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Abstract—Structure-based design (SBD) is a challenging endeavour since even localised SAR can hardly ever be explained by the
variation of just one dominating factor. Here, we present a rare example where structural information combined with ab initio cal-
culations clearly indicate that the observed difference in biological activity is dominated by conformational effects. The learnings
discussed are successfully put to the test and have the potential to be of general use as a qualitative guide in SBD efforts.

© 2007 Elsevier Ltd. All rights reserved.

Over recent years an ever increasing amount of three-
dimensional structural information! has become avail-
able for biological targets. This in turn stimulated a
rapid growth in the importance of structure-based
design (SBD)? in drug discovery. However, for SBD to
be successful the wealth of structural information that
is being generated must be translated into a sound
understanding of the principles that govern molecular
recognition. Since the interaction between ligand and
biological target is a highly complex process, the under-
lying energetics are difficult to describe in a quantitative
fashion. To simplify the calculation of binding energies,
it is generally assumed that the different contributions
can be calculated separately and that they are additive.
Ajay and Murcko,? for example, separate the binding
energy into contributions due to (1) the interaction of
the reactants that form the (non-bonded) complex, (2)
solvation/desolvation, (3) energy changes associated
with changes in the ‘motion’ of the biological target
and ligand when forming a complex (i.e., the loss of de-
grees of rotational and translational freedom) and (4)
conformational changes of the ligand and the biological
target during complexation.* Even when the binding of
structurally closely related ligands to the same biological

Keywords: Sulfonamide; Torsional scan; Conformational effects;

Structure-based design; Thrombin.

* Corresponding author. Tel.: +44 (0) 1438 763959; fax: +44 (0) 1438
763352; e-mail: stefan.x.senger@gsk.com

0960-894X/$ - see front matter © 2007 Elsevier Ltd. All rights reserved.

doi:10.1016/j.bmcl.2007.02.034

target is studied, it is rarely the case that the change in
biological activity (i.e., binding energy) can be explained
by the variation of one specific contribution alone, for
example, conformational changes in the ligand. This
makes it even more challenging to gain a better under-
standing of molecular recognition and, ultimately, to
reliably calculate binding energies.

Recently, we have described our efforts which led to the
discovery of a series of novel pyrrolidinone derivatives
as potent factor Xa (FXa) inhibitors.> As part of this
work we studied the structure-activity relationship
(SAR) for a group of FXa inhibitors 1-4 containing
chloro-substituted [5,6]-fused aromatics attached to a
sulfonamide linker group.®
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The crystallographically observed binding modes for
inhibitors of this chemotype gave rise to the hypothesis
that conformational effects’ might play an important
role in determining the relative activities of the
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6-chloro- (la-4a) versus the 5-chloro-substituted (1b—
4b) regioisomer in the four pairs 1-4. Encouragingly,
torsional scans of the sulfonamide S—C bonds in small
model systems (at the B3LYP/6-31G" level of theory)®
did indeed support the idea that the sulfonamide confor-
mation might play an important role in determining the
activity in this particular series of factor Xa inhibitors.
Our findings prompted us to investigate further the
question of the importance of sulfonamide-related con-
formational effects in the context of SBD. To the best
of our knowledge, the relevance of the sulfonamide con-
formation in regard to ligand design has previously only
been highlighted by Baldwin et al.®

The fact that the molecules in the pairs 1-4 are structur-
ally extremely similar gave rise to the assumption that
differences in activity could be explained by the variation
of only one of the components contributing to the bind-
ing energy (i.e., ligand conformational energies). How-
ever, this is clearly an oversimplification. For example,
we know from crystallographic studies that inhibitor
3b forms a hydrogen bond with a backbone carbonyl
(Gly218), whereas this hydrogen bond is not formed
when 3a binds to FXa.®

To further elucidate the importance of sulfonamide-re-
lated conformational effects, we have tried to identify
(pairs of) ligands where it can be established, with a high
degree of confidence, that the difference in binding
energy is dominated by conformational effects of the
ligand. Results from this studies are presented in this
communication.

As we have recently described, our efforts to identify
new antithrombotic agents led to the discovery of the
potent and selective FXa inhibitor 5. When probing
the structural proximity of 5 we were very surprised to
find that 6° is approximately 20-fold more potent than
5 when tested against thrombin: K; (5, throm-
bin) = 367 nM, K; (6, thrombin) = 17 nM.!°

In order to better understand this unexpected difference
in thrombin activity, we determined the X-ray crystal
structures of thrombin complexed with 5 and 6, respec-
tively.!! However, as can be seen in Figure 1, both inhib-
itors bind to thrombin in an identical fashion. The
RMSD for the two inhibitors bound to thrombin (and
the protein atoms superposed) is 0.2 A with a maximum
distance between two equivalent atoms of only 0.4 A
(for one of the carbon atoms in the morpholino ring).

Although the X-ray structures of the two thrombin com-
plexes did not provide us with the explanation we have
been hoping for, they do indeed help to eliminate the
possibility that a different interaction pattern between
the ligands and the enzyme could be responsible for
the observed difference in activity.

Figure 1. Comparison of the conformations of 5 (orange) and 6
(green) complexed to thrombin (left). On the right, a view along the
S-C bond is shown for 5 bound to thrombin.

Similarly, the fact that 5 and 6 show an extremely high
degree of structural similarity (i.e., the only difference
being the bond order of a carbon—carbon bond) makes
it unlikely that either a difference in energetic effects re-
lated to solvation/desolvation or a difference in the loss
of degrees of rotational freedom on binding to the recep-
tor can be the cause of the observed difference in activ-
ity. Considering what has been described by Ajay and
Murcko?® (see above), this only leaves conformational
changes to explain the observed behaviour. Further-
more, since there is no significant difference in the con-
formation of the active site residues in the two
thrombin complexes it appears most likely that the dif-
ference in activity can be solely explained through
changes in the ligand conformation on binding to
thrombin.

