
3.30*

Atom
Residue
(inhibitor)
3
N20
Asp 189
N20
Ala 190
O9
Gly 216
O24
Gly 219
N21
3

* a very weak bond
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Atom Distance

Oδ1
O
N
N
O9

2.50
3.07
3.09
3.37*
3.21
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molecules 1 and 2 differ only slightly at the P2 position
they display the same set of eight hydrogen bonds
(Table 3).
As a consequence of the methyl substituent at the
pyrimidine ring of 2, the inhibitor is pushed down into the
S1 pocket, what causes double hydrogen bonds to Asp189
to be shorter for 0.2–0.3 Å with respect to contacts in 1.
Apart from the twined contact with Asp189, both benzamidine nitrogens make contacts with the carbonyl oxygen
O of Ala190. One benzamidine nitrogen is also within hydrogen bond distance to Gly219 atom O. Gly219 makes a
second contact via its Gly219 N and one of the sulfonamide oxygens, while sulfonamide nitrogen hydrogen
bonds Gly216 O. The amide nitrogen of Gly216 forms a
bond to the carbonyl oxygen O9 in the S2 pocket. Oxygen
atom O9 in turn forms a strong intramolecular hydrogen
bond to the sulfonamide nitrogen. This intramolecular
bond together with the hydrophobic collapse of the P2 and
P3 moieties helps to stabilize the molecule in its compact
form.
Molecule 3 posseses a 1,4 substituted benzamidoxime in position P1 and thus a better membrane permeability than 1 or 2 because of its lower basicity. Furthermore, the benzamidoxime moiety is converted to benzamidine in vivo, and such molecules can therefore serve as
prodrugs. Our in vivo tests imply, however, that this conversion is not immediate upon drug absorption.6 A certain
percent of the inhibitor interacts with the thrombin as benzamidoxime and in order to delineate the structural difference in binding to thrombin the present X-ray analysis
was nevertheless warranted. In the inhibitor 3, the 1,4benzamidoxime group enters the S1 pocket from the same

site as the 1,3-substituted benzamidine of 2. As a consequence, the benzyl ring occupies approximately the same
position in both molecules (Fig. 3).
An important consequence of the unfavourable insertion of the 1,4-benzamidine moiety into the S1 pocket
is the loss of three hydrogen bonds, in particular the two
bonds formed by one of the 1,3 substituted benzamidine
nitrogens in 1 and 2 with Asp189 and Ala190. The third
hydrogen bond, in 1 and 2 formed between the aza nitrogen N21 and the carbonyl atom O of Gly216, is not observed in 3 as well. The reason for this lies in the planarity of the central part of the inhibitor. At the central aza
bond region of 3, the whole planar triangle tilts for approximately 55 degrees so that N21 moves about 2 Å toward the Trp60D and thus the contact to Gly216 is lost.
These observations lead us to conclude that the loss
of the hydrogen bond between the aza nitrogen and the
carbonyl O of Gly216 in 3 is the result of a combination of
two structural elements, i.e. 1,4 substitution of the benzyl
ring and planarity at the central part by the N–N bond. In
3, the sulfonyl oxygens slightly rearrange without affecting the inhibitor hydrogen bonding scheme, since they remain directed toward the solvent. The loss of these interactions probably contributes to the lower potency of 3 vs.
2 or 1, respectively. The estimation of the appropriateness
of benzamidoxime as a substitution for benzamidine in 1
and 2 thus could not be fully evaluated on structural
grounds only. The binding constant of an analog of 3,
where benzamidoxime is 1,3 substituted, is comparable to
that of 3.6 These findings appear to suggest that the charge
of the P1 substituent is more important for the efficacy of
binding than the nonoptimal substituent orientation.

