Nonbonding Interactions

Angewandﬁe ,

DOI: 10.1002/ange.200806219

Evidence for C—Cl/C—Br---xt Interactions as an Important Contribution
to Protein—Ligand Binding Affinity™**

Hans Matter,* Marc Nazaré, Stefan Giissregen, David W. Will, Herman Schreuder, Armin Bauer,
Matthias Urmann, Kurt Ritter, Michael Wagner, and Volkmar Wehner

The modulation of pharmacokinetic properties by the intro-
duction of halogen atoms into lead structures is a well-
established strategy for lead optimization. This includes the
blocking of metabolically labile positions of a particular
scaffold and the tuning of physicochemical properties to
influence membrane permeability and tissue distribution of
drug candidates.!! In particular, the role of organic fluorine
atoms, which are often considered as a bioisosteric hydrogen
or oxygen replacement,” has been extensively investigated
on a molecular level, including its effects on protein-ligand
interactions in hydrophobic pockets and its involvement as
interaction partner.”’! In addition, increasing experimental
evidence indicates that organic chlorine and bromine atoms
are favorably involved in discrete noncovalent dipolar
protein-ligand interactions and thus contribute significantly
to binding affinity in molecular recognition.! However, much
less is known about the nature of nonbonding interactions of
organic chlorine and bromine atoms with hydrophobic
aromatic protein areas and their contribution to binding
affinities.”

We recently reported two series of potent inhibitors of the
serine protease factor Xa (fXa), an important enzyme in the
blood coagulation cascade.*” Analysis of X-ray crystal
structures of fXa/inhibitor complexes revealed that the p-
chlorophenylacetamide and p-chlorophenylethyl motifs inter-
act in particular with the aromatic ring of Tyr228 at the back
wall of the protease S1 pocket. The remarkable affinity of
organic chlorine for aromatic rings has been experimentally
observed by us!®” and other research groupst®®! for fXa and
other serine proteases. The deep S1 pocket is very rigid, with a
polar Aspl89 residue at its base, and often interacts with
highly basic, positively charged groups such as amidine in
early fXa inhibitors. Thus, an important consequence of the
chlorine-Tyr228 interaction is that these motifs, which are
detrimental to oral bioavailability, are not required for potent
inhibition. This interaction was successfully exploited in our
fXa inhibitor program, and led to the identification of the
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highly potent compound AVE-3247 for clinical develop-
ment.”’) One favorable characteristic of this compound is the
good oral bioavailability associated with replacement of the
amidine—-Asp189 interaction by the Cl-Tyr228 interaction.

The well-established nature of the interaction led us to
study its occurrence in areas other than proteases by 3D
searching for close contacts between organic chlorine or
bromine atoms and aromatic rings in databases of small-
molecule and biomolecular X-ray crystal structures. We also
explored its geometry and energetics by experimental and
theoretical approaches, namely structure-activity relation-
ships, X-ray crystal structure analysis, and high-level ab initio
calculations. Firstly, we systematically investigated the effect
of halogens and isosteric replacements on fXa affinity using
the recently reported indole-2-carboxamide® and 3-oxybenz-
amide!”! series. The X-ray crystal structure analyses of two
inhibitors with factor Xa at resolutions of 2.95 and 2.70 A (3a
and 50," an analogue of 3b) reveal the organic chlorine atoms
in both series to be in close contact with the aromatic ring of
Tyr228 (Figure 1a). All derivatives reported in Table 1 were
synthesized and tested for fXa inhibition as previously
described.[®"17!

Compounds 1a and 1b, which contain phenyl rings, serve
as references for both series. While the addition of a 3-chloro
atom lowers affinity, the addition of a 4-chloro atom resulted
in very potent inhibitors with an estimated change in free
energy of binding (AAG) of —10.5 and —8.5 kJmol ™' for 3a
and 3b, respectively. Replacement of chlorine by bromine at
the 4-position also resulted in potent inhibitors, whereas the

