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Abstract—Torsional scans of sulfonamide S—C bonds in small model systems of a series of arylsulfonamide factor Xa inhibitors were
performed in order to investigate if conformational effects can help to rationalise the observed SAR. Computational results were in
good agreement with the experimental data indicating that the sulfonamide conformation plays an important role in determining the

activity in this particular series of factor Xa inhibitors.
© 2006 Elsevier Ltd. All rights reserved.

Factor Xa is a trypsin-like serine proteinase that is locat-
ed at the junction between the extrinsic and intrinsic
coagulation pathways. It is the sole enzyme within the
blood coagulation cascade responsible for activation of
thrombin, leading to blood clot formation. Because of
this important role in blood coagulation, factor Xa
has emerged as an attractive target for development of
new antithrombotic agents.!

Our own efforts have recently led to the discovery of a
series of novel pyrrolidinone derivatives as potent factor
Xa (FXa) inhibitors.? As part of this work we have syn-
thesised inhibitors containing chloro-substituted [5,6]-
fused aromatics attached to a sulfonamide linker group,
for example 1a and 1b.
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The X-ray crystal structures of factor Xa complexed
with 1a and 1b, respectively, confirmed that the chlo-
ro-substituted fused aromatic rings bind in the S1 pock-
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et of factor Xa with the chlorine in direct proximity to
Ala190, Val213, 11e227 and Tyr228.3 This positioning
had been found previously for several other factor Xa-—
ligand complexes.* In accordance with the fact that 1a
and 1b are closely structurally related, it is observed that
they bind to the enzyme in a very similar fashion. The
critical difference is the positioning of the heteroatom,
that is, the sulfur, of the [5,6]-fused aromatic system.
This is illustrated in Figure 1.

In the case of 1a, one of the sulfur—oxygen bonds of the
sulfonamide group is almost in plane with the carbon—
carbon bond of the five-membered aromatic ring. On
the other hand, in 1b the sulfur—carbon bond of the
five-membered aromatic ring is roughly in plane with
the S-O bond. The question arose as to whether one
of these conformations is energetically preferred and,
furthermore, how the relative conformational energies
relate to the perceived difference in activity between la
and 1b. Even though it seemed unlikely that the appar-
ent difference in activity can solely be rationalised by dif-
ferences in the relative conformational energies of the
inhibitors (i.e., the change in conformational energy
when the inhibitor forms a complex with factor Xa) it
was felt that a conformational study should be under-
taken to investigate the importance of this factor. This
seemed particularly useful since the Cambridge Crystal-
lographic Database (CSD) contains only a very small
number of entries with a five-membered aromatic ring
directly attached to a sulfonamide sulfur atom.

The relaxed scan (in 10° increments) of the dihedral
angles O-S—-C-S (whereby the oxygen atom is the one
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Figure 1. Comparison of the dihedral angle O-S-C-S (whereby the oxygen atom is the one syn to the C-N bond) in 1a (left, 196°) and 1b (right, 8°)

bound to factor Xa.

syn to the C-N bond) in the simple model system
N-methyl-2-thiophenesulfonamide (M1) (cf. Fig. 2)
was performed with the Gaussian98 suite of programs®
at the B3LYP/6-31G" level of theory. Stationary points
located in this manner have subsequently been fully
optimised and frequency calculations have been
performed at the same level of theory. The results for
M1 are shown in Figure 2. There is a good agreement
between the experimentally observed dihedral angle
O-S—C-S of 196° in the bound conformation of 1a (cf.
Fig. 1) and the related dihedral angle of 185° in
conformer C, of M1. The same is true for the experi-
mentally observed dihedral angle O-S—C-S of 8° in the
bound conformation of 1b (cf. Fig. 1) and the related
dihedral angle of 14° in conformer C; of M1.
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Figure 2. Relaxed scan of the dihedral angle O-S-C-S (in 10°
increments, the oxygen atom is the one syn to the methyl group) in

N-methyl-2-thiophenesulfonamide (M1).

The calculated energy difference for conformers C; and
C, is 0.6 kcal/mol which corresponds to an expected dif-
ference in K of a factor of 2.8. This is in close agreement
with the experimentally observed Kj ratio of 2.9. These
encouraging results are in good agreement with the
hypothesis that relative conformational energies might
be an important factor in rationalising the SAR of series
of inhibitors containing five-membered heteroaromatic
rings attached to a sulfonamide linker. To further test
this hypothesis, the conformational preferences of three
additional pairs of inhibitors (cf. Fig. 3) have also been
studied (using the same computational procedure).
Based on the earlier example, it is assumed that the chlo-
rine atom for all the compounds shown in Figure 3 is
likely to be located in the small subpocket (formed by
Alal90, Val213, Ile227 and Tyr 228) at the bottom of
the S1 pocket.