Figure 3. 1,4-benzamidoxime group of inhibitor 3 enters the S1 pocket similar to the 1,3-substituted benzamidine of 2.
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All three molecules bind identically into the S2
pocket and the aryl binding site. The piperidino group of 2
was refined in the chair position. All P2 moieties are oriented parallel with the naphthylsulfonyl of P3. They all
bind in parallel orientation to imidazole group of His57
but perpendicular to the phenole and indole moieties of
Tyr60A and Trp60D of the S2 pocket. The P2 ring of aza
family molecules is perpendicular to the P2 moieties of
the other four inhibitors reported here. This orientation is
of interest, because Trp60D has to move in order to accomodate for such binding. Atoms Cµ3 and Cξ3 of Trp60D
move for 1.85 Å. Although energy is spent for the accommodation of the residue Trp60D, this has no negative influence to the binding constant, which is in the low
nanomolar range.
The naphthylsulfonyl rings of molecules 1–3 are
coplanar and lie at identical positions.
The methoxy group of 3 placed in the S3 pocket is
rotated about 20° out of the plane of the naphthyl ring and
oriented toward residues Leu99, Tyr60A and Trp96. No
hydrogen bonds are formed to the methoxy oxygen, and
only two carbon atoms of Leu99 make close contacts with
the group. Since the naphthyl rings of 1–3 occupy identical positions, the methoxy group in 3 does not contribute
to the overall binding of the naphthylsulfonyl moiety.
On the basis of crystallographic structure determination we conclude that the reasons for the better binding of
1 and 2 over 3 are at least twofold. First and most important is the presence of the positive charge at P1 in benzamidine. Second, there is a loss of three hydrogen bonds in
3. The 1,3 benzamidine in 2 allows for good contacts of
this inhibitor with Asp189 of thrombin while the para substitution of benzamidoxime in 3 does not. Inhibitor 2 consequently forms two more hydrogen bonds to the protein
in the S1 pocket than 3 does. Inhibitor 3 additionally lacks
a hydrogen bond with the backbone carbonyl oxygen of
Gly216. This is the consequence of the aza functionality
in combination with 1,4 benzamidine. Its planarity and
thus rigidity hampers effective accommodation of the central part of the inhibitor. No contacts to water molecules in

S1 pocket are observed in 3. However, this is not important since 3 supplants one water molecule with its benzamidoxime oxygen and forms similar contacts to protein as
the removed water molecule.
In the case of 3, only one nitrogen of benzamidoxime forms a hydrogen bond with Asp189 and only two
weak bonds with the carbonyl oxygens of Trp215 and
Ala190 while a network with seven hydrogen bonds is
present in the case of the low nM inhibitor 2 (Table 2).

2. 2. Thrombin Inhibitors With a Pyridinone
Acetamide and Glycylproline Amide
Scaffold
The important novelty of molecules 4–7 is the introduction of a heterobicycle at P1 with intention to increase
selectivity and bioavailability because of its lower basicity. The structural fragments P2 and P3 have been used earlier.7,9–11 The crystal structures of all four high nanomolar
inhibitors show the backbones at P2 to P3 to bind in an extended antiparalel shape to the active site cavity. Despite
the high similarity of the overall binding mode, there are
important differences in the binding of parts of individual
inhibitors, which are described below.

2. 2. 1. Hydrogen Bonds in Heterobicyclic P1
Inhibitors
As mentioned before molecules 4–7 were prepared
as racemic mixtures regarding the stereogenic center at
the C6 of the 4,5,6,7 tetrahydrobenzyl ring. Electron density clearly selects the R configuration of both piridinone
molecules 5 and 6 while it supports R or S configuration
of molecules 4 and 7. As the hydrogen bond pattern
changes with the configuration we present hydrogen
bonds for both configurations of 4 and 7 (Table 4).
Molecules 4–7 form hydrogen bonds to the backbone of the protein, to the catalytic triade and have a hydrogen bond network at the S1 pocket. All four molecules
bind in an antiparallel mode to the backbone of thrombin

Table 4a. Hydrogen bond contacts for inhibitors 4 and 5. * a very weak bond, # lost contact, ++ not a hydrogen bond due to inappropriate angle.

Atom
(inhibitor)
N38
N38
N39
N39
O29
N18
O27
N9
O28
N38

Residue

Atom

Distance
– R config.

Distance
– R config.

