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A series of 138 nonchiral 3-amidinobenzyl-1H-indole-2-carboxamides and analogues as inhibitors
of the blood coagulation enzyme factor Xa (fXa) were designed, synthesized, and investigated
by X-ray structure analysis and 3D quantitative structure-activity relationship (QSAR) studies
(CoMFA, CoMSIA) in order to identify important protein-ligand interactions responsible for
biological affinity and selectivity. Several compounds from this series are highly potent and
selective inhibitors of this important enzyme linking extrinsic and intrinsic coagulation
pathways. To rationalize biological affinity and to provide guidelines for further design, all
compounds were docked into the factor Xa binding site. Those docking studies were based on
X-ray structures of factor Xa in complex with literature-known inhibitors. It was possible to
validate those binding modes by four X-ray crystal structures of representative ligands in factor
Xa, while one ligand was additionally crystallized in trypsin to rationalize requirements for
selective factor Xa inhibition. The 3D-QSAR models based on a superposition rule derived from
these docking studies were validated using conventional and cross-validated r2 values using
the leave-one-out method and repeated analyses using two randomly chosen cross-validation
groups plus randomization of biological activities. This led to consistent and highly predictive
3D-QSAR models with good correlation coefficients for both CoMFA and CoMSIA, which were
found to correspond to experimentally determined factor Xa binding site topology in terms of
steric, electrostatic, and hydrophobic complementarity. Subsets selected as smaller training
sets using 2D fingerprints and maximum dissimilarity methods resulted in 3D-QSAR models
with remarkable correlation coefficients and a high predictive power. The final quantitative
SAR information agrees with all experimental data for the binding topology and thus provides
reasonable activity predictions for novel factor Xa inhibitors.

1. Introduction
There is a growing interest in new, orally active

anticoagulants with significant advantages to current
agents such as heparin and warfarin for the treatment
and prevention of thrombotic diseases. Those diseases
involving deep vein thrombosis and stroke are one of
the major reasons for mortality in Europe and the U.S.1
The blood coagulation serine protease factor Xa (fXa)
plays a central role in the coagulation cascade,2 linking
the intrinsic (activated by surface contact) and extrinsic
(activated by vessel injury) pathways to the common
coagulation pathway.3 Factor Xa in combination with
factor Va activates prothrombin on a phospholipid
surface to generate thrombin,4 while it is not known to
be involved in processes other than hemostasis. Throm-
bin subsequently converts fibrinogen to fibrin, inducing
clot formation and platelet aggregation.5 Both incidents
lead to serious pathological situations. The inhibition
of fXa compared to thrombin may allow the effective
control of thrombogenesis with minimal effect upon
bleeding6-10 because fXa inhibitors should affect coagu-
lation specifically. Furthermore, inhibition of fXa is seen

to be more efficacious because one molecule fXa gener-
ates many thrombin molecules. In addition, inhibition
of fXa should prevent new production of thrombin, while
a basal thrombin level might be necessary for primary
hemostasis. A growing number of reviews11-15 and
publications16 demonstrate the pharmaceutical interest
in potent and selective fXa inhibitors.

The mature form of factor X consists of a 139-residue
light chain and a 303-residue heavy chain linked by a
disulfide. It is synthesized in the liver and secreted after
post-translational modifications into the blood as zy-
mogen. Factor X is activated by the factor VIIa-tissue
factor complex in the extrinsic pathway, initiated by
vascular damage, or by the factor IXa-factor VIIIa
complex in the intrinsic pathway. The heavy chain
encompasses a serine protease domain in a trypsin-like
closed â-barrel fold with the active triad Ser195-His57-
Asp102 and two neighboring protein subsites S1 and
S4, which are typically explored for obtaining high-
affinity inhibitors.

In the first approach, peptidic factor Xa inhibitors
were identified by high-throughput screening of com-
binatorial peptide libraries, resulting in selective and
potent inhibitors such as SEL2711 (Ki(FXa) ) 3 nM;
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Ki(thrombin) ) 40 000 nM17). Those structures allowed
extraction of relevant structural motifs for factor Xa
inhibition. The subsequent availability of high-resolu-
tion factor Xa X-ray structures in uncomplexed form18

and with bound inhibitors19 led us to the design and
systematic synthesis of novel, achiral fXa inhibitors by
a combination of benzamidines directed toward the fXa
S1 pocket and basic or hydrophobic substituents di-
rected toward the flexible S4 subsite of factor Xa.
Because peptide inhibitors have insufficient pharma-
cokinetic properties such as low oral bioavailability and
short half-lives after administration to animals, replace-
ment by a rigid central scaffold as the priviledged
structure was desirable. Suitable central scaffolds are
carbocyclic or heterocyclic rings with possibilities for
directing substituents toward the fXa S4 subpocket.
This led to the identification of the 3-amidinobenzyl-
1H-indole-2-carboxamide scaffold20 as an interesting
structural motif offering potency and selectivity by
connecting benzamidines in order to provide a geo-
metrical framework for orienting side chains in S4.
Because of its simplicity, lack of chirality, ease of
synthesis, and opportunity for structure-based design,
this scaffold was chosen for systematic exploration. In
this report, we combine structure-based and 3D quan-
titative structure-activity relationship (QSAR) ap-
proaches to understand relevant protein-ligand inter-
actions for activity and selectivity of 138 3-amidinoben-
zyl-1H-indole-2-carboxamides and analogues. This is
achieved by a combination of X-ray structure analysis
in factor Xa and trypsin, flexible molecular docking, and
3D-QSAR analyses. The reported 3D-QSAR models
allow reliable predictions of novel candidates and un-
cover binding features that are responsible for affinity
and selectivity.

Although cationic interactions21 in both S1 and S4
subsites are favorable for in vitro affinity, they might
be detrimental for oral bioavailability. Hence, the
replacement of basic moieties in the S4 pocket by
lipophilic substituents was important. The use of 3D-
QSAR models led to the identification of binding site
regions, where steric, electronic, or hydrophobic effects
play a dominant role. At the final stage, a solid-phase
optimization strategy22 was used that allowed replace-
ment of the basic functionality in S4 toward lead
optimization. Similar analyses were done for thrombin
affinity in this dataset and helped to understand and
improve the critical structural factors for selectivity.

The determination of the active conformation is the
crucial step in 3D-QSAR. With the availability of protein
3D structures, this active conformation can be obtained
by two approaches: docking of a reference compound
and X-ray crystallography. The first approach was
chosen23 and could be validated by subsequent X-ray
structure analyses of four representative compounds in
factor Xa and one compound in the related serine
protease trypsin. Flexible docking was based on avail-
able X-ray structures of non-peptidic benzamidine-type
factor Xa inhibitors in complex with factor Xa.19b,c,24 This
led to an alignment for all other compounds by super-
imposing them onto the template and relaxing them
within the cavity. This superposition produced consis-
tent 3D-QSAR models that explained the key ligand-
enzyme interactions.

Comparative molecular field analysis (CoMFA)25-27

and comparative molecular similarity index analysis
(CoMSIA)28 are used to derive relationships between
molecular property fields and biological activities. Elec-
trostatic and steric interaction energies are computed
between each ligand and a probe atom located on
predefined grid points for CoMFA, while for CoMSIA,
those interaction fields are replaced by fields based on
similarity indices between probe atoms and each mol-
ecule. The PLS method (partial least squares)29 is used
to derive a linear relationship for highly underdeter-
mined matrices, and cross-validation30 is used to check
for consistency and predictiveness. The contour maps
from 3D-QSAR models enhance the understanding of
electrostatic, hydrophobic, and steric requirements for
ligand binding, guiding the design of novel inhibitors
to those regions where structural variations altering
steric or electrostatic fields reveal a significant correla-
tion to biological properties.

2. Methods
2.1. Design of Factor Xa Inhibitors. During our fXa

project, the 3-amidinobenzyl-1H-indole-2-carboxamide scaffold
was identified to lead to potent and selective inhibitors. We
were successful using 2-substituted 3-amidinobenzyl-1H-in-
doles to orient different residues in the S4 subpocket (Scheme
1). Starting from N-methylpyridinium (1, 2) and trimethyl-
ammonium benzyl substitutions at the 3-amidinobenzyl-1H-
indole-2-carboxamide scaffold (76, 77), the best position for this
positive charge directed toward S4 was investigated, followed
by aliphatic replacement to improve their pharmacokinetic
properties. Our design is based on the fXa active site topology
from X-ray structures of des-Gla human factor Xa with known
inhibitors19 and some 3-amidinobenzyl-1H-indole-2-carbox-
amides. In agreement with other proteases (e.g., trypsin), the
benzamidine moiety attached to the indole N1 interacts with
Asp189 in the fXa S1 pocket.

