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Abstract—We created a homology model of the homo-tetrameric pore domain of HERG using the crystal structure of the bacterial
potassium channel, KvAP, as a template. We docked a set of known blockers with well-characterized effects on channel function
into the lumen of the pore between the selectivity filter and extracellular entrance using a novel docking and refinement procedure
incorporating Glide and Prime. Key aromatic groups of the blockers are predicted to form multiple simultaneous ring stacking and
hydrophobic interactions among the eight aromatic residues lining the pore. Furthermore, each blocker can achieve these interac-
tions via multiple docking configurations. To further interpret the docking results, we mapped hydrophobic and hydrophilic poten-
tials within the lumen of each refined docked complex. Hydrophilic iso-potential contours define a ‘propeller-shaped’ volume at the
selectivity filter entrance. Hydrophobic contours define a hollow ‘crown-shaped’ volume located above the ‘propeller’, whose hydro-
phobic ‘rim’ extends along the pore axis between Tyr652 and Phe656. Blockers adopt conformations/binding orientations that close-
ly mimic the shapes and properties of these contours. Blocker basic groups are localized in the hydrophilic ‘propeller’, forming
electrostatic interactions with Ser624 rather than a generally accepted m-cation interaction with Tyr652. Terfenadine, cisapride, ser-
tindole, ibutilide, and clofilium adopt similar docked poses, in which their N-substituents bridge radially across the hollow interior
of the ‘crown’ (analogous to the hub and spokes of a wheel), and project aromatic/hydrophobic portions into the hydrophobic ‘rim’.
MK-499 docks with its longitudinal axis parallel to the axis of the pore and ‘crown’, and its hydrophobic groups buried within the

hydrophobic ‘rim’.
© 2005 Elsevier Ltd. All rights reserved.

1. Introduction

The human ether-a-go-go related gene (HERG) potas-
sium channel is a key cardiac ion channel that regu-
lates the duration of the plateau phase of the
cardiac action potential.'> Delayed activation of
HERG due to chemical blockade, or certain types of
inherited dysfunction, results in increased duration of
ventricular repolarization, appearing as a prolongation
of the time interval between the Q and T waves
(LQT) in the electrocardiogram. LQT is considered a
major risk factor for torsades de pointes, a life-threat-
ening arrhythmia.* Diverse types of organic com-
pounds are believed to disrupt HERG current upon
binding within the lumen of the homo-tetrameric pore
domain.”> Since the discovery of the connection
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between HERG blockade and LQT, several drugs sub-
sequently identified as potent LQT causing HERG
blockers have been withdrawn from the market.
Potencies of such blockers, measured via patch—clamp
electrophysiology, range from low nM (e.g., sertin-
dole) to more than 50 uM (e.g., grepafloxacin). HERG
activity is now routinely monitored during all stages
of pre-clinical lead optimization to ensure that safe
levels are met prior to clinical development. Potent
HERG blockade or LQT induction effects represent
obvious safety concerns. Lower potency blockade
may likewise be of concern when HERG versus pri-
mary target 1Cso, or HERG ICso versus therapeutic
plasma concentration, fall outside of the required safe-
ty margins.®

Much effort has been directed over the last several years
toward understanding the chemical requirements for
HERG blockade. Such knowledge could be used to
identify and triage potential HERG blockers present
in chemical collections and mitigate activity present in
HER G-afflicted series during lead optimization.” Molec-
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ular modeling has been used extensively to search for
properties that promote blockade and for interpreting
site-directed mutagenesis data. In particular, several li-
gand-based quantitative structure—activity relationship
(QSAR) and pharmacophore models built using struc-
turally diverse compounds have been published over
the last few years.> '# A set of key pharmacophore fea-
tures, consisting of two or more hydrophobic/aromatic
groups surrounding a central basic group, are predicted
by most ligand-based models. A CoMSiA-based 3D
QSAR modeling study performed by Pearlstein et al.
predicted a set of pharmacophore features falling loosely
within two major substructures (referred to as ‘head’
and ‘tail’ regions).® The head region contains one aro-
matic group, an optional second aromatic or hydropho-
bic group, and an optional basic center located 6-8 A
from the requisite aromatic group, which enhances
activity when present. The CoMSiA model is least cer-
tain in the tail region, which exhibits greater chemical
variability and conformational flexibility than the head.
The CoMSIA data set (Table 1) consists of several di-
verse blockers, including sertindole, an anti-psychotic
drug withdrawn due to LQT effects (HERG
ICso = 3 nM), and analogs of sertindole with systematic
modification and deletion of functional groups aimed at
isolating the critical pharmacophore features. Remark-
ably, high levels of activity were retained by the sertin-
dole analogs despite large chemical modifications,
including deletion of the tail region.® This may underlie
the known difficulties in mitigating HERG activity
(especially when a large decrease in potency is required).