4
Asp 189
Asp 189
Asp 189
Ala 190
Gly 216
Gly 216
Gly 219
Ser 195
W63
W34

Oδ1
Oδ2
Oδ1
O
N
O
N
Oγ
O
O

2.59
2.57
2.69++
3.24
3.26
3.10
3.08
4.13#
3.02
3.55*

2.72
2.95++
2.67
3.09
3.20
3.48*
3.28
3.51
3.34*
3.40*

Atom
(inhibitor)
5
N37
N36
N37
N36
N36
N28
N28
O17
N10
N37
N36

Residue

Atom

Distance

Asp 189
Asp 189
Ala 190
Ala 190
Gly 219
Ser 195
Ser 214
Gly 216
Gly 216
W184
W184

Oδ1
Oδ2
O
O
O
Oγ
O
N
O
O
O

2.45
2.90
3.36
3.33
3.10
2.89
3.23
3.05
3.00
3.27
2.85
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Table 4b. Hydrogen bond contacts for inhibitors 7 and 6 (symbols *.#,++ same as in Table 4a).

Atom
(inhibitor)
7
O39
N35
N35
O39
O36
N32
N32
O38
O39
O39
N35

Residue

Atom

Distance
– R config.

Distance
– R config.

His 57
Asp 189
Ala 190
Ser 195
Gly 219
Gly 219
Ala 190
Gly 216
W95
W210
W5

Nδ2
Oδ1
O
Oγ
N
O
O
N
O
O
O

4.18#
2.85
3.41*
4.13#
3.01
3.11
3.32
3.26
4.00#
3.62*
3.41*

3.06
2.71
3.35*
2.80
3.29
3.01
3.55*
3.61*
3.25
3.16
3.33*

with bonds to Gly216 and Gly219. Contacts to Gly216
atom N are formed by carbonyl oxygens of pyridinone or
proline. This bond in 7 is very weak, however (3.61 Å).
Gly216 forms in 5 and 6 an additional bond to sulfonamide oxygen. The reason for the absence of this bond in
4 and 7 is that the benzylsulfonamide moiety oxygens
form contacts to N Gly219 instead. Gly219 atom O forms
a hydrogen bond to the P1 nitrogen of 5, 6 and 7. In 4 this
bond is observed only in the structure of the R enantiomere. In 5 and 6 we note an additional bond between
the amide nitrogen N28 and the backbone residue Ser214
atom O. N28 forms also a hydrogen bond to the Ser195
atom Oγ. In 7 the carbonyl oxygen O39 of the peptide
bond between P1 and P2 moieties forms a hydrogen bond
to Ser195 atom Oγ in the S configuration only, while it
can not be demonstrated in the R enantiomere. In 4 the S
configuration shows a hydrogen bond between the amide
nitrogen and Ser195 atom Oγ while the R configuration
shows only a very weak contact between the carbonyl
oxygen and Ser195 atom Oγ(3.57 Å). The carbonyl oxygen O39 of the S enantiomere of 7 displays another hydrogen bond to Nξ of the residue His57 of the catalytic triad. This is the consequence of 90 degrees rotation of the
peptide bond between the P1 and P2 moiety toward the
catalytic triad. This rotation is documented also in the R
configuration of the molecule 4. However, in 4 no contact
to His57 is formed.
All four inhibitors also show contacts to Asp189 and
Ala190. In 4 and 5 where charge is distributed between
both nitrogens of the P1 part twined contacts are formed
to Asp189 (Oδ1 and Oδ2). In 6 and 7 only one contact
with Asp189 can be documented. The reason for this is in
the way how the P1 moieties of 6 and 7 enter the S1 pocket. Both rings lie in the same plane but their longitudinal
axes form an angle of approximately 33 degrees. The
amino nitrogens are thus more than 2Å appart and form
contact to different carboxyl oxygen atoms of Asp189. In
5 both nitrogens are in contact with Ala190 atom O while