Table 1: Structures, factor Xa inhibition constants (K), and estimated
free energies of binding for inhibitors from two series compared to
reference molecules Ta and 1b.
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Entry R K AAG, xa K AAGyy
[nMm] [k} mol™] [nMm] [k) mol™]
1 4-H 204 0 478 0
2 3-Cl 287 +0.84 1931 +3.89
3 4-Cl 3 —10.46 13 —8.51
4 4-F 63 —3.46 102 —3.40
5 4-Br 3 —10.46 36 —5.98
6 4-Me 56 -3.21 124 —2.92
7 4-CN 2855 +6.53 1552 +3.34
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Figure 1. a) Comparison of X-ray crystal structures for indole-2-carboxamide 3a (left, K;=3 nm, resolution: 2.95 A) and 3-oxybenzamide 50,”
(center, K;=18 nm, resolution: 2.7 A), an analogue of 3b, complexed with human factor Xa. Only selected residues from the fXa S1 site are shown
(purple carbon atoms), C atoms of inhibitors gray, O red, H turquoise, and Cl green; H atoms and structurally conserved water molecules are
omitted. Right: Extracted Cl---Tyr228 interaction geometry from the X-ray crystal structure of fXa/3a with key distances and angles for database
searching and discussion. b) Comparison of X-ray crystal structures for different chlorine-containing ligands complexed with their protein-binding
sites, as retrieved from ReliBase 4. Left: Farnesyltransferase complexed with imidazole-based inhibitor (PDB 1ni1, 2.3 A resolution)."” Center: N-
methyl-p-aspartate receptor complexed with 5,7-dichlorokynurenic acid (PDB 1pbg, 1.9 A resolution)."® Right: HIV-1 reverse transcriptase

complexed with R120394 (PDB 1s9g, 2.8 A resolution).'

isosteric 4-methyl substituent has a significantly lower effect,
which corresponds to a AAG value of only approximately
—3kJmol™. To our surprise, the derivatives with 4-fluoro
atoms are not as potent those bearing halogen atoms with
larger van der Waals radii (F 1.47, Cl 1.75, Br 1.85, but H
1.20 10\); AAG values of —3.5 kIJmol ' indicate favorable, but
weaker interactions. Finally, the polar 4-CN substituent,
which is isosteric with bromine, dramatically reduces the
binding affinity, which could be attributed to additional
repulsive effects within the S1 pocket (van der Waals
volumes: F 5.8, Cl 12.0, CH; 13.7, Br 14.6, CN
14.7 cm®*mol 1 111)),

The incorporation of 4-chloro and 4-bromo substituents
consistently leads to the most potent inhibitors. Several X-ray
structures show that these groups are involved in nonbonded
interactions with Tyr228. For example, the structures of 3a,/
and 50 (the analogue of 3b)"'? reveal the chlorine atom to be
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invariably located at distances of 3.5-3.7 A from the centroid
of the Tyr228 ring (Figure 1a). The carbon-chlorine bond is
oriented toward the plane of the Tyr228 ring; the angles
between the ligands and protein aromatic rings are 101° and
106°, respectively. This striking similarity within series and
across scaffolds supports our assumption of nearly identical
binding geometries for this motif.

Searches in the Cambridge Structural Database (CSD)!"*!
and RCSB Protein Data Bank!"* provided numerous exam-
ples of contacts between organic chlorine or bromine atoms
and aromatic rings in small and biomolecular crystal struc-
tures. A favorable interaction between chlorine atoms and
aromatic amino acids is found 78 times in 52 protein
structures in different families, as revealed by ReliBase +
searches!"”! with a distance dI of 2.8-4.2 A (Cl--centroid).
The hits include 24 serine—protease complexes as well as 28
structures from 14 proteins from other families (see the
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Supporting Information). As this nonbonding interaction is
not limited to proteases, its significance for protein-ligand
recognition is further underscored.

Histograms of both distances dI (Cl---centroid) and d2
(centroid 2---centroid; see the Supporting Information) reveal
that the majority of complexes exhibit a Cl-centroid distance
dl from 3.4 to 3.8 A, in agreement with fXa X-ray structures
(d1:3.49/3.70 A in Figure 1a). The histogram of the distance
d2 between both ring centroids has a two-maximum distribu-
tion. The maximum at 5.2-5.6 A corresponds to one of the
three benzene dimer orientations derived from theoretical
calculations," that is, the offset parallel stacking orientation
with ring planes parallel to each other (interplanar angle 0°).
The second maximum with distances between 6.6-7.0 A
corresponds to variations of the T-shaped edge-to-face and
tilted T structures with interplanar angles of about 90°. It
includes all protease complexes with the characteristic Cl-
Tyr228 interaction plus several examples from other families.

The left panel in Figure 1b shows selected residues from
the structure of a farnesyltransferase/inhibitor complex (PDB
1nil, 2.3 A)." The favorable interaction of the 3-chloro
group with the phenyl fragment of Trp102 is indicated. A
similar interaction between an organic chlorine atom and
Trp223 is present in a complex of the N-methyl-pD-aspartate
(NMDA) receptor with 5,7-dichlorokynurenic  acid
(PDB 1pbq, 1.9 A, Figure 1b)."¥ For the complex of
R120394 with HIV-1 reverse transcriptase (PDB 1s9g, 2.8 A
Figure 1¢),!”! a favorable nonbonding interaction is found
between the chlorine atom and Phe227.