3-Amidinobenzyl-1H-indole-2-carboxamides with polar groups
directed toward the S4 subpocket are potent fXa inhibitors.
Substitutions at positions 5 and 6 at the 3-amidinobenzyl-1H-
indole-2-carboxamide scaffold reduce activity, while halogens
in position 3 enhance activity. Small substituents such as
hydroxy and methyl are preferred for position 4. The 3-ami-
dinobenzyl group attached to indole N1 is essential for
inhibition. The amide substituent at position 2 is directed
toward the S4 pocket. Highly polar groups in this area can be

Scheme 1. Relevant Protein-Ligand Interactions of
3-Amidinobenzyl-1H-indole-2-carboxamides in Complex
with Human Factor Xa

2750 Journal of Medicinal Chemistry, 2002, Vol. 45, No. 13 Matter et al.



Table 1. 138 3-Amidinobenzyl-1H-Indole-2-carboxamides and Analogues Used in this Study
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Table 1 (Continued)
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Table 1 (Continued)
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Table 1 (Continued)

a Diacetate salt of compound 53, not used for 3D-QSAR. b Diacetate salt of compound 83, not used for 3D-QSAR.
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replaced by lipophilic substituents such as 3,5-dimethylbenzyl
without loss of activity (22, 24). This reduction of polarity is a
step toward improving the pharmacokinetics. Direct connec-
tion of the 3,5-dichlorophenyl ring to the amide nitrogen
results in a dramatic loss of activity. On the basis of these
SAR considerations for 3-amidinobenzyl-1H-indole-2-carbox-
amides supported by extensive modeling studies, novel com-
pounds were planned and synthesized, as summarized in
Table 1.

2.2. Chemistry and Enzyme Assay. Synthesis of the
compounds listed in Table 1 was achieved by starting from
commercially available or easily accessible indole 2-carboxylic
acid esters in a conventional synthesis sequence.20,22 Alkylation
with 3-cyanobenzylbromide, ester cleavage, and coupling with
the corresponding amines or alkylation with the corresponding
bromides resulted in cyano precursors that were subsequently
converted to amidines by known procedures such as the Pinner
reaction (ref 31, not for indole esters), hydroxyamidine reduc-
tion,32 and the H2S/NH3 method,33 respectively (Scheme 2). In
addition, a solid-phase strategy (Scheme 3) was employed
for the synthesis of compounds with hydroxy or amino func-
tionality at C4 or C5 of the indole scaffold.22 The biological
assay used for compound testing was described earlier.17a

For 3D-QSAR studies, enzyme inhibition is expressed as
log[(1/Ki)100000]. Two compounds were synthesized and tested
both as di-trifluoroacetate and di-acetate to assess the influ-
ence of the counterions on biological data, while only data from
di-TFA salts were used for 3D-QSAR, resulting in 138 mol-
ecules for statistical analysis (53/54 and 83/91 in Table 1).

2.3. X-ray Structure Analysis. 2.3.1. Crystallization.
Purified human fXa was purchased from Enzyme Research
Lab (South Bend, IN). The Gla domain was removed and the
Gla-less factor Xa was crystallized in hanging drops as
described earlier.19 Trypsin from bovine pancreas (Sigma ref
T8918) was dissolved in 0.6 M ammonium sulfate with 1 mg/
mL CaCl2 and 10 mg/mL benzamidine to a final concentration

of 60 mg/mL. Crystals were grown at 19 °C using the hanging
drop and vapor diffusion method and appeared in droplets
equilibrated over reservoirs composed of 1.2-1.6 M ammonium
sulfate adjusted with concentrated NaOH to pH 5.0-7.0.

2.3.2. Data Collection and Processing. Crystals were
soaked in 5 µL of reservoir solution containing ∼20 mM or
saturated inhibitor (depending on the solubility) for 24-72 h.
The trypsin crystal was mounted in an X-ray capillary and
measured at room temperature. The factor Xa crystals were
measured at cryogenic temperatures. For cryogenic data
collection, the crystals were picked up with a fiber loop, soaked
for a few seconds in a solution containing 20% glycerol and
5-20 mM inhibitor in reservoir solution, and flash-frozen in
a stream of gaseous nitrogen at 100 K.

The X-ray intensity data were collected on Mar300 imaging
plate (trypsin and fXa-79 and 125) (X-ray research, Germany)
or a Mar345 imaging plate (fXa-41 and 45), both mounted on
an FR591 rotating anode (Nonius, The Netherlands) operating
at 40 kV, 80 mA. Data processing and scaling were carried
out using the XDS package.34 Data collection and refinement
statistics are presented in Table 2.

2.3.3. Structure Solution and Crystallographic Re-
finement. The structures were solved by molecular replace-
ment. The search models were made from the coordinates of
refined structures of trypsin and fXa complexes solved previ-
ously with the same crystal packing as the current complexes.
The bound inhibitors were omitted from the search models.
Energy-restrained least-squares refinement was carried out
using X-PLOR.35 Refinement was started with rigid-body
refinement to adjust for small differences in cell dimensions,
followed by energy minimization and individual temperature
factor refinement. At this stage, the 2Fo - Fc and Fo - Fc maps
were inspected and the inhibitors were fitted. Solvent mol-
ecules were included if they were on sites of different electron
density with values above 3.5σ and if they were within 3.5 Å
of the protein molecule or a water molecule. After two to three

Scheme 2a

a (a) NaH, DMF; (b) NaOH, MeOH; (c) diphenylphosphoryl azide, DIPEA, DMF, HNR7R8; (d) (i) HCl, EtOH, (ii) NH3, EtOH; (e) (i)
HONH2, EtOH, (ii) Raney nickel, NH4Cl, EtOH/H2O; (f) (i) H2S, TEA, pyridine, (ii) MeI, acetone, (iii) NH4OAc, HOAc, MeOH; (g) K2CO3,
DMF, Br-R7.
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additional rounds of manual inspection, rebuilding, and refine-
ment, the final models were obtained with R factors between
16.1% and 19.7% and free R factors between 28.6% and 29.5%
and excellent geometry. The EGF-1 domain is not visible in
the electron density maps probably because of disorder, and
the rather high free R factors might relate to this disordered
EGF-1 domain. The statistics of the crystallographic refine-
ment are listed in Table 2.

2.4. Computational Procedures. 2.4.1. General Proce-
dures. All modeling work and statistical analyses were
performed using the program SYBYL36 on Silicon Graphics
workstations. Docking and QSAR model analyses were auto-
mated using scripts in PERL and SPL (Sybyl Programming
Language). All energy calculations were based on the MMFF94s
force field37 using MMFF94 charges.37 Conformations of ligands
and complexes were minimized using quasi-Newton-Raphson
(BFGS) or conjugate gradient (CG) procedures.

2.4.2. Docking Studies. For flexible docking, the factor Xa
crystal structure 1XKA19b was used, while later investigations
were based on the structures for 41, 45, 79, and 125. After
analysis of key protein-ligand interactions using the program
GRID,38 candidate molecules were manually docked in differ-

ent orientations in the active site. Subsequently the resulting
protein-ligand complexes were minimized, treating all ligand
atoms plus protein residues within a sphere of 5 Å around the
ligand as flexible, while the remaining protein was only used
to compute nonbonded interactions. A structurally conserved
water consistently situated in the S4 pocket was included in
all energy minimizations. Other compounds were built accord-
ingly, docked into fXa, and minimized. This alignment for all
molecules in Table 1 served as the basis for 3D-QSAR.
Automatic docking of selected compounds using the programs
QXP39 or FlexX40 led to similar conformations, which were
validated by X-ray structures in human des-Gla factor Xa. In
total, X-ray structures for four 3-amidinobenzyl-1H-indole-2-
carboxamides in factor Xa (41, 45, 79, and 125) and one in
trypsin (79) were obtained with resolutions ranging from 2.0
to 2.7 Å.

2.4.3. 3D-QSAR. Steric and electrostatic interaction ener-
gies between a probe atom and aligned molecules are calcu-
lated at predefined grid points with 2 Å spacing, a positively
charged carbon atom, and a distance-dependent dielectric
constant. Default settings were used for CoMFA and CoMSIA,
if not stated otherwise.

The alignment was also used to compute steric, electrostatic,
and hydrophobic similarity index fields for CoMSIA.28 The
advantage of CoMSIA is that no singularities occur at atomic
positions because of a Gaussian-type distance dependence of
the physicochemical properties. Similarity indices41 were
computed using a probe with a charge of +1, a radius of +1,
a hydrophobicity of +1, and an attenuation factor R of 0.3 for
Gaussian-type distance dependence.

Equal weights for CoMFA or CoMSIA fields were assigned
using the CoMFA-STD scaling option.42 Cross-validated analy-
ses were run using the leave-one-out method in SAMPLS43 or
two and five cross-validation groups with a random selection
of group members. PLS analyses using two or five randomly
selected cross-validation groups were averaged over 100 runs.
CoMFA columns with a variance smaller than 2.0 were
excluded prior to the PLS analysis (minimum σ). The overall
quality of all PLS analyses was expressed using the cross-
validated value r2(cv). For validation, all biological activities
were randomized44 100 times and were subjected to PLS
analysis and the mean cross-validated r2 was calculated.

2.4.4. 3D-QSAR Model Validation. Because simple ran-
domization of activities could be misleading, if there is ap-
preciable redundancy in the dataset, progressive shuffling45

was used as an alternative randomization technique. This
y-block perturbation strategy first subdivided biological activi-
ties into 2-12 subgroups of similar ranges. Subsequently the
biological activities were randomized only within a subgroup,

Scheme 3a

a (a) DCM/THF, DIPEA; (b) A, B, DMF; (c) (i) benzyltrimethylammonium hydroxide, MeOH, DMF, (ii) H2N-R1, DMF, DIC, HOBt
(DIPEA); (d) (i) H2S, pyridine, TEA, (ii) MeI, acetone, (iii) ammonium acetate, HOAc, MeOH; (e) DCM, TFA, H2O.