Atom
(inhibitor)
6
N60
N60
N36
N28
N28
O17
N10
O27
O41
N36
O7
O7
O7

Residue

Atom

Distance

Asp189
Gly219
Ala190
Ser195
Ser214
Gly216
Gly216
W73
W300
W15
W215
W107
W140

Oδ2
O
O
Oγ
O
N
O
O
O
O
O
O
O

2.89
2.80
3.23
3.09
2.91
3.27
3.13
2.61
3.46*
2.66
3.47*
3.42*
3.19

in 4 only one contact is seen because of a slightly different
rotation of P1 in 4 and 5. Similarly, one contact is present
also in inhibitors 6 and 7.
In all seven structures a conserved water of the
oxyanion hole was detected, which binds to Gly193 atom
N and Ser195 atom Oγ. Aza bond inhibitors and pyridinone acetamide inhibitors are devoid of the contact to this
water molecule. Interestingly, this contact is observed
with 7 refined in S configuration and 4 refined to R configuration. In this case hydrogen bonds are due to the specific position of carbonyl oxygen O1 of 4 and O39 of 7. In
this way 4 and 7 are indirectly bound to Gly193 and
Ser195. The analogous carbonyl atoms of 5 and 6 are rotated for 90 degrees toward the surface of the protein
while aza bond inhibitors are due to the different backbone even more distant from the oxyanion hole residues.
Oxygen O27 of 6 forms a hydrogen bond with a water
W73. This water molecule makes a direct hydrogen bond
to Oε1 Glu192 and indirect bonds to the Ser195 and
Gly193 through the water of oxyanion hole. In 5 such a
water molecule was not detected.
In summary, the crystallographic refinement implies
that molecules 5 and 6 bind in R configuration while for 4
and 7 both R and S configurations are probably possible.
Electron density of 7 is slightly more consistant with S
configuration while QM/MM calculations argue for the R
configuration as the more probable configuration for 4.28
The heterobicyclic ring of 4 and 5 binds the S1 pocket
deeper than the ring of 6 or 7. The location of the sulphur
atom in 6 and 7 is different.
Inhibitors with glycoproline scaffold fill the S2
pocket slightly differently as the inhibitors of piridinone
acetamide core. The proline binds aproximately 1.5 Å
closer to His57. Orientation of the peptide bond between
the P1 and P2 parts of molecules 7 and 4 differs to that of
5 and 6.
The aryl binding site binds the benzyl ring in the
case of 5 and 6 but cyclohexyl of 4 and 7 molecule.
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Differences in the hydrogen bonding network are
mainly in number and strength of the bonds to the surrounding water molecules and to residues in the S1 pocket. Inhibitor 7 has also an additional bond to the His57
atom Nε2 of the catalytic triad.
Tautomeric effects in 4 and 5 probably influence the
binding of these inhibitors. The distribution of the positive
charge between both indazole nitrogens calls for an orientation where both nitrogens are in energetically equivalent
position with respect to Asp189. As these nitrogens do not
have a very basic character, the unprotonated states are
relatively important. However, the energetically more
favourable deprotonated state has probably a different
conformation, i.e. rotated for 180 degrees with respect to
the former. The free rotation about the bonds α0 and α1
above the heterobicyclic ring probably permits for these
changes. This case in principle resembles a situation
where an unfavourable binding of one enantiomere can be
the reason for a low Ki of a racemic mixture although the
other enantiomere has a much better bonding constant.
This can be a part of the answer to the relatively weak
binding constant of these two inhibitors.

2. 2. 2. Interactions in the S1 Pocket
The four inhibitors belonging to the glyco-proline
amide and piridinone acetamide type possess a stereogenic center at the atom C6 of the 4,5,6,7 tetrahydrobenzothiazole and the 4,5,6,7 tetrahydroindazole ring, respectively, which are located at the entrance of the S1 pocket
(Fig 2). The racemic samples used during the experiment
were an unknown mixture of both enantiomeres.
Furthermore, both P1 functional groups also have the ability to undergo conformational shifts from “up” to “down”
in the upper part of the tetrahydrobenzene ring. Therefore,
we had to assume that these inhibitors bind with either
configuration into the active site. The determination of the
preferential binding configuration was not straightforward
in all four cases. Molecules 4 and 7 additionally possess
two chiral centers at C10 and at C23. It has been determined that they have R and S configurations 18,19 respectively, and this data has been used in the structure determination.