Based on the encouraging results from our previous
study,® we decided to focus on the torsion (C=C)-
(S=0) and (C-C)-(S=O) for 5 and 6, respectively.
Scans of the dihedral angles were performed in the sim-
ple model systems N-methylethenesulfonamide (M1)
and N-methylethylsulfonamide (M2) with the Gauss-
ian98'? 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.

The energetically most preferred conformer of M1 is the
one where the carbon—carbon double bond is roughly in
plane with the S=O moiety that is syn to the methyl
group. The situation is different for the arrangement
that is found when 5 is bound to thrombin. In the con-
formation found in the complex (cf. green circle in
Fig. 2) the vinyl group is rotated by approximately
185° when compared with the energetically most pre-
ferred conformer which makes this arrangement approx-
imately 3 kcal/mol higher in energy.

The results of the torsional scan of model system M2
show that the situation is totally different for 6 (cf.
Fig. 3). The dihedral angle for (C-C)-(S—=O) found
when 6 is complexed with thrombin is identical to one
of the three low energy conformations and hence there
is no conformational energy penalty (for the (C-C)-
(S=0) torsion) when 6 binds to thrombin. These find-
ings are in good agreement with the experimental obser-
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Figure 2. Relaxed scan of the dihedral angle (C=C)-(S=O0) (in 10°
increments; the oxygen atom is the one anti to the methyl group) in
N-methylethenesulfonamide (M1). The green circle is placed at the
dihedral angle found in 5 bound to thrombin (cf. Fig. 1)."!
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Figure 3. Rigid scan of the dihedral angle (C-C)-(S=O) (in 5°
increments; the oxygen atom is the one anti to the methyl group) in
N-methylethanesulfonamide (M2). No geometry optimisations (for the
non-scanned coordinates) were performed at the sampling points. The
green circle is placed at the dihedral angle found in 6 bound to
thrombin."!

vation that (all else being equal) 6 should be a more po-
tent thrombin inhibitor than 5.

In order to establish the relevance of the torsion between
the thiophene and the adjacent carbon—carbon double
or single bond in 5 or 6, respectively, we have also per-
formed torsional scans for 2-ethenethiophene and 2-eth-
ylthiophene.!¢ The trend observed for this torsion is the
same as what has been discussed above, that is, the con-
formational energy penalty for 5 is higher than that for
6. However, when comparing the contribution of a spe-
cific torsion to the relative conformational energy pen-
alty (5 vs 6) the effect is more distinct for (C=C)-
(S=0)/(C-C)—~(S=0) (3 kcal/mol) than it is for torsion
between the thiophene ring and the adjacent C=C/C-
C (0.9 kcal/mol).

In summary, the results discussed above support the ini-
tial hypothesis that the observed difference of thrombin
activity for 5 and 6 can be explained by conformational
effects. Analyses of torsional profiles of the two torsions
adjacent to the carbon—carbon bond in the model sys-
tems M1 and M2 lead to the conclusion that the confor-
mational energy penalty for binding to thrombin is
smaller for 6 than it is for 5. Furthermore, our results
indicate that the torsion adjacent to the sulfonamide

sulfur atom has a more distinct effect than the torsion
next to the thiophene ring.

In an attempt to test the learnings from our studies,® we
tried to predict how the thrombin activity of 5 could be
increased through a structural modification other than
changing the bond order of the carbon—carbon double
bond. To achieve this, we would have to stabilise the
conformation of the dihedral angle (C=C)-(S=0) that
is found in the thrombin complex (see Fig. 1 and green
circle in Fig. 2). One way of doing this is to attach a
methyl group to the carbon atom adjacent to the thio-
phene ring, resulting in 7.
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A torsional scan performed for the model system
N-methyl-2-propenesulfonamide (M3) (cf. Fig. 4) confirms
that the relative energy of the conformation found in the
thrombin complex is only approximately 1.3 kcal/mol,
that is, significantly less than the 3 kcal/mol for M1.

Consequently, we can expect 7 to be a more potent
thrombin inhibitor than 5 (whilst assuming that 7 binds
to thrombin in the similar way as 5 and 6). Very encour-
agingly, this was indeed observed. When tested against
thrombin, 7 was reported to have a K; of 2 nM.!°

Based on the calculated relative conformational energies
alone it might be surprising to find 7 to be a more potent
thrombin inhibitor than 6. However, it must be taken
into account that 7 contains an additional methyl group
which can favourably interact with residues in the active
site of thrombin as well as slightly perturb the atomic
positions of the ligand in the active site (when compared
to 5 bound to thrombin). Our X-ray crystallographic
studies'' confirm that the latter is indeed the case. The
RMSD for 7 relative to 5 when bound to thrombin
(and the protein atoms are superposed) is 0.6 A with a
maximum distance between two equivalent atoms of
1.0 A (for one of the carbon atoms in the pyrrolidinone

ring).
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Figure 4. Relaxed scan of the dihedral angle (C=C)-(S=0) (in 10°
increments) in N-methyl-2-propene-1-sulfonamide (M3). The green
circle is placed at the dihedral angle found in 7 bound to thrombin."!
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This example nicely illustrates how the findings from
this study can be used to guide SBD efforts in a qualita-
tive fashion.

The study presented here strongly supports our previous
findings® suggesting that sulfonamide-related conforma-
tional effects can play a significant role in molecular rec-
ognition. Future studies will show how important a
careful consideration of these effects is in the context
of structure-based design.
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