3D searches for interactions of aromatic rings with
fluorine, chlorine, and bromine atoms and methyl groups
were carried out with the CSD™! using the interaction motif
in Figure 1a and the following distance boundaries: dI from
2.8t0 4.2 A and d2 from 5.0 to 8.0 A. This search resulted in
458 hits with 578 occurrences for intermolecular Cl--ring
contacts. The 2D scatter plots in Figure 2 for di (y axis;
Cl---centroid) versus the interplanar ring angles (Figure 2a,
x axis) or d2 (Figure 2c¢, x axis), indicate some geometrical
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Figure 2. Scatter plots of d1 (distance Cl---centroid) on the y axis versus interplanar angle between both aromatic
rings on the x axis (a) or d2 (distance centroid 2---centroid) on the x axis (c) for CSD search based on the
chlorine substituent and 458 hits with 578 occurrences. The interaction geometry from the fXa/3a complex is
highlighted by a gray circle. One outlier (ZIVKIV), with a very close Cl---centroid distance of 3.0 A and an
interplanar angle of about 50° is caused by out-of-plane distortion of the C—Cl bond because of nonbonding
contact to a neighboring aromatic ring. The interaction geometry used for searching is shown in (b).
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preferences for this interaction. The actual geometry of the
fXa/3a complex is highlighted in red in both plots. In the
scatter plot in Figure 2a, there are two maxima identified at
interplanar angles of 1) around 0°, which corresponds to the
offset parallel stacking orientation (92 hits, 16 %) and 2) from
about 60-90°, which relates to edge-to-face orientations (329
hits, 57%). These latter orientations are more frequently
populated with an interaction minimum at df ~3.3 A and
multiple small-molecule X-ray structures with similar non-
bonded interaction geometries to fXa complexes. Five
representative small-molecule structures with interplanar
angles of 80 to 90° and distances dI from 3.3 to 3.4, all with
fXa-like interaction motifs are shown in the Supporting
Information.

These CSD derived 2D scatter plots reveal some direc-
tional preference of the Cl--centroid interaction with a
distribution of approximately edge-to-face-shaped orienta-
tions at the second maximum with an interplanar angle
between 60 to 90°. The plot for bromine (306 hits, 364
occurrences, see the Supporting Information) reveals a
similar preference without strong directionality, while for
methyl (1419 hits, 1930 occurrences) and fluorine (142 hits,
190 occurrences) geometries with close contacts to the
aromatic rings are widely spread without directional prefer-
ence. A detailed analysis for electron-rich aromatic rings that
interact with chlorine reveals similar frequencies for edge-to-
face and offset-parallel-stacking orientations, although the
are not statistically significant in all cases (phenol: 19
occurrences, 58%/16%; phenoxy: 44 occurrences, 43 %/
27 %; methylaniline: 81 occurrences, 48 %/20% and indole:
6 occurrences: 67 %/0%).

Following studies on the benzene dimer™ and benzene—
halomethane complexes,”*?!) we then calculated MP2 inter-
action energies of a halobenzene-benzene heterodimer
system using four substituents (H, F, Cl, Br) to further
investigate this interaction with respect to dimer stabilization
energies and directionality.”? Figure 3a shows a graph of the
distance dependency of MP2 heterodimer interaction ener-

gies (kJmol™'). The dis-
tance between points B
(that is, centroid ring 1)
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Figure 3. a) Plot of MP2 interaction energies [k] mol™'] versus non-
bonding interaction distance A-B [A] for ab initio calculations of four
different heterodimers with H (black circles), F (open circles), Cl
(black triangles), and Br (open triangles) as aromatic substituents
approaching the second aromatic ring. b) Potential energy surfaces
from MP2 interaction energies for different heterodimer configurations
at constant Cl---centroid distances. The color code on the right
indicates the MP2 energy distribution [k) mol™].