The sulphur atom is in the energetically unfavourable location making a close contact to Gly219 atom O(3.1 Å).
The location of the sulphur atom at the bottom of the S1
pocket is clearly defined by its stronger density. The unfavourable contact is partly alleviated by the weak hydrogen bond to water molecule W252 (3.4 Å) as a hydrogen
acceptor. W252, however, forms no further contacts neither with the protein or with other water molecules.
Interestingly, such an energetically unfavourable location
has been described previously29 for the sulphur in the S1
pocket of the urokinase plasminogen activator.
The orientation of the P1 moiety is thus influenced
by the size of the heterobicycle, location of the charge at
the side of the ring, ring coupling directly to an amide
bond where rotations are possible around dihedral α0 only. The 3-nitrogen atom is equally distant to both Asp189
carboxyl oxygens. However, as this protonation centre is
located 4.4 Å away from the Asp189, the interaction of
tetrahydrobenzothiazole does not have the character of a
salt bridge. There is only a weak hydrogen bond between
the 2-amino nitrogen atom and the Asp189 atom Oδ2 of
protein.
The chemical structure of inhibitor 7 differs from 6
in the P2 and P3 positions, while P1 is the same.
Nonetheless, in the solved structure there are also differences within the P1 region, i.e. in the position of the P1
ring in the S1 pocket and in the position of the P1–P2
amide bond. The heterobicyclic P1 ring is coplanar with
the ring of 6, but is flipped for 180 degrees. The sulphur
atom of 7, situated on the opposite sites of the S1 pocket,
forms different contacts to the surrounding Val213, while
the sulphur of inhibitor 6 points toward the Gly216. The
heterobicycles of 6 and 7 lie somewhat crossed, with the
axes form approximately 30 degrees. The terminal NH2
groups are thus 2.3 Å apart, what is of importance for hydrogen bonding with Asp189. Inhibitor 7 forms contacts
with both Oγ atoms of the aspartic residue, while 6 only
with O2. As these rings can probably rotate to a certain
extent this structure probably shows also the other possi-

2. 2. 3. Molecules 6 and 7
Molecule 6 binds preferentially with its R configuration. The difference electron density map calculated for
the S configuration shows more positive and negative
electron density than in the case of the R-enantiomer and
is thus less likely to represent the correct solution. The
amide bond between P1 and P2, oriented as in the inhibitors containing proline (PPACK,29 L37191230), points
away from the surface of thrombin and projects between
the residues Trp215 and Glu192. It forms a hydrogen
bond to W73, which in turn contacts Glu192 atom Oε1.

Figure 4. inhibitor 7 with (2|Fo| – |Fc|) and (|Fo| – |Fc|) maps of
electron density contoured at 1. 0 σ.
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ble but less favourable conformation of 6. In this orientation, the sulphur atom forms a weak hydrogen bond to
W5 (3.49 Å), while the protonated 3-nitrogen is in hydrogen bond distance to Gly219 ATOM O(3.01 Å). The electron density accounting for the sulphur atom is shown in
Fig. 4. The sulphur of the same but isolated bicyclic P1
ring (PDB ID 1C5N)29 attains exactly the same position
as in 7.
As the sample was a racemate, the experimental
electron density might account for both of them. The reason lies in the 4,5,6,7-tetrahydrobenzothiazole ring of
these inhibitors which has the ability to undergo up to
down shifts at C6. Thus, both configurations can adopt the
required conformation of the active site. Nevertheless, the
electron density is more consistent with the S configuration although R configuration could not be entirely excluded. At the P1 site, both models fit equally well into the
electron density but the refinement of the R enantiomere
gave an orientation which is outside the electron density at
the aryl binding site. The S configured compound shows a
perpendicular turn of the amide bond between the P1 and
P2 moieties (Fig. 4). The carbonyl oxygen thus points toward the catalytic triad and makes contacts to His57 atom
Nξ2(3.05 Å) and Ser195 atom Oγ (2.8 Å).
This may add to the efficacy of this inhibitor, which
has the lowest value of binding constant in these four high
nanomolar inhibitors. In the R configuration, the amide
bond turn is also observed but the contact to His57 or
Ser195 is absent. The ability of up/down shifts, R and S
configurations, the site of entrance of P1 ring, its orientation (orientation of the sulphur and the charged nitrogen at
the side of the ring) and the orientation of the amide bond
between P1 and P2 and thus carbonyl oxygen are apparently interdependent.