Consequently, as has been already discussed for 1a and
1b, the critical difference will be the positioning of the
heteroatom(s) of the [5,6]-fused aromatic system relative
to the sulfur—oxygen bonds of the sulfonamide linker.

This is illustrated in Figure 4. In two of the three addi-
tional pairs the five-membered aromatic ring contains a
polar heteroatom (M2 and M4). In case of the third
additional example a hydrogen-bond donor feature is
present (M3). Since positioning these atoms differently
in the S1 pocket of factor Xa will have a much more sig-
nificant effect than the positioning of the sulfur atom,
the results of the conformational scans had to be inter-
preted carefully. The results of the relaxed scans for
the model systems M2-M4 are shown in Figure 5.
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Figure 3. Factor Xa activities (K; in nM, shown in bold italics) of six members of the pyrrolidone series.
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Figure 4. Simplified model systems M1-M4 for 1a, 1b and the six
factor Xa inhibitors shown in Figure 3. M1-M4 were used to perform
torsional scans around the S—C bonds. For the dihedral angle O-S-C-
X the oxygen atom which is syn to the C-N bond was chosen.
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Figure 5. Relaxed scans of the dihedral angles O-S-C-X (in 10°
increments, the oxygen atom is the one syn to the methyl group) in M2
(blue), M3 (red) and M4 (green).

As outlined above, it seems reasonable to assume that
all the factor Xa inhibitors 1-4 have very similar binding
modes. Therefore, we anticipate the dihedral angles O—
S-C-X in 2b (X =S), 3b (X =NH) and 4b (X=0) to
be in the proximity of 0° (i.e., one of the O-S bonds
being roughly co-planar with the C—X bond as observed
in the X-ray crystal structure of 1b complexed with fac-
tor Xa,? cf. Fig. 1). By analogy, we expect the dihedral
angle O-S-C-X in 2a (X=S), 3a (X=NH) and 4a
(X=0) to be in the proximity of 180° (cf. la in
Fig. 1). Table 1 lists the conformers of the model sys-
tems which have dihedral angles O-S-C-X of 0 + 20°
and 180 * 20°, respectively, together with their calculat-
ed relative energies and the activities of the related fac-
tor Xa inhibitors.

In the model system M2 there is no conformer with a
dihedral angle O-S-C-S of approximately 180° (cf.
Fig. 5). However, M2 is in a minimum energy conforma-
tion (conf. C)) if the dihedral angle O-S—C-S is 4°, cor-
responding to the anticipated bound conformation for
2b (cf. Table 1). Consequently, the prediction would
be that (as far as conformational preferences are con-
cerned) 2b is more active than 2a. This is in good agree-
ment with the experimental observations.

For the model system M3 conformers with dihedral an-
gles O-S—-C-N of approx. 0° (conf. C4) and 180° (conf.
C;), respectively, can be found (cf. Fig. 5). The calculat-
ed relative energies of conformers C; and C, give rise to
the assumption that (as far as conformational aspects
are concerned) 3a and 3b should be equipotent (cf. Table
1). As can be seen in Table 1, 3b is reported to be
approximately 2 times more potent than 3a. This is in
reasonable agreement with the prediction. The small dis-
crepancy between predicted and observed relative activ-
ity might be partially due to the potential of the indole
N-H in 3b to form a hydrogen bond with the backbone
carbonyl group of Gly218.° That the indole N-H in 3b
does indeed form a hydrogen bond with Gly218 was
subsequently confirmed by X-ray crystallography.?

For model system M4 a conformer can be found close to
the dihedral angle O-S—C-O of approx. 180° (conf. C,).
No conformer is located in the proximity of the dihedral
angle O-S-C-O of approximately 0° (cf. Table 1). This
leads to the conclusion that (as far as conformational as-
pects are concerned) 4a should be more active than 4b.
This prediction ties in nicely with the experimental
results.