Table 2. Data Collection and Refinement Statistics

enzyme trypsin fXa fXa fXa fXa
inhibitor 79 79 125 41 45
space group P212121 P212121 P212121 P212121 P212121
a, Å 63.6 56.2 56.7 56.3 56.7
b, Å 63.6 72.0 72.2 72.0 72.4
c, Å 68.9 78.7 78.6 78.3 78.5
obsd reflns 45 455 70 257 37 057 45 424 23 354
unique reflns 14 008 20 233 15 227 12 329 8 383
resolution, Å 2.2 2.0 2.2 2.4 2.7
Rsym 9.8 5.9 6.5 6.7 7.8
completeness, % 95.2 91.1 89.8 95.2 90.1
protein atoms 1629 2249 2249 2249 2249
inhibitor atoms 33a 41 64/32b 32 32
calcium ions 1 1 1 1 1
sulfate ions 1 0 0 0 0
water molecules 139 295 296 291 294
Rfactor, % 16.6 19.7 19.2 18.1 16.1
Rfree, % 28.6 28.0 28.0 29.5
rmsd bond length, Å 0.008 0.008 0.008 0.008 0.007
rmsd bond angle, deg 1.59 1.42 1.49 1.46 1.38
rmsd dihedral, deg 16.4 24.2 24.7 24.7 24.7
rmsd improper, deg 1.35 1.87 2.07 1.90 1.96

a The O-benzyl group of the inhibitor is not fitted because it is
not visible in the electron density maps. b The inhibitor is bound
in two different conformations with almost equal occupancy.

2756 Journal of Medicinal Chemistry, 2002, Vol. 45, No. 13 Matter et al.



while the relation between individual subgroups remained
unaffected. Thus, the stability of each obtained regression
model could be directly tested. For 12 subgroups, only a small
local perturbation of biological activities was probed, while for
2 subgroups, a much larger portion of the dataset is random-
ized. This method provides information about the structure
of the y block, indicates inconsistencies, and helps to estimate
the tolerable error in biological activities for any PLS model.
For analysis, the number of subgroups was plotted on the x
axis against the mean cross-validated r2 value per submodel
(20 randomizations each) on the y axis.

Two-dimensional fingerprints were generated using the
program UNITY46 for rational selection of multiple training
and test sets in order to evaluate the predictive capabilities
of the final PLS model, which contains information about the
presence of molecular fragments in a binary format. Their
similarity is computed using the Tanimoto coefficient,47 defined
by the number of bit sets in both bit strings normalized by
the number of bit sets in common. Compound selections were
done using maximum dissimilarity methods and 2D finger-
prints.48,49

3. Results and Discussion

3.1. X-ray Structure Analysis. Crystals of the factor
Xa-inhibitor complexes diffracted well with resolution
between 2.0 Å (79) and 2.7 Å (45) (Table 2), and the
inhibitors generally were well defined, as seen in Figure
1. The crystal of the trypsin-79 complex diffracted to
2.2 Å, and the inhibitor, with the exception of the
O-benzyl moiety, was well defined (Figure 1E). The
structures of the factor Xa complexes are similar to the
structures of other factor Xa complexes in the protein
databank. Superposition of the CR atoms of the catalytic
domain (residues 16-244) of the 79 complex gave the
following root-mean-square deviations: 0.3 Å/234 CR
atoms for PDB entries 1F0R and 1FJS, 0.5 Å/234 CR
atoms for PDB entry 1XKA, and 0.6 Å/229 CR atoms
for PDB entry 1HCG. These root-mean-square differ-
ences are more influenced by the crystal packing (1XKA
and 1HCG have a different crystal packing) than by the
inhibitor.

3.2. Binding Mode of Indole-Based fXa Inhibi-
tors. In all investigated fXa-inhibitor complexes, the
2-amidinobenzyl at the indole N1 is located in the fXa
S1 pocket and interacts with Asp189 at the bottom of
this pocket. This is the typical binding mode observed
for other benzamidine-based factor Xa inhibitors. The
indole scaffold itself is solvent-exposed and stacked upon
the flexible side chain of Gln192, while it is also involved
in van der Waals contacts with the Cys191-Cys220
disulfide bond.

The inhibitor 79 (fXa, 82 nM) carries an additional
O-benzyl group at indole position 5, which is not visible
in the trypsin-79 complex (Figure 1E) in the electron
density maps probably because of disorder. However,
this group is clearly visible in the fXa-79 complex and
stacked against the Arg143 side chain. To accommodate
this substituent, some reorganization of protein side
chains takes place. While the Arg143 guanidine moiety
rotates about 90°, the neighboring Gln192 side chain is
also shifted, causing the formation of an additional
hydrogen bond between Gln192-OE1 and Arg143-NH1.

The amide oxygens of 41 (fXa, 25 nM), 45 (fXa, 9 nM),
and 79 are involved in hydrogen bonding interactions
via a structurally conserved water to Ser214 CdO and
the side chains of the catalytic triad residues His57 and
Ser195. In contrast, the ester carbonyl oxygen of 125

(fXa, 28 nM) is involved in a longer (∼3.3 Å) hydrogen
bond with Gly216-N.

The terminal groups of the 3-amidinobenzyl-1H-
indole-2-carboxamides and esters are situated in the fXa
S4 pocket, lined by residues Tyr99, Phe174, Trp215, and
Glu217. Since the main differences between the inhibi-
tors occur here, the positions of these groups are
discussed separately for each inhibitor.

For compound 41, the terminal dichlorobenzyl sub-
stituent is oriented almost parallel to the aromatic side
chain of Trp215 at the bottom of S4 and perpendicular
to the rings of Tyr99 and Phe174. The two Cl atoms
attached to the benzyl ring in this pocket have strong
electron density (Figure 1). Cl-1 points deep into the S4
pocket, while Cl-2 points toward the solvent and in the
direction of Glu217. The binding mode of inhibitor 45
is very similar because two chlorine atoms are replaced
by methyl groups. Interestingly, both X-ray structures
reveal that hydrophobic groups such as chlorine and
methyl are located at positions that are known to
preferably bind positively charged groups in the fXa S4
pocket. Thus, we could demonstrate that it is possible
to replace basic and/or polar substituents by hydropho-
bic residues and still maintain low nanomolar fXa
binding affinity.

The S4-directed 3-amidinobenzyl group in the fXa-
125 complex is bound in two different conformations.
In one binding mode, the S4 amidine group is located
at the same position as Cl-1 in the fXa-41 complex,
while in the other conformation, this amidine group
occupies the position of Cl-2 in the fXa-41 complex
(Figure 2). The binding mode of 125 is otherwise
identical to those of 41 and 45. The 4-(trimethylammo-
nium)benzyl group of compound 79 is the only para-
substituted terminal group of the inhibitors crystallized
for this study. The aromatic ring in 79 is bound almost
perpendicular to the aromatic terminal rings of the
meta-substituted inhibitors (Figure 2). It is bound
almost parallel to the aromatic ring of Tyr99 and
perpendicular to the Trp215 indole ring, while the
charged center is superimposed over all other side
chains (Figure 2). As discussed below, the position of
the terminal ring of this inhibitor in factor Xa is similar
to the position of this ring in the trypsin-79 complex.

To obtain an alignment rule, the two reference inhibi-
tors 41 and 45 were manually docked into factor Xa and
optimized using the MMFF94S force field while treating
all protein side chains within a sphere of 5 Å as flexible.
All other compounds were treated similarly to obtain a
superposition and hypothetical binding modes for all of
them suitable for 3D-QSAR studies.

3.3. CoMFA Model and Validation Studies. All
obtained 3D-QSAR models based on the alignment rule
derived from the fXa active site topology showed a high
degree of internal consistency. This section summarizes
the statistical results for both CoMFA and CoMSIA
models and the model validation studies. When a 2 Å
grid spacing was used, a CoMFA model with an r2(cv)
value of 0.760 for five relevant PLS components and a
conventional r2 of 0.913 was obtained (model A, cf. Table
3 and Figure 3). The statistical number of PLS compo-
nents in general is higher than the number of compo-
nents required for a meaningful chemical interpretation.
In order not to produce overdimensioned PLS models,
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a component was seen as “optimal”, if the q2 is not
significantly increased by adding an additional compo-
nent to the model.

The alignment based on experimental information on
the fXa binding site topology and the graph of observed
versus fitted biological activities50 for this model are

Figure 1. Comparison of X-ray binding modes for selected 3-amidinobenzyl-1H-indole-2-carboxamides in complex with human
factor Xa and trypsin. Molecules (A) 79 (82 nM), (B) 41 (25 nM), (C) 125 (28 nM, two conformers), and (D) 45 (9 nM) are shown
in complex with factor Xa, and (E) molecule 79 is shown in complex with bovine trypsin (1507 nM). The electron densities shown
are from Fo - Fc omit maps contoured at (2.5-3.0)σ. The inhibitors are well defined in the electron density maps with exception
of the O-benzyl group and part of the indole ring of 79 in trypsin, which is probably a result of the nonoptimal fit of this inhibitor
to the trypsin active site.
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displayed in Figure 3. The steric field descriptors (2156
grid-based variables) explain 59% of the variance, while
the electrostatic field accounts for 41%. This relative
percentage of field contributions is obtained taking
the normalized sum of standard deviations after
CoMFA_STD scaling multiplied by the PLS coefficients
for the final non-cross-validated PLS model. Affinity
predictions obtained from this and subsequent models
are listed in Table 4.