2. 2. 4. Molecules 4 and 5
P2 and P3 moieties of 5 are structurally identical as
in 6 and they also bind identically in both cases. There are
two differences to 6. Firstly, tetrahydrobenzothiazole ring
is substituted by the tetrahydroindazole and secondly, 2amino nitrogen is absent but an additional methyl is added
in the peptidomimetic backbone so that the overall length
of the P1 part remains unaltered. Nitrogens of indazole
ring form a tautomeric system so that charge is distributed
between both rings. As this is at the bottom of the ring,
positively charged substituent P1 can achieve a direct contact with Asp189. Final 2Fo–Fc electron density map is
compatible with the R configuration of the P1 ring as in 6.
In spite of the fact that P1 moiety of the inhibitors 4
and 5 are equal, the determination of the most probable
structural form bound into the active site was more difficult in the case of the inhibitor 4 for several reasons. First,
there is a change of orientation of the amide bond between
P1 and P2 with respect to configuration as in 7. Second,
the electron density was of approximately the same quali-

ty for both, R and S enantiomers. Furthermore, it was difficult to establish the most probable conformer of the P1
moiety since the P1 moiety of the 4 can rotate around the
α0 and α1 dihedral and has thus more conformational
freedom. According to the calculated pKa of 4.0 (www.
acd.labs) the 1-nitrogen of tetrahydroindazole is in the uncharged form. In view of the tautomeric equilibria between indazole nitrogens two conformations of each configuration have to be considered.

2. 2. 5. Interactions of the scaffold and the P2
moiety
The proline and piridinone rings lie coplanarlly below the YPPW loop of thrombin S2 pocket. The piridinone rings in molecules 5 and 6 are positioned at exactly
the same place. Proline ring binds approximately 1.5 Å
closer to His57, the Cδ of proline occupying the place of
the methyl group of the 5 or 6. Both rings are coplanar
with Trp60D and perpendicular to Tyr60A and His57.
They are also perpendicular to the piperidino P2 part of
the aza family of molecules, which stand parallel to
His57. This is an important difference observed between
the two binding modes – extended and a more compact
one.

2. 2. 6. Interactions in the Aryl Binding Site
It was reported already that the cyclohexyl part and
not the benzyl part of the inhibitor 4 or 7 – like molecules
binds to the aryl binding site.30 Our structural studies
confirm this finding. Cyclohexyl arm of 4 and 7 has less
conformational freedom and a higher lipophilicity than
the benzyl ring and binds preferentially into the aryl
binding site. In molecules 5 and 6 the aryl binding site is
occupied by the benzyl ring, however. Benzylsulfonamide arm is longer than the cyclohexyl. The C11 atom
of the 6 occupies approximately the same site as the C10
atom of the 4. This leads to a slightly different way of entrance of the cyclohexyl ring in the aryl binding site as
compared to that of the benzyl ring in the case of 5 or 6.
The angle of the benzyl ring planes of 5 or 6 and cyclohexyl ring of 4 or 7 attains approximately 50 degrees.
Electron density of the benzyl ring is well defined at 1 σ
for the molecules 5 and 6. In 4, however, there is no electron densitiy for the benzyl ring and in 7 the electron density for the benzyl ring is adequately seen at 0.8 σ only
and is missing at the C7 atom between the benzyl ring
and the sulphonyl group. This weaker density or its absence implies that there is a rotation of the benzyl ring
around the bonds between the sulphonyl group and the
ring. Such rotation probably precludes a succesfull binding. Surprisingly, this substituent apparently can not occupy an alternative binding place. It was expected that the
benzylsulfonamide group of 4 and 7 would bind into the
region bordered by Trp60D above, Cys191–Cys220
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disulfide linkage below, the side chain carbons of Glu192
and the P1 moiety of the inhibitor itself at the back. Such
binding mode was reported previously.7 In that case benzyl ring of the benzylsulfonamide functionality binds
perpendicular to the 6-amino cyclohexane ring (P1) of
the inhibitor. Distances between them are within 3.4–3.9
Å. P1 moiety at the back of the pocket is thus probably
involved in the hydrophobic collapse with a neighbour
part (P3) of the inhibitor – a phenomenon similar to the
one observed in the Argatroban/NAPAP family of compounds31–33 where P2 and P3 moieties ‚collapse’.
Sulphonamide oxygens of 4 and 7 form a hydrogen bond
to N Gly219. This indicates that the initial part of the
benzylsulfonamide arm directs toward the region described above. In the inhibitor 7 the ring is seen at 0.8 σ
but the density of the bridging carbon atom to the sulphonamide group is absent. Benzyl ring in 7 occupies the position close to the carbon atoms of the side chain of
Glu172 (the closest contact is 3.77 Å). Binding at this position appears neither to improve nor to alleviate the efficacy of binding. This conclusion is derived from the comparison of the molecules 5 and 6, which possess pyridinone acetamide at P2 and the same P1 parts but no benzylsulfonamide arm. Their affinity is of the same order of
magnitude.
The 4, 5, 6, 7 tetrahydrobenzene ring of the inhibitor 7 is rotated for 45 degrees with respect to the 6amino cyclohexane plane and Trp60D ring. The positive
charge of the weakly basic thiazolamino functionality is
located at the side 3-nitrogen and not at the terminal aniline type nitrogen. The rotation of this P1 ring is thus
more restricted than rotation of 6-amino cyclohexane
ring. The orientation of the P1 ring of 7 probably precludes effective interaction with the benzylsulfonamide
group and consequently partial disorientation of the latter
(seen at 0.8 σ). Favourable hydrophobic contacts are prevented also in 4 where the P1 ring is rotated for 90 degrees with respect to Trp60D. The electron density of the
benzyl ring of 4 is absent.
The reason for the absence of the favourable contact
is thus in the interaction pattern of tetrahydroindazole of 4
and tetrahydrobenzotiazole of 7 at the bottom of S1 pocket. It is most probably the combination of the size of P1
rings, location of the charge at the side of the rings (7) and
distribution of charge within the ring (4).