Based on the assumption that the SAR discussed here is
dominated by conformational effects and with the help
of the results obtained from the relaxed scans of the
dihedral angles O-S—C—X (see Figs. 2 and 5) in the mod-
el systems M1-M4 it was predicted which of the inhibi-
tors in the four isomeric pairs 1-4 is expected to be more
active against factor Xa. As can be seen in Table 1, our
predictions have been correct in 3 out of the 4 cases in so
far as the inhibitor that is more active against factor Xa

Table 1. Calculated relative energies E. (zero-point energy corrected, in kcal/mol), dihedral angles ® (O-S—-C-X, where the oxygen atom is the one
syn to the methyl group), and activities (K; in nM) of the corresponding factor Xa inhibitors fXal for conformers with dihedral angles O-S-C-X in
the range of 0 £ 20° and 180 + 20°, respectively, of the fully optimised model systems M1-M4

Model* X? Y? Conf.® ®° E.f fXal K

M1 S CH C 14° 0.6 1b 47
M1 S CH C, 185° 0.0 1a 15
M2 S N C —4° 0.6 2b 112
M2 S N — — — 2a 4161
M3 NH CH Cy —13° 0.0 3b 90
M3 NH CH Cs 198° 0.0 3a 170
M4 e} CH — — — 4b 782
M4 0 CH G, 180° 0.0 4a 285

#cf. Figure 4.

®See relaxed scan plots. M1: Figure 2, M2-M4: Figure 5. If no conformer exists with a dihedral angle in the range of 0+ 20° or 180 + 20°,

>

respectively, this is marked with ‘“—.
¢ Values refer to fully optimised structures.

dStandard deviations: 1b, 3; 1a, 5; 2b, 7; 2a, 1711; 3b, 21; 3a, 11; 4b, 208; 4a, 14. Standard deviations are derived from at least n > 2.
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Figure 6. Preferred conformations C;—Cy4 of the model systems M1-M4 (cf. Fig. 4) used in this study.

has been associated with a low energy conformer in the
respective model system. In the case of 3a/3b it was pre-
dicted that both inhibitors should be equipotent whereas
the experimental results show that 3b is 2-fold more po-
tent. However, in this particular case there are indica-
tions that this might be caused by an attractive
interaction between the indole NH of 3b and the back-
bone carbonyl of Gly218 in the S1 pocket. In terms of
the study presented here, we see this as a very encourag-
ing outcome. Nonetheless, it must be stressed that the
relative conformational energies are only a small contri-
bution to the overall binding energy and that a trend be-
tween relative conformational energies and binding
activities can only be observed due to the fact that we
have restricted ourselves to compare isomeric molecules
where other contributions to the binding energy are at a
comparable level. The indole example 3a/3b nicely illus-
trates that even in the case of isomeric molecules it is vi-
tal to consider carefully, on a case-by-case basis, other
energy contributions (e.g. from H-bond donor interac-
tions) that might have to be taken into account. Not-
withstanding the above, we see value in performing
this type of careful analysis since it may lead to qualita-
tive insights which can be used to guide ligand design.

The results of the relaxed torsional scans performed for
the model systems M1-M4 indicate that there is a strong
preference for one of the sulfonamide O-S bonds to be
co-planar with the aromatic rings attached to the sulfur
atom. Conformation C, (see Fig. 6) is preferred if a
hydrogen atom is attached to Y and no hydrogen atom
is connected to X (as in M1 and M4). If X as well as Y
form a bond to a hydrogen atom (as in M3) a conforma-
tion seems to be preferred in which both groups are
close to planarity with the S-O bonds but none of them
actually being co-planar (C5 and Cy4 in Fig. 6). If on the
other hand, X is a sulfur atom and Y is not connected to
an hydrogen atom (as in M2) C; seems to be the pre-
ferred conformation.

If in the conformation of a free inhibitor such a co-pla-
nar arrangement between the aromatic ring and an S-O
bond is favoured but this arrangement is not possible
when bound to the target an energy penalty for this loss
is to be expected. The same should be the case when
such an arrangement is absent in the free state but is

observed when bound to the target. The relaxed scans
presented here should prove useful in the structure-
based design of sulfonamide-containing ligands.

In this study, we performed relaxed torsional scans of
the S—C bond for the four small model systems M1-
M4 at the B3LYP/6-31G" level of theory. The results
have been used to investigate if conformational effects
can help to rationalise the observed SAR of a series of
factor Xa inhibitors. Encouragingly, the computational
results were in good agreement with the experimental
data. We take this as an indication that the sulfonamide
conformation plays an important role in determining the
activity in this particular series of factor Xa inhibitors.
To the best of our knowledge, the importance of the sul-
fonamide conformation in the context of inhibitor de-
sign has previously only been highlighted by J.J.
Baldwin et al.” for the hCAII inhibition by thienothio-
pyran-2-sulfonamides.

Future structure-based design (SBD) efforts and struc-
tural studies of sulfonamide-containing inhibitor com-
plexes will have to show how important a careful
consideration of sulfonamide-related conformational
effects is in the context of SBD.
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