Changing the grid spacing for CoMFA steric and
electrostatic fields to 1 Å (16 632 grid-based variables

per field type) led to a five-component PLS model (model
B) with a slightly lower r2(cv) value of 0.753, a conven-
tional r2 of 0.912, and a similar chemical interpretation,
when inspecting the CoMFA contour maps (see below).
Model A with 2 Å grid spacing was extensively validated
to assess its predictive power and significance.

The effect of the compound alignment relative to the
grid position within the predefined region definition file
was evaluated by consistently moving all compounds in
increments of 0.5 Å in all three dimensions x, y, and z.
Here, the relative alignment is not changed, but the

Figure 2. (A) Superposition of the best manual docking mode (green) of molecule 41 (25 nM) with the experimentally obtained
complex (white ligand carbon atoms) in human factor Xa from X-ray structure analysis. Only selected residues from the fXa
binding site are shown, conserved water residues are given as spheres, and all hydrogens are omitted for clarity. (B) Superposition
of experimentally obtained X-ray structures of 3-amidinobenzyl-1H-indole-2-carboxamides (41, 45, 79, and 125) with solvent-
accessible surface for the fXa binding site generated from the fXa-41 complex. Hydrogens are omitted for clarity. (C) Superposition
of the crystal structures of 79 in fXa (purple/white) and trypsin (orange/green). The O-benzyl group at the indole ring is not
present in the trypsin structure because it was not visible in the electron density maps. The inhibitor binding modes are similar,
indicating that trypsin is a good surrogate for fXa here and correctly predicted the binding mode of 79. However, as discussed in
the text, details of the binding and the binding affinities differ (Ki(fXa) ) 82 nM; Ki(trypsin) ) 1507 nM).
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absolute orientation with respect to the grid has changed.
The r2(cv) values for each orientation ranged from 0.712
to 0.760 (mean r2(cv) ) 0.73; SD ) 0.02) for five-
component PLS models, suggesting only a minor de-
pendence on the absolute orientation of the grid box.
The effect of different choices of the origin of the grid
was investigated using 14 atom types in addition to
carbon C3 as probe atoms with a 2 Å grid spacing. The
r2(cv) values for each probe atom range from 0.743 to
0.769 for five-component PLS models with Cl or C3 and
other carbon-based atom types showing the highest
r2(cv), showing only a slight dependence on the chosen
probe (mean r2(cv) ) 0.75; SD ) 0.01).

Biological activities were randomly assigned to mo-
lecular structures and subjected to a leave-one-out PLS
analysis.44 The mean r2(cv) for 100 randomizations is

-0.05 (SD ) 0.06; high 0.10, low -0.21), showing that
the obtained model is significantly better than a random
model. No model shows more than one significant PLS
component.

Although cross-validation reflects the predictive power
of a model, the leave-one-out method might produce too
high r2(cv) values. Thus, PLS analyses were run with
two and five randomly chosen cross-validation groups
containing randomly selected compounds for predicting.
Because of the random group formation, both analyses
were repeated 100 times. The mean r2(cv) value of 0.738
for five PLS components and five cross-validation groups
(SD ) 0.02; high 0.788, low 0.682) is slighly lower than
that from using the leave-one-out method with a low
standard deviation, which also counts for a stable,
predictive PLS model. When only two cross-validation
groups were used, which corresponds to 69 randomly
chosen compounds in the test and training sets each, a
lower mean r2(cv) value of 0.675 for five PLS compo-
nents was observed (SD ) 0.04; high 0.753, low 0.567),
supporting the finding of a stable, significant, and
predictive model for this dataset.

To estimate the influence of increasing information
in X space on the predictive ability of the final CoMFA
model, a validation strategy was used that is based on
progressively dividing the full set into training and test
datasets using statistical design procedures.51 This
stategy led to a rigorous evaluation of the model’s
external prediction capabilities. Representative training
subsets containing between 20 and 136 members in
increments of 4 compounds were chosen using a maxi-
mum dissimilarity algorithm48,49 and 2D fingerprints,
as described earlier.51 For each designed training subset,
a leave-one-out PLS analysis was used to extract the

Figure 3. (A) Superposition of 138 3-amidinobenzyl-1H-indole-2-carboxamides and derivatives as factor Xa inhibitors for 3D-
QSAR studies (cf. Table 1), built on the basis of the docked, bioactive conformation of the reference compounds 41, 45, 79, and
125 and fitted into the protein cavity. Hydrogens are omitted for clarity. (B) Graph of observed versus fitted biological activity for
the final CoMFA model with 2 Å grid spacing.

Table 3. Summary of 3D-QSAR Models To Explain Factor Xa
Activity of 138 3-Amidinobenzyl-1H-indole-2-carboxamides and
Derivativesa

model
no. of

compds

grid
spacing

[Å] r2(cv) SD

PLS
compo-
nents r2

CoMFAc A 138 2 0.760 0.450 5 0.913
CoMFA B 138 1 0.753 0.457 5 0.912
CoMSIAc C 138 2 0.655 0.540 5 0.863
CoMSIA D 138 1 0.657 0.539 5 0.866
CoMFA E 82b 2 0.698 0.518 4 0.938
CoMSIA F 82b 2 0.660 0.539 5 0.933

a Two compounds indicated in Table 1 were not used for 3D-
QSAR studies. All models were derived using a minimum σ of 2.
r2(cv): cross-validation r2 using leave-one-out model. SD: standard
deviation of error from leave-one-out PLS model. PLS components:
optimal number of components. r2: non-cross-validated regression
coefficient. b Compounds used for this model are marked as SAR
set 1 in Table 4. c Models A and C were subjected to extensive
statistical validation.
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r2(cv) for the optimal number of components. Then a
PLS analysis without cross-validation led to the con-
ventional r2 and a model for predicting the remaining
compounds. The prediction of all remaining compounds

then results in the predictive r2 value for each model.
Those different r2 values are plotted in Figure 4A versus
the number of compounds for each designed training
subset following this approach. The r2(cv) value is low

Table 4. Fitted and Predicted Factor Xa Affinities from Various 3D-QSAR Models for 138 3-Amidinobenzyl-1H-indole-2-carboxamides
and Derivativesa

compd SAR_set pKi fXa
pred

CoMFA A
pred

CoMSIA C
pred

CoMFA E
pred

CoMSIA F compd SAR_set pKi fXa
pred

CoMFA A
pred

CoMSIA C
pred

CoMFA E
pred

CoMSIA F

1 1 2.77 2.98 3.18 2.55 2.92 71 1 1.88 2.02 2.28 2.05 1.99
2 1 2.30 2.60 2.65 2.50 2.53 72 1 1.45 1.40 1.71 1.39 1.48
3 2 3.07 3.33 3.08 2.35 2.32 73 1 2.99 2.85 2.73 2.73 2.80
4 2 3.89 3.72 3.56 2.52 2.82 74 1 2.85 3.08 2.78 2.87 2.86
5 2 3.30 3.92 4.04 4.01 4.10 75 1 3.12 2.70 2.74 2.74 2.82
6 2 3.59 3.84 3.91 3.80 3.94 76 1 3.05 3.29 3.31 3.30 3.27
7 1 2.77 2.65 2.55 2.75 2.68 77 1 1.75 1.76 1.87 1.60 1.67
8 2 2.52 2.07 2.41 2.06 2.22 78 1 3.21 2.74 3.06 3.07 3.20
9 2 4.05 3.83 3.86 3.79 3.93 79 1 3.09 2.74 2.74 3.07 3.19