values computed at geometries with d2<6.7 A are much
higher because of repulsion, while for larger distances this
energy value approaches zero. At a distance of 7.5 A,
remarkable dimer energies of —5 kImol™" are still observed,
in agreement with the broad scattering of CSD results
(Figure 2). This heterodimer interaction minimum is shifted
towards 7.0 A for bromine because of its larger van der Waals
radius, with a significant minimum MP?2 interaction energy
value of —9.49 kJmol ™", This result indicates a more favorable
interaction for bromine than chlorine with the aromatic plane
of its nonbonded partner, which is in agreement with the
experimental data (Table 1). In contrast, the interaction
maximum for fluorine is shifted to 6.25 A, but with a much
weaker aromatic plane interaction, as indicated by a hetero-
dimer MP?2 interaction energy value of —1.62 kJmol™". This
minimum again agrees with the smaller van der Waals radius
of the halogen atom. The very low polarizability, high
electronegativity, and three tightly bound nonbonding elec-
tron pairs of fluorine result in stronger repulsive and electro-
static interactions. These results are consistent with other
ab initio calculations at a comparable level for the fluoro-
benzene--

benzene complex, in which the orientation with the fluorine
atom pointing towards the plane of the benzene ring was not
found to be energetically very favorable.” Finally, the
geometries for the approach of a hydrogen atom to the
second aromatic ring are in very good agreement with other
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accounts of aromatic—aromatic “edge-to-face” interac-
tions?#2201 with a minimum at 5.25 A and a dimer MP2
interaction energy value of —9.54 kI mol'. When the benzene
ring is replaced by phenol as an electron-rich aromatic system,
the MP2 interaction energies are lowered for chlorine
(—14.95kJmol™") at the X-ray-determined distance of
6.68 A between two centroids. Bromine shows the same
trend although a stronger interaction is present
(—23.53 kJmol™"), while the interactions of fluorine and
hydrogen are significantly weaker than that of bromine
(—6.66 and —7.41kJmol™"), but stronger than those of
benzene (—1.84 and —3.73 kImol™) at similar distances. A
similar stabilization effect is expected for the electron-rich
indole system of tryptophan.

These heterodimer MP2 interaction energies and geo-
metries agree with the estimated free energy of binding for
scaffolds with 4-Cl substituents (Table 1), although ab initio
calculations only account for the enthalpic part of nonbond-
ing interactions. AAG values of —10.46 and —8.51 kImol™!
were estimated from binding affinities for 3a and 3b,
respectively. In addition, the experimental distances d2 are
in agreement with 6.63 A for the X-ray geometry. Further-
more, the agreement between the MP2 interaction energies
and AAG values of chlorine and bromine, and the less
favorable energy contribution of fluorine are remarkable,
with a AAG value of around —3.5 kJmol ! and an MP2 energy
of —1.6kJmol™". Only the MP2 interaction energy of
—9.5kJmol ™! for hydrogen as “substituent” is not in agree-
ment with the estimated free energy of binding, which is due
to steric constraints imposed by the S1 pocket preventing the
inhibitor aromatic ring from approaching Tyr228 for a
favorable CH--;t contact at shorter distances.””! The shapes
of the potentials are comparable with the results from simpler
systems,*?!] which are flat near the minima. Substantial
attraction still exists, even if the molecules are well separated,
which suggests that the major source of attraction in these
complexes is not short-range interactions (E~ e *F), such as
backbonding effects of & electrons on unoccupied d orbitals,
but long-range interactions (E ~ R™") such as electrostatic and
dispersion interactions.

The angular dependency of the interaction for chlorine
atoms (Figure 3b) demonstrates that the intermolecular
interaction potential surface from ab initio calculations at
the MP2/aug-cc-pVDZ level is extremely flat, without strong
directional preferences. A broad minimum between 65° and
115° of the angle A-B-C s in agreement with the results of the
CSD searches. This demonstrates that dispersion, that is,
London forces and not electrostatic interactions, are the
major source of attraction, as the latter would be highly
orientation-dependent. However it is likely that different
interaction modes make weak contributions to various
extents at different separations, such as electrostatic inter-
actions at shorter distances.

In summary, we have presented the first systematic study
of the ClI/Br---m interaction as key factor for the identification
of the potent and orally bioavailable molecule AVE-3247,
which entered clinical development. Our investigation of this
interaction is based on binding affinities, X-ray crystal
structures, 3D database searches, and ab initio calculations.
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All methods are remarkably consistent in terms of preferred
geometries and directional preferences for this interaction,
which lead to a stabilization of complex structures of up to
—10 kJmol™". These interactions have a characteristic geom-
etry: the chlorine atom tends to reside on top of the plane of
the neighboring aromatic ring with the ClI—C bond approach-
ing its aromatic plane from an angle of 60-90°. Remarkably,
this motif stabilizes small-molecule crystal structures and
protein-ligand complexes from multiple families, which
indicates that this interaction is of a more general nature
and not defined solely by the nature of the pocket, or the
protein in which the interaction takes place. We conclude that
this Cl/Br-- interaction might be of general use in structure-
based design towards optimized “edge-to-face” interactions
for aromatic amino acids. A detailed understanding of the
implications for this general nonbonded interaction motif in
protein-ligand complexes can emerge from these studies.
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