2. 3. Structural Motives of the Water
Molecules at the Bottom of the S1
Pocket
When P1 parts occupy the S1 pocket they replace
water molecules present in the apo structures of thrombin.
As they are of different structures and as they enter the
pocket from different sites and under different angles,
they occupy different positions at Asp189 and supplant a
different number of water molecules. The number and po-

sition of the water molecules, remaining at the bottom of
the S1 site left and right to the Asp189 and in the water
channel after the binding of the inhibitor, stay remarkably
unchanged. Nevertheless, three distinct patterns can be
observed with respect to the presence or absence of water
molecule between the P1 moiety and Tyr228. Our inhibitors possess four different P1 moieties and cover all
three motifs.
The water pattern most frequently observed is the
one present in 1, 2, 5 and 7. A highly conserved water
molecule acquires the position in the direction toward
Tyr228 (Fig. 5a). In 2 it forms hydrogen bonds to Phe227
atom O(3.01 Å) and inhibitor’s N20 (3.30 Å) and also
weak electrostatic interactions to Trp215 atom O(3.66 Å)
and aromatic Tyr228. In other three inhibitors this water
molecule occupies an identical position and forms weaker
or stronger contacts to the same residues in the surroundings. This water molecule is present in the majority of the
thrombin-inhibitor structures in the RCSB protein data
bank17.
In the second motif this water molecule is absent
(Figure 5b). In 3, for example, it is replaced by the hydroxyl group of the benzamidoxime. This hydroxyl oxygen occupies the exact position of this water and thus also
retains the contacts with O Phe227, O Trp215 and Tyr228.
Some of structures where this water is absent as well are
PDB ID 1ETT, PDB ID 1C4Y, PDB ID 1C5N and PDB
ID 1HDT. In all of these structures the P1 moiety protrudes as in 3 toward Tyr228 and supplants the water molecule.
In the third pattern represented by inhibitor 6 an additional water molecule is present (Fig. 5c). It is positioned between the highly conserved water and the inhibitor. The former forms additionally a hydrogen bond to
N Phe227 and to the additional water molecule. The latter
forms hydrogen bonds to Asp189 atom O, Ala190 atom O,
Ala190 atom O, inhibitor’s N36 and N60. A similar binding motif is observed also in structures PDB ID 1AE8,
PDB ID 1AFE, PDB ID A46 and PDB ID 1D9I. In the
first three complexes P1 is a lysyl residue which occupies
less volume than other more branched P1 parts leaving
room for another water molecule.
In general it is assumed that because of the high entropic cost of trapping highly mobile water molecules, an
interface that leaves no space between the interacting protein and the ligand will necessarily give a higher binding
affinity than one in which the interface contains gaps
filled by water.34 In certain molecular systems ligands that
displace water molecules indeed are highly potent inhibitors.35,36 In our system, however, water molecules do
not seem to play an important role. Molecule 3 which supplants the highly conserved water molecule toward
Tyr228 binds with high nM affinity as does its 1,3 analogue. The entropic gain for replacing the conserved water
molecules and introducing a direct contact between the inhibitor and thrombin apparently has no net contribution to
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Figure 5. Three motifs of water molecules at the bottom of the S1 pocket observed in inhibitors 1–7.