10 2 3.40 3.36 3.55 3.16 3.32 80 1 3.18 3.14 3.11 3.16 3.11
11 1 2.46 2.62 2.40 2.64 2.55 81 1 2.85 3.33 3.07 3.33 3.08
12 1 2.80 3.05 3.31 3.10 3.02 82 1 3.55 3.30 3.44 3.27 3.40
13 1 2.22 1.91 1.70 2.15 2.09 83 1 3.85 3.82 3.72 3.84 3.66
14 1 2.44 2.46 2.14 2.42 2.34 84 1 2.84 3.05 3.21 3.12 2.91
15 1 2.82 2.53 2.33 2.51 2.49 85 1 3.85 3.46 3.54 3.67 3.86
16 1 3.00 2.83 2.61 2.84 2.71 86 1 2.65 2.87 2.83 2.95 2.78
17 1 2.96 2.84 2.53 2.83 2.52 87 1 4.15 3.65 3.48 3.67 3.57
18 1 3.04 3.00 3.23 2.98 3.11 88 1 3.03 3.01 3.06 2.96 3.11
19 1 1.32 1.38 0.84 1.51 1.19 89 1 3.22 3.26 3.35 3.28 3.37
20 1 1.43 1.44 1.41 1.40 1.53 90 1 3.08 3.29 3.52 3.44 3.52
21 2 3.60 3.36 3.37 2.97 3.19 92 1 3.62 3.31 3.41 3.46 3.41
22 2 3.30 3.51 3.35 3.16 2.85 93 1 2.87 3.24 3.07 3.29 3.14
23 2 3.02 3.11 3.25 2.78 3.07 94 1 2.40 2.36 2.71 2.41 2.62
24 1 3.17 2.93 2.86 2.72 2.88 95 1 2.59 2.82 2.84 2.77 2.70
25 2 0.84 1.26 1.47 2.13 2.48 96 1 2.88 3.18 2.73 3.08 3.05
26 2 2.04 2.03 1.83 2.13 2.03 97 1 3.05 3.03 2.72 2.86 2.92
27 1 2.15 2.08 1.91 2.27 2.06 98 1 2.68 2.90 2.50 2.85 2.83
28 1 1.79 1.94 1.84 1.94 1.71 99 2 3.35 3.45 3.38 3.38 3.14
29 1 1.81 2.00 1.86 1.95 1.91 100 1 1.44 1.58 1.36 1.41 1.06
30 1 2.01 1.77 1.49 1.85 1.75 101 1 2.74 2.58 2.26 2.23 2.32
31 2 1.61 2.05 2.14 1.30 1.66 102 2 1.79 2.04 2.55 2.62 2.97
32 1 1.89 1.97 2.55 1.88 2.18 103 2 1.87 2.09 2.25 2.30 2.94
33 2 2.50 2.06 2.10 1.28 1.65 104 1 1.27 1.50 1.42 1.48 1.61
34 2 3.00 2.90 2.74 2.23 2.46 105 2 2.56 2.67 2.87 2.28 2.83
35 1 2.08 2.36 2.18 2.11 2.22 106 2 2.49 2.56 2.59 2.48 2.56
36 2 1.92 2.09 2.44 1.87 2.85 107 1 1.16 1.42 1.49 1.33 1.44
37 2 1.76 1.86 2.11 2.17 2.21 108 2 1.69 2.12 2.51 2.21 2.79
38 2 2.08 1.57 1.82 2.20 1.95 109 2 1.95 2.17 2.39 2.21 2.73
39 2 0.76 0.81 1.16 1.62 2.19 110 1 1.25 1.00 1.02 1.06 1.17
40 2 3.00 3.47 3.26 2.49 2.72 111 2 1.10 1.11 1.32 1.52 1.89
41 2 3.60 3.10 3.04 2.58 2.57 112 2 1.15 0.98 1.11 1.31 1.82
42 2 2.10 1.75 1.82 2.05 2.29 113 2 3.82 4.09 3.49 3.05 2.58
43 2 2.72 2.48 2.51 2.27 2.65 114 2 3.70 3.48 3.35 3.01 3.25
44 2 2.71 3.11 2.61 2.34 2.82 115 1 1.62 1.81 1.65 1.48 1.57
45 2 4.05 3.71 3.48 2.74 3.00 116 1 1.17 1.35 1.38 1.41 1.42
46 2 3.96 3.65 3.27 2.56 2.93 117 1 1.15 1.09 1.29 1.03 1.20
47 1 4.15 3.68 3.70 3.67 3.63 118 2 1.15 1.40 1.31 1.89 1.91
48 1 3.21 3.31 3.23 3.46 3.50 119 1 1.69 2.14 2.10 1.94 1.93
49 1 3.29 3.39 3.65 3.36 3.45 120 2 1.48 2.01 2.04 2.19 2.60
50 1 4.05 3.82 3.60 3.77 3.49 121 2 2.52 2.70 2.44 2.67 2.76
51 1 3.11 3.24 3.59 3.34 3.42 122 2 2.76 2.79 2.43 2.31 1.93
52 1 2.88 2.71 2.84 2.76 3.11 123 1 1.06 1.28 1.15 1.18 1.14
53 1 3.72 3.76 3.93 3.55 3.89 124 1 1.12 1.27 1.04 1.22 1.16
55 2 2.93 2.50 2.65 2.32 2.31 125 1 3.55 3.60 3.41 3.53 3.29
56 2 2.74 2.48 2.55 2.50 3.67 126 1 3.36 3.61 3.64 3.49 3.43
57 1 2.62 2.54 2.41 2.40 2.63 127 1 0.26 0.52 0.39 0.54 0.41
58 2 2.58 2.39 2.57 2.28 2.46 128 1 1.38 1.12 1.20 1.17 1.35
59 2 3.41 2.88 3.11 2.45 2.81 129 1 2.02 1.95 1.63 2.05 1.79
60 2 2.14 2.13 2.43 2.20 2.64 130 1 0.89 0.78 0.72 0.76 0.79
61 2 1.00 1.32 1.41 1.33 2.39 131 1 1.00 1.05 1.09 1.17 1.30
62 2 3.38 2.67 2.66 2.27 1.97 132 2 1.52 1.31 1.09 1.71 1.68
63 2 2.51 2.52 2.50 2.40 3.01 133 1 1.41 1.35 1.17 1.16 1.08
64 2 1.69 1.45 1.68 1.82 2.68 134 1 2.21 2.17 1.91 1.99 1.82
65 2 3.89 3.60 3.43 2.51 2.85 135 1 1.88 1.98 2.30 2.14 2.17
66 2 2.88 2.62 2.86 2.44 2.88 136 1 0.85 0.48 0.84 0.54 0.74
67 2 1.00 1.26 1.04 1.94 3.84 137 1 1.66 1.63 1.80 1.72 1.78
68 2 2.32 2.62 3.04 2.41 2.80 138 1 1.74 1.62 2.02 2.00 1.95
69 1 2.61 3.16 2.92 2.99 2.94 139 1 1.91 1.61 1.96 1.92 1.89
70 1 3.64 3.68 3.43 3.61 3.48 140 2 1.95 1.70 1.88 1.92 1.70

a Experimental biological activity pKi_fXa is expressed as log[(1/Ki)100000]. See text and Table 3 for details on 3D-QSAR models.
Predictions for all compounds from models A and C and for SAR set 1 for models E and F were based on the corresponding non-cross-
validated PLS models with optimal number of components, while compounds indicated as SAR set 2 for models E and F were used as the
external prediction set.
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with less than 44 diverse compounds in the training set.
Although the conventional r2 is high, the predictive
ability is not sufficient. The mean Tanimoto coefficient
for this 44-compound training set is 0.83, while a pair
of the most similar compounds in this subset show a
Tanimoto coefficient of 0.88. When the subset size is
increased, the cross-validated r2 reaches values between
0.55 and 0.78. For the corresponding external predic-
tions, the predictive r2 is between 0.67 and 0.85,
demonstrating stable models with good predictive ca-
pabilities for these external test sets. This example
suggests that a reliable prediction of biological affinities
can be expected for novel candidate molecules with a
larger similarity than defined by this maximum Tan-
imoto threshold of ∼0.88. The degree of extrapolation
increases with decreasing similarity, thus leading to less
reliable affinity predictions for external test sets.

Progressive shuffling45,52 was applied to assess the
stability of final models against variations in biological
data, the Y space. After the activity is divided into 2-12
groups, each group is internally randomized while the

interrelationship remains unaffected. When 12 groups
are used, only a small uncertainty is probed, while for
2 subgroups, a much larger portion of the y block is
randomized (Figure 4B). This interpretation aids in
understanding the effect of biological errors on PLS
predictions and provides an estimate of model stability.
With one group, the results are similar to complete
randomization; negative r2(cv) values are observed. The
increase of the mean r2(cv) with more subgroups is
obvious, suggesting that shuffling using more than three
subgroups still produces models of remarkable quality
(q2 > 0.5), thus suggesting that the models are less
dependent on minor biological variations.

3.4. CoMSIA Model and Validation Studies. Simi-
lar statistical results were obtained when analyzing this
dataset using CoMSIA steric, electrostatic, and hydro-
phobic fields. When a 2 Å grid spacing was used, a
CoMSIA model with an r2(cv) value of 0.655 for five PLS
components and a conventional r2 of 0.863 was obtained
(model C, Table 3). The steric field descriptors (2156
variables) explain only 26% of the variance, while the
proportion of the electrostatic descriptors remains the
same at 43%. Now the additional hydrophobic field
explains the remaining 31% of the variance. Thus, the
CoMFA steric field contribution can be seen as a balance
between pure steric plus hydrophobic effects. With a
grid spacing of 1 Å (16 632 variables, identical region
definition compared to CoMFA 1 Å), the model remains
stable; a five-component model was obtained with r2(cv)
of 0.657 and r2 of 0.866 (model D, Tables 3 and 4).

The CoMSIA 2 Å model was also subjected to further
validation studies. For CoMSIA, the effect of the align-
ment relative to the grid position and box was evaluated
by consistently moving all compounds in increments of
0.5 Å, although this did not affect the PLS models, as
confirmed by r2(cv) values of 0.655 (five components) for
each orientation. This might be explained by the Gauss-
ian-type smoothing function to compute CoMSIA fields.53

When the biological activities are randomized 100
times, a mean r2(cv) of -0.07 (SD ) 0.07; high 0.08, low
-0.32) is observed, revealing the significance of this
model. When over 100 PLS analyses are averaged with
two random cross-validation groups, a mean r2(cv) of
0.590 (SD ) 0.04; high 0.695, low 0.498) results for the
five-component models. This value is even increased
when using five cross-validation groups. Here, a mean
r2(cv) value of 0.635 for five PLS components and five
cross-validation groups results (SD ) 0.03; high 0.691,
low 0.537), which again is only slighly lower than the
r2(cv) value obtained using the leave-one-out procedure.