HERG-blocker binding interactions can only be indi-
rectly inferred, given the absence of co-crystal struc-
tures. Key binding-sensitive residues in the S6 helix
have been determined from ala-scanning mutagenesis
for a small, but growing, list of known blockers.>!>17
Such studies have demonstrated that all potent blockers
are highly sensitive to Tyr652Ala and Phe656Ala muta-
tion. The occurrence of Tyr and Phe at both of these se-
quence positions is unique to HERG and EAG
potassium channels, whereas blockade sensitive spatial
positions of these side chains appear to be unique to
HERG.*!7 Sensitivity to Ala mutations at additional
blocker-specific sequence positions has also been dem-
onstrated, for example, Val625Ala and Gly648Ala spe-
cifically affect MK-499, clofilium, and ibutilide.>!3
Mapping the spatial positions of Tyr652, Phe656, and
other residues within the protein, and predicting the nat-
ure of ligand interactions and bound conformations via
docking, could lead to improvements in the prediction
and mitigation of HERG activity. Such knowledge
could also help explain the susceptibility of HERG (an
unintentional binding site) to chemical blockade, a phe-
nomenon that has not been observed with other human
potassium channels.

We created a homology model of the homo-tetrameric
pore domain of HERG based on the crystal structure
of the bacterial potassium channel KvAP. We opened
and closed the pore relative to its original size in KvAP,
and mapped the positional variation of blockade sensi-
tive residues determined from site-directed mutagenesis.

We used our model to dock eleven published HERG
blockers, including a subset of sertindole analogs from
the CoMSiA data set.®

2. Computational methods
2.1. Protein structure modeling

The structures of the S5 (outer), pore, and S6 (inner)
helices of HERG and other potassium channels are be-
lieved to be homologous to those of the three structur-
ally known bacterial potassium channels KcsA, MthK,
and KvAP, as suggested from multiple sequence align-
ments.>> We used Prime 1.1 (Schrédinger, LLC, Port-
land, OR) to align the HERG S5, pore (P), and S6
sub-sequences to those of the KvAP monomer (lorq)
obtained from the RCSB Protein Data Bank (Fig. 1).
Major differences in the sequences of the pore domain
of HERG compared to the bacterial channels include
the S5-P segment (a structurally complex 22-residue
insertion in HERG between residues 583 and
604'8-19) and the presence of both Tyr and Phe at posi-
tions 652 and 656, respectively, in the S6 helix of
HERG. The S5-P insertion, which is remote from the
putative binding site, was omitted from the alignment
(and therefore not built) due to its absence in the
KvAP template. A homology model of the tetrameric
pore domain was built from the aligned sub-sequences
by first using Prime to build the monomer and then
using the refinement module in Prime (PLOP, Protein
Local Optimization Program?®2%) to predict the con-
formation of the interfacial side chains in the context
of the entire 4-fold symmetric structure. Steric comple-
mentarity of the inter-monomer interfaces and preser-
vation of 4-fold symmetry were achieved using this
approach. The symmetry operators describing the rela-
tive orientation of the four monomers were obtained
from the crystallographic information included in the
lorq PDB file.