free energy of binding in this case. On the other hand 6,
which leaves one additional water in front the Asp189, has
an affinity that is neither better nor worse than the affinity
of related molecules. This is in agreement with the view
that thrombin uses water molecules to steer the carboxylate of Asp18937 and to extend the range of ligands that
can bind to the protein.38 This observation is also in concurrence with the results of our theoretical calculation that
the crucial contribution to the efficacy of binding in the S1
pocket arises form the ionic contact between the inhibitor
and Asp189.28 Nevertheless, this observation proves that
there is space at the bottom of the S1 pocket for different
orientations and sizes of P1 moieties regardless of
whether they are charged or uncharged.

3. Conclusions
Molecules 1–3 with azaphenylalanine tripeptide
scaffold exhibit a similar binding mode as other inhibitors
from the Argatroban/NAPAP family.1,2,38,39 However, the
central planarity of these molecules causes specific adaptation of the central part of the molecules to the surface of
thrombin. Molecules 1 and 2 can attain a suitable conformation and preserve low nanomolar binding affinity with
an improved in vivo behaviour.
The optimization strategy in the glycyl proline family was, to introduce a benzylsulfonamide functionality.
Surprisingly, this does not bring much enhancement in potency. The reason for this lies probably in the absence of
an effective intramolecular hydrophobic interaction with
the P1 moiety as documented before. The reason for this
absence is probably the rigid mode of binding of the P1
moiety, due to charge location and size of P1 rings. These
observations are indirectly a proof for the influence that
the P1 moiety can have on the binding of other parts of the
inhibitor and stresses the importance of intramolecular
contacts in this family of molecules.
Due to the lower basicity, molecules 4, 5, 6 and 7
form weaker electrostatic contacts to Asp189. Although
the solvation cost of the uncharged P1 moieties decreases,

Coulomb interaction increases relatively more so that the
overall electrostatic contribution for the P1 moiety-protein and inhibitor-protein turns positive and thus unfavourable. Our quantitative results show that in molecules with uncharged P1 residue the complexation with
thrombin is determined by forces other than electrostatics,
which is in agreement with the need to optimize such inhibitors at hydrophobic P2 and P3 moiety.
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Povzetek
Trombin, serinska proteinaza iz dru`ine tripsina, igra pomembno vlogo pri trombozi in hemostazi. Zaradi potrebe po
u~inkovitih, hitro delujo~ih, stabilnih in selektivnih direktnih trombinskih zaviralcih z mo`nostjo oralne uporabe, so
raziskave na tem podro~ju intenzivne. Pred kratkim smo z uporabo paradigme racionalnega na~rtovanja odkrili dve seriji novih trombinskih zaviralcev. V prvi smo se osredoto~ili na aza peptidni skelet, ki posnema strukturo klasi~nega
tripeptida D Phe-Pro-Arg. V drugi pa smo iskali trombinske zaviralce z nevtralno P1 skupino, da bi s tem optimirali biolo{ko razpolo`ljivost in selektivnost na tripsin. Kot rezultat na{ih prizadevanj smo dobili ve~ bicikli~nih mimetikov
arginina na polo`aju P1, pripetih na glicil-prolinamidno in piridinon-acetamidno ogrodje. V ~lanku poro~amo o sedmih
kristalnih strukturah iz serije kongenernih zaviralcev z novim aza peptidnim ogrodjem in z nevtralno P1 skupino v kompleksu s trombinom. V diskusiji smo se osredoto~ili predvsem na prepoznavo obeh razredov zaviralcev v `epu S1 proteinskega aktivnega mesta, in sicer z analizo elektronske gostote in strukture vode v `epu.

Mlinsek et al.: Thrombin Inhibitors With Novel Azaphenylalanine Scaffolds ...

751