For evaluation of the final CoMSIA model predictivity,
the same maximum-dissimilarity-selected training and
test sets compared with the CoMFA validation study
described above were used. Again, the obtained r2 values
for each subset are plotted in Figure 4A on the y axis
versus the number of compounds in the diverse training
sets. For CoMSIA, the first reliable PLS models emerge
with 64 training set molecules, corresponding to a
Tanimoto similarity threshold of 0.92 for reliable pre-
diction and a mean Tanimoto coefficient of 0.88 for this
particular training subset. In general, both the cross-
validated and predictive r2 values are lower for CoMSIA,
although there are no large differences for training sets
with more than 100 compounds. The predictive r2 value

Figure 4. Validation and predictive ability assessment of
factor Xa 3D-QSAR models. (A) Several smaller training sets
designed using maximum dissimilarity methods. The graph
shows a comparison of cross-validated, conventional, and
predictive r2 values for individual PLS models for a particular
training set on the y axis versus the training set size using
CoMFA or CoMSIA as the descriptor for PLS. (B) Progressive
shuffling on y space to probe tolerance of the final PLS models
against uncertainties in biological data. The number of bins
for shuffling is plotted versus the mean, minimum, and
maximum r2(cv) values from repeated leave-one-out PLS
analyses for both CoMFA and CoMSIA descriptors. For each
individual bin, the results for 10 individual randomizations
are averaged for analysis.
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for external predictions based on designed training
subsets is between 0.5 and 0.7. The predictive r2 value
for the CoMSIA models decreases again with more than
132 molecules, as here the test set is statistically no
longer significant.

This rigorous validation study based on several
external test sets suggests that the CoMFA models have
a higher predictive power than CoMSIA for this par-
ticular case, while CoMSIA is less dependent on align-
ment inaccuracies and thus might be comparable from
a practical point of view for designing novel candidate
molecules. For each training set with acceptable statis-
tical parameters after PLS analysis, we checked whether
its chemical interpretation in terms of CoMFA and
CoMSIA contour maps led to similar conclusions as
reported for the entire 3-amidinobenzyl-1H-indole-2-
carboxamide dataset. This was always the case. We
consider this to be the most relevant information that
could be extracted from these 3D-QSAR models in
conjunction with reliable affinity prediction for novel
candidates.

Progressive shuffling52 applied to the final CoMSIA
model also demonstrates its robustness against varia-
tions in biological data (Figure 4B). The increase of the
mean r2(cv) values with more than one subgroup is
obvious, suggesting that shuffling using more than three
subgroups still produces models of remarkable quality
for CoMSIA (q2 > 0.5). This analysis shows that both
QSAR techniques CoMFA and CoMSIA are robust and
can tolerate minor biological variations.

3.5. Prospective Design Based on 3D-QSAR Mod-
els. A final 3D-QSAR model validation was done using
a prospective study with an external test set. When only
82 compounds from this dataset were used, which were
synthesized during the initial phase of our fXa lead
optimization project (SAR_set 1 in Table 4), 3D-QSAR
models based on CoMFA and CoMSIA were derived and
were statistically validated in a manner similar to that
described above and employed for prioritization of novel
synthesis candidates. One example is given in ref 22,
where this model in combination with flexible docking
was used to select appropriate S4-directed building
blocks from the ACD database.54 By use of solid-phase
chemistry,22 a variety of novel hydrophobic S4 substit-
uents were added to the 3-amidinobenzyl-1H-indole-2-
carboxamide scaffold (Schemes 2 and 3).

When a 2 Å grid spacing was used, a CoMFA model
with an r2(cv) value of 0.698 for four relevant PLS
components and a conventional r2 of 0.938 were ob-
tained for those 82 compounds (model E, Tables 3 and
4). Here, steric field descriptors contribute 54% to the
total variance, while the electrostatic field explains 46%.
The corresponding CoMSIA model with 2 Å grid spacing
led to an r2(cv) value of 0.660 for five PLS components
and a conventional r2 of 0.933 (model F, Tables 3 and
4). The contributions for steric, electrostatic, and hy-
drophobic fields are 25%, 44%, and 31%, respectively.
The chemical interpretations of both the CoMFA and
CoMSIA models were similar to the interpretation given
in the following section for the entire dataset. However,
at this time of our fXa project, there was a need to
replace basic S4-directed substituents against more
hydrophobic building blocks in order to improve phar-
macokinetic properties. Hence, the external prediction

test set, consisting of 57 compounds, shows somewhat
different properties; this also causes external predictions
to be less accurate than those based on statistically
designed training sets.

Prospective predictions for 56 synthesized compounds
in Table 4 resulted in a predictive r2 value of 0.502 for
CoMFA model E with 2 Å grid spacing, which is
acceptable given the property change in S4-directed
substituents. The corresponding predictions for 138
compounds from PLS models A and C as well as for
submodels E and F are summarized in Table 4. All
compounds marked as SAR set 2 in this table were used
for external prediction. The corresponding predictive r2

value of 0.162 for CoMSIA is much lower than that
observed for CoMFA. This is in line with the designed
training subset studies, showing CoMSIA to have lower
predictive capabilities in this case. This lack of predic-
tivity here has to be attributed to our attempt to change
physicochemical properties in the S4-directed region.
However, the quality of external predictions was ac-
ceptable for CoMFA regardless of this property change.
Indeed, this model was used for subsequent design
cycles to synthesize and profile novel candidate mol-
ecules. Here, a combination of structure-based design
with simultaneous inspection of 3D-QSAR contours was
effective to support the design process to search for novel
inhibitors. Many novel synthesis proposals were gener-
ated, evaluated using the outlined procedure and reli-
ably ranked by 3D-QSAR affinity predictions. Each
design cycle was then completed by generation and
application of novel, improved 3D-QSAR models. This
stepwise design and synthesis procedure based on
CoMFA predictions constantly improved statistical re-
sults and predictivity in this series.

3.6. Comparison with the fXa Binding Site. The
steric and electrostatic std*coeff fields for the final
CoMFA analysis A of 138 molecules with 2 Å grid
spacing based on the factor Xa binding site topology are
displayed in Figure 5 with the inhibitor 41 (Ki(fXa) )
25 nM) carrying a hydrophobic 3,5-dichlorobenzyl sub-
stituent in the S4 pocket. In Figure 5A, steric field
contributions correlated with changes in biological
activity are displayed. Green contours (>85% contribu-
tion) indicate regions where steric bulk is favorable for
new inhibitors, while yellow contours (<15% contribu-
tion) highlight regions where bulky substituents are
detrimental for biological activity. A similar analysis is
given for the electrostatic SD*coeff field (Figure 5B).
Blue contours (>85% contribution) refer to regions
where an increase of positive charge (or a decrease of
negative charge) is favored for new ligands to enhance
affinity, while red contours (<15% contribution) indicate
those regions where an increase of negative charge is
favorable for biological activity. Those 3D-QSAR results
were derived by taking only ligand information from the
3-amidinobenzyl-1H-indole-2-carboxamide series into
account, which were generated by docking and minimi-
zation of protein-ligand complexes. However, the re-
sulting PLS contour maps are discussed in combination
with the fXa topology to underscore consistency with
steric, electrostatic, and hydrophobic requirements im-
posed from this binding site. To support this combined
interpretation, the steric and electrostatic CoMFA
contour maps are additionally mapped onto the solvent-
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accessible surface of the fXa binding site in parts C and
D of Figure 5.

Steric bulk is favorable at positions 3 and 5 of the
distal ring for the 3-amidinobenzyl-1H-indole-2-carbox-
amide series situated in the fXa S4 pocket, which is
surrounded by three aromatic residues (Trp215, Phe174,
and Tyr99). Interestingly, purely hydrophobic substitu-
tions at both meta positions of this ring also led to highly
active compounds, e.g., dichloro or dimethyl groups as
in compounds 41 and 45 with Ki values of 25 and 9 nM,
respectively. Interestingly, there is one example re-
ported in the literature with a 2,6-dimethylpiperidyl
moiety in the S4 aryl binding site.16m The relatively good
biological activity of inhibitors around this scaffold with
purely hydrophobic S4-directed substituent is in con-
trast to earlier findings, where only basic or cationic
substituents and/or hydrogen-bond donors are reported
to lead to high activity in this S4 aryl binding subsite.
High affinity in the 3-amidinobenzyl-1H-indole-2-car-
boxamide series is observed for substituents such as
3-amidinobenzyl (77 nM, 51) and 4-(trimethylammoni-
um)benzyl (7 nM, 87). A 3-chlorobenzyl substituent with
only a single chlorine atom in S4 shows a Ki value of

262 nM (58), while the corresponding halogen at the
2-position of the benzyl ring is much less active (1200
nM, 36). Changing chlorine against iodine improves
affinity (42 nM, 62), while adding the second chloro
substituent in the 5-position results in a compound with
a Ki value of 25 nM (41, CH3 instead of OH at position
4). For comparison, the unsubstituted benzyl group
alone is much less active (2032 nM, 108). Substituted
benzyl moieties provide optimal geometry to orient those
hydrophobic substituents within the S4 pocket, while
shorter substituents such as 3,5-dichlorophenyl or longer
residues such as corresponding phenethyl substituents
are much less active (e.g., 798 nM, 42) for this series.

One favorable steric contour is located at the more
solvent-exposed region between the aromatic ring of
Phe174 and the side chain of Gln217. This position
accommodates the second hydrophobic methyl or chlo-
rine substituents in the fXa-41 and fXa-45 complexes,
as discussed above and thus is essential for high binding
affinity for 3-amidinobenzyl-1H-indole-2-carboxamides.
The other contour region points toward the edge of S4
close to residues Glu97-Thr98, where an important
structurally conserved water is present even in struc-
tures with more hydrophobic substituents. This position
accommodates the other hydrophobic chlorine or methyl
substituent in the X-ray structures of compounds 41 or
45. In the rear of the S4 pocket, several backbone amide
carbonyl groups are oriented toward the interior, form-
ing a distinct hydrogen bonding acceptor pocket pointing
toward the structurally conserved water molecule.

In contrast, the addition of steric bulk directed toward
Tyr99, separating the S4 from the smaller S2 subsite,
is unfavorable for biological activity because this would
shift the aromatic ring of Tyr99 toward His57 of the
protease catalytic triad. For example, while the 1-naph-
thyl substituent at the 3-amidinobenzyl-1H-indole-2-
carboxamide scaffold nicely fits into the S4 pocket (68
nM, 24), the corresponding 2-naphthyl substituent is
in steric contact with Tyr99, leading to a less active
inhibitor (1720 nM, 37). Other examples of bulky
substituents (also with unfavorable electronic proper-
ties) are 103, with a 4-methoxybenzyl group (1360 nM),
and 39, with a 3,4-dimethoxybenzyl substituent (17 350
nM), while the corresponding 3,4-dichlorobenzyl residue
even with the unfavorable 3,4-orientation of both halo-
gens shows a higher activity (841 nM, 38). There are
other examples of either larger substituents attached
to the distal ring or a longer spacer between the
3-amidinobenzyl-1H-indole-2-carboxamide and the dis-
tal aromatic ring (e.g., C2H4 instead of CH2), shifting
otherwise identical substituents toward the rear of the
fXa S4 pocket, which causes the affinity to decrease.
This is exemplified by comparing 58 with a 3-chloroben-
zyl residue (262 nM) versus 27 with a 2-(3-chlorophen-
yl)ethyl) substituent (707 nM).

Interestingly, the protein topology of the aryl binding
pocket for this ligand series consistently differs from
protein structures experimentally observed for other
scaffolds19 and is more similar to 1HCG,18 where fXa is
complexed with a second fXa molecule. In other fXa
structures, this S4 subsite is much smaller because of
a movement of the Tyr99 aromatic ring toward Phe174
at the other edge of this subsite.19 However, even the
herein-observed enlarged subsite topology led to active

Figure 5. Contour maps from the final CoMFA analysis A
with 2 Å grid spacing in combination with the inhibitor 41,
where hydrogens are omitted for clarity. (A) Steric std*coeff
contour map. Green contours (>85% contribution) refer to
sterically favored regions, and yellow contours (<15% contri-
bution) indicate unfavored areas. (B) Electrostatic std*coeff
contour map. Blue contours (>85% contribution) refer to
regions where negatively charged substituents are unfavor-
able, and red contours (<15% contribution) indicate regions
where negatively charged substituents are favorable. (C) Same
as in (A) with factor Xa solvent-accessible surface showing
complementarity to receptor topology. (D) Same as in (B) with
factor Xa solvent-accessible surface.
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factor Xa inhibitors carrying only hydrophobic substit-
uents directed toward S4. Other sterically unfavorable
regions are located at both ortho positions of the distal
ring in S4. When another chlorine at this position is
added to compound 41 (25 nM), the fXa activity is
reduced to 99 nM for the 2,3,5-trichlorobenzyl substitu-
ent (34). The steric contour maps also indicate that
modifications or substitutions at the CH2 linker con-
necting the amide nitrogen to the distal phenyl ring are
unfavorable for activity because of the Tyr99 side chain
limiting this subsite. Another sterically unfavorable
region is the upper site of indole position 3 directed
toward the active site and the flexible side chain of
Gln192. Small, hydrophobic substitutions at this posi-
tion are favorable, like bromine in 4 (13 nM), while
larger groups did not lead to improved binding affinity.
This is exemplified by the series of indole-3-carboxam-
ides (137-140) with activities greater than 1100 nM.

The chemical interpretation of the CoMSIA model C
with 2 Å grid spacing is highly consistent with that of
CoMFA and also in agreement with the experimental
factor Xa binding topology. The corresponding contour
maps for steric fields are displayed in Figure 6 without
(Figure 6A-C) and with (Figure 6D-F) a binding site
solvent-accessible surface. Again, green contours from
the PLS derived std*coeff field (>85% contribution)

indicate those regions where steric bulk is favorable,
while yellow contours (<15% contribution) highlight
regions where steric bulk is detrimental to activity.

In addition to CoMFA, a sterically unfavorable region
close to the indole position 5 is present, which relates
to 3-amidinobenzyl-1H-indole-2-carboxamide deriva-
tives with bulky substituents such as O-benzyl at this
position, as 52 (133 nM) compared to the unsubstituted
m-bisamidine 53 (19 nM as the di-TFA salt and 26 nM
as diactetate 54). A corresponding CoMFA contour is
present at lower contour levels. This reduction in
affinity is not observed for the corresponding 4-(trimeth-
ylammonium)benzyl substituent directed toward S4.
Here, the O-benzyl derivative 79 and the unsubstituted
76 have similar affinities (82 versus 90 nM), respec-
tively, which might be due to the nonoptimal binding
geometry of para-substituted S4-directed substituents
for this scaffold series. This lower affinity for favorable
S4 substituents might be attributed to unfavorable
steric interactions of the bulky O-benzyl substituent
with the Arg143 side chain, as can be deduced in the
fXa-79 X-ray structure (see above) and docking binding
modes for the corresponding analogues. A detailed
inspection of the experimental protein structure shows
that the Arg143 side chain is shifted because of this
substitution by a modification of the ø3 dihedral angle.
This leads to the formation of a hydrogen bond between
the side chains of Arg143 and Gln192, while the
conformation of the latter residue also has to be shifted,
which might be less favorable for binding affinity.

The inspection of the CoMFA and CoMSIA electro-
static contour maps in Figure 5B,D and Figure 6B,E
shows that more positive charge at the rear of the S4
subsite is favorable for biological activity in the 3-ami-
dinobenzyl-1H-indole-2-carboxamide series. This finding
is in agreement with the high affinities for bisamidines
and other S4-directed substituents with basic or cationic
character. The m-bisamidine 53 and the 4-(trimethyl-
ammonium)benzyl-substituted 76 have acceptable Ki
values of 19 and 90 nM, respectively. In contrast, the
corresponding S4-directed unsubstituted benzyl group
in 107 led to a much reduced affinity (6890 nM). This
loss of favorable electrostatic interaction energy has to
be compensated by sterically adequate substitutions.
Many X-ray structures and their analysis further un-
derscore the favorable nature of cation-π interac-
tions18,19,21,55-58 between the ligand substituent and the
Trp215 indole side chain. For this S4 subsite, it has been
reported that quaternary amines such as the trimeth-
ylphenylammonium cation are able to inhibit factor Xa
with Ki values in the low millimolar range.56 This weak
inhibitor and the S1/S4 directed 3-amidinobenzyl-1H-
indole-2-carboxamides presented here with higher af-
finities thus exhibit favorable hydrophobic and van der
Waals interactions with the aromatic side chains of
Phe174, Trp215, and Tyr99 surrounding the S4 pocket,
and the charged amine or amidine residues are in
favorable electrostatic interactions with the highly
flexible side chain of Glu97 at the edge of S4, which is
able to fold over the S4 pocket. Thus, the detailed
analysis of experimental binding modes has revealed
three subregions as key ligand binding domains within
S4: the “hydrophobic box” formed by the known three
aromatic amino acids forming a deep aryl binding

Figure 6. Contour maps from the final CoMSIA analysis C
with 2 Å grid spacing in combination with the inhibitor 41,
where hydrogens are omitted for clarity. (A) Steric std*coeff
contour map. Green contours (>85% contribution) refer to
sterically favored regions, and yellow contours (<15% contri-
bution) indicate unfavored areas. (B) Electrostatic std*coeff
contour map. Blue contours (>85% contribution) refer to
regions where negatively charged substituents are unfavor-
able, and red contours (<15% contribution) indicate regions
where negatively charged substituents are favorable. (C)
Hydrophobic std*coeff contour map. White contours (>80%
contribution) refer to regions where hydrophilic substituents
are favorable, and yellow contours (<20% contribution) indi-
cate regions where hydrophobic substituents are favorable. (D)
Same as in (A) with factor Xa solvent-accessible surface to
illustrate complementarity to receptor topology. (E) Same as
in (B) with factor Xa solvent-accessible surface. (F) Same as
in (C) with factor Xa solvent-accessible surface.
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pocket, the “cationic hole” close to Glu97, and the water
binding site at the rear of S4.

In contrast, red contours for CoMFA and CoMSIA
point to those regions in the S4 and S3 pocket where
an increase in negative charge causes favorable interac-
tions with the protein site. In particular, more negative
charge on both sides of the distal aromatic substituent
and more negative charge at the ortho position of this
ring oriented toward the S3 subsite close to the Gln217
side chain and Gly216 are favorable in the 3-amidino-
benzyl-1H-indole-2-carboxamide series. Interestingly,
the interpretation of CoMSIA contours shows another
favorable region where more negative or less positive
charge is favorable for high affinity located at positions
4 and 5 of the indole ring. In this series, this is
exemplified by 49 with an amino group attached to
position 5 compared to the unsubstituted bisamidine 53
with 19 nM affinity. The corresponding OH group at
this position led to a Ki value of 77 nM in compound
51, while shifting the substituent to position 4 led to a
higher affinity in this series (e.g., methyl in 47 with 7
nM, OH in 46 with 11 nM). In the protein structure,
this region is located close to Arg143 and Gln192,
suggesting unfavorable interactions with both side chain
functionalities with more positively charged substitu-
ents at the indole scaffold in this series. A corresponding
CoMFA contour is present at a lower contour level. This
CoMSIA interpretation adds additional information on
the unfavorable mobility of Arg143 and Gln192 caused
by bulky substituents at the indole ring and details
about favorable and unfavorable hydrophobic field
distributions for 3-amidinobenzyl-1H-indole-2-carbox-
amides.

To estimate entropic contributions to ligand binding
in factor Xa, additional hydrophobic CoMSIA fields were
computed and used for PLS analysis. White contour
regions in Figure 6C,F indicate regions where hydro-
philic interactions are favorable for biological activity
(>85% contribution). Those regions are located at the
rear of the S4 subsite, where protein carbonyl groups
point inward to form hydrogen-bonding networks, and
at the ortho position of the distal ring of the 3-amidi-
nobenzyl-1H-indole-2-carboxamide series located in S4
directed toward the backbone of Gly216 and Gln217.

Preferred hydrophobic interactions are indicated by
yellow contour regions in Figure 6 (<15% contribution).
They are located within the S4 pocket and, in addition,
close to position 3 of the indole scaffold in this series,
where methyl or halogen substitutions are known to
have a favorable effect on factor Xa biological affinity
compared to unsubstituted 3-amidinobenzyl-1H-indole-
2-carboxamide derivatives. This is exemplified by com-
pound 4 with a bromine at C3 and 13 nM affinity.
Furthermore, the affinity of the unsubstituted m-
bisamide 53 (19 nM) was improved by adding a chlorine
in this position (9 nM, 9), while bromine did not lead to
higher affinity. Hence, the combined interpretation of
the derived CoMFA and CoMSIA contour maps is in
good agreement with the protein binding topology and
the experimentally determined X-ray structures of
protein-ligand complexes for the 3-amidinobenzyl-1H-
indole-2-carboxamide scaffold.

This detailed analysis of molecular interaction fields
shows that it is possible to replace cationic and polar

functionalities by adequate hydrophobic substituents in
the S4 pocket caused by different interaction subsites
within this protein structural motif.

3.7. Selectivity toward Thrombin and Trypsin.
A set of 24 3-amidinobenzyl-1H-indole-2-carboxamide
based factor Xa inhibitors with acceptable biological
affinity was tested against the related protease throm-
bin (Table 1). All compounds except 65, 113, 114, 46,
and 34 were selective with Ki values greater than 1 µM
for thrombin. Compound 65 with a 3-methyl-5-(trifluo-
romethyl)benzyl substituent directed toward S4 and an
OH group attached to the indole position 4 shows a Ki
value of 480 nM against thrombin and 13 nM against
fXa. Changing the CF3 substituent against CH3 in this
series slighly increases the fXa affinity (46, 11 nM),
while the thrombin affinity decreases (620 nM). Inter-
estingly the substitution of hydroxy versus methyl at
indole position 4 at the 3-amidinobenzyl-1H-indole-2-
carboxamide scaffold produces more selective fXa in-
hibitors (45, 9 vs 1420 nM for dimethyl substituents in
S4), while a 3,5-di(trifluoromethyl)benzyl substitution
causes less selective inhibitors (40, 99 vs 1180 nM). The
isoquinoline-1-yl-methyl substituent present in mol-
ecules 113 and 114 also does not lead to selective
inhibitors with fXa affinities of 15 and 20 nM or
thrombin affinities of 200 and 290 nM, respectively. The
least selective S4-directed substituent in the 3-amidi-
nobenzyl-1H-indole-2-carboxamide series is the 2,3,5-
trichlorobenzyl building block in 34 with 99 nM for Xa
and 270 nM for thrombin. In agreement with a com-
parison of fXa and thrombin active site topologies,59,60

more selective fXa inhibitors are obtained with basic
substituents situated in the S4 pocket. A quantitative
analysis of thrombin affinity and thrombin-factor Xa
selectivity will be given elsewhere.61 Hence, several
compounds from this 3-amidinobenzyl-1H-indole-2-car-
boxamide series are potent and selective toward the
related protease thrombin.

Trypsin is another serine protease related to factor
Xa and thrombin. Thus, the X-ray structure of 79 was
determined in trypsin as a surrogate for factor Xa before
factor Xa crystals were available. As shown in Figure
2C, the binding modes of 79 in factor Xa and trypsin
were similar. The major difference is the absence of the
O-benzyl group at the indole ring in trypsin, which was
not visible in the electron density maps most likely
because of disorder. In trypsin, the terminal trimethyl-
aniline group is situated deeper in the more open S4
pocket. Here, Tyr99 in factor Xa is replaced with Ile,
and Phe174 is replaced with Gly in trypsin, while the
loop 172-175 is rotated away from the trypsin S4
pocket, making this subsite larger.

By inspection of both protein-ligand complexes,
several factors contributing to the weaker binding
affinity of 79 in trypsin (1507 nM compared to 82 nM
in fXa) were identified. First, the 79 O-benzyl group is
disordered in trypsin, which does not support strong
binding. In contrast, the O-benzyl group shows favorable
π interactions with the guanidine group of Arg143 in
factor Xa, which is replaced with Asn in the correspond-
ing trypsin structure. While the inhibitor-enzyme
interactions are similar for the benzamidine-indole part
of the inhibitor, there are further differences in the S4
pocket. In factor Xa, the trimethylaniline group is bound
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in a hydrophobic pocket between Tyr99 and Phe174. In
trypsin, the S4 pocket is more solvent-exposed with only
Trp215 conserved at its bottom. Furthermore, it is
known that the fXa S4 pocket is more negatively
charged than the S4 pocket of trypsin,19,21,55 which
would bind the positively charged trimethylamine group
more strongly.56 This is in perfect agreement with
biological affinities for 79 with both enzymes. A more
quantitative analysis of binding site differences for both
proteases will be given elsewhere.61

4. Conclusions
Although structure-based design approaches are fo-

cused toward a detailed understanding of relevant
protein-ligand interactions, those do not always allow
us to derive predictive models. Complementary statisti-
cal 3D-QSAR approaches, on the other hand, are often
limited; they cannot be interpreted in protein structural
terms because the derived statistical models are not
always based on the “bioactive conformation” of a
particular scaffold. In this study, we successfully com-
bined both approaches for a detailed understanding of
ligand and protein structural requirements for potent
factor Xa inhibitors in the 3-amidinobenzyl-1H-indole-
2-carboxamide series. On the basis of several factor Xa
X-ray structures for 3-amidinobenzyl-1H-indole-2-car-
boxamides, consistent and highly predictive 3D-QSAR
models were derived, which could be analyzed and
chemically interpreted in terms of important protein-
ligand interactions for this scaffold. The resulting
models provide guidelines for further ligand design in
this 3-amidinobenzyl-1H-indole-2-carboxamide series
plus a predictive score for synthetic candidates within
the prediction frame of the 3D-QSAR technique. Of
course, 3D-QSAR techniques only allow for interpola-
tion, while some of the herein presented validation
techniques allow us to estimate the similarity threshold
for novel compounds, allowing for a more reliable
affinity prediction.62 The structural and chemical in-
terpretation of CoMFA and CoMSIA contour maps
directly points to those regions in the factor Xa binding
site where steric, electronic, or hydrophobic effects play
a dominant role in ligand-receptor interactions. Ex-
tensive statistical testing of the models has validated
their robustness, while a prospective design study was
based on an earlier 3D-QSAR model to prioritize novel
substituents with altered physicochemical properties in
the S4 pocket. The combined interpretation of 3D-QSAR
derived contour regions for relevant protein-ligand
interaction features being favorable for affinity in
combination with the information from X-ray structural
data for this series allows us to unravel the main
features for a successful design of potent factor Xa
inhibitors around the presented series. The comparable
results from 3D-QSAR approaches and their comple-
mentarity to the receptor topology further indicate the
validity of these models. From these analyses, a series
of potent, achiral, and selective factor Xa inhibitors
emerged, and this offers opportunities for compound
optimization.
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