The degree of pore opening varies in the three bacterial
crystal structures, ranging from closed in KcsA to open
in KvAP, to somewhat more open in MthK. The ob-
served differences in pore opening between KcsA and
MthK may represent inherent differences in the gating
properties of the three channels or different snapshots
along a common gating trajectory. The latter interpreta-
tion was proposed due to the high degree of superimpos-
ability of the selectivity filter regions upstream from the
Gly hinge in the S6 helix.?* The relationship between the
degree of pore opening in HERG and the structural
properties of the ion conduction cavity relative to block-
er binding is currently unknown. We explored the effects
of pore opening on the shape, side-chain positions, and
properties of the ion conduction cavity, as well as dock-
ing results. The backbone ¢ and  torsion angles of res-
idues near the known hinge positions S6:Gly648 and
S5:Gly572 of each monomer of the tetrameric HERG
homology model were modified manually in unison
(thus maintaining 4-fold symmetry) to effect further
opening or closing of the pore. The fully closed and
open HERG models compared well with KcsA and
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Table 1. HERG blockers studied using ‘induced fit” docking®!
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Table 1. (continued)
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Figure 1. Sequence alignment between HERG and KvAP. Phe652 and Tyr656 are indicated with an asterisk in the ruler.

MthK, respectively, based on graphical inspection of the
superimposed structures (not shown).

2.2. Docking

Docking studies of the following compounds were per-
formed using Glide 3.0 (Schrédinger, LLC, Portland,
OR), followed by side-chain searching and minimization
in Prime (‘induced fit docking’ protocol): R- and S-enan-
tiomers of terfenadine, o-[4-(1,1-dimethylethyl)phenyl]-
4-(hydroxydiphenylmethyl)-1-piperidinebutanol; the
two diastereomers of cisapride, (%)-cis-4-amino-5-chlo-
ro-N-[1[3-((4-fluorophenoxy)-propyl)]-3-methoxy-4-pipe
ridinyl]-2-methoxybenzamide)?®; MK-499, (+)-N-[1'-(6-
cyano-1,2,3,4-tetrahydro-2(R)-naphthalenyl)-3,4-dihy-
dro-4(R)-hydroxyspiro(2H-1-benzopyran-2,4’-piperidin)-
6-yllmethanesulfonamide monohydrochloride; clofili-
um, 4-chloro-N,N-diethyl-N-heptylbenzenebutanamini-
um; R- and S-enantiomers of ibutilide, N-[4-[4-
(ethylheptylamino)-1-hydroxybutyl]phenyllmethanesulf-
onamide; sertindole, 1-[2-[4-[5-chloro-1-(4-fluorophe-
nyl)-1H-indol-3-yl]-4-piperidinyl]ethyl]-2-imidazolidin
one; and five sertindole analogs (A1-AS5 in Table 1). All
of these compounds were selected for docking based on
their known structure-activity relationships: ligand-
based for the sertindole series; protein-based (via muta-
genesis) for terfenadine, cisapride, MK-499, clofilium,

and ibutilide. The docking and scoring algorithms of
Glide have been fully described elsewhere.?®?” The in-
duced fit protocol, also described elsewhere,?® is intend-
ed to circumvent the inflexible binding site requirement
of grid-based docking through use of post-docking
refinement steps. Briefly, each blocker was docked into
the ion conduction cavity of the open form of the
HERG homology model using the standard precision
(SP) scoring mode of Glide. van der Waals radii of the
ligand and protein were scaled down by 50% to compen-
sate for the lack of protein flexibility during docking,
and 20 poses were generated for each ligand in order
to sample a wide range of possible docking modes. In
situ refinement of the predicted protein—ligand complex-
es was then performed using Prime. First, all side chains
within a 5.0 A radius of each docked ligand pose were
searched using Prime’s side-chain sampling algorithms.
This was followed by energy minimization of each
docked protein-ligand complex (complete residues with-
in a 5.0 A radius of each docked ligand pose) using the
OPLS2001 force-field and Prime’s implicit solvent mod-
el. The ligands were then re-docked into their corre-
sponding receptor structures using Extra Precision
(XP) scoring in Glide. The resulting docked poses were
superimposed by rigid body rotation of the complexes
about the 4-fold symmetry axis to facilitate visual com-
parison. The top scoring docked poses of each blocker
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(based on GlideScore and Prime energy) were analyzed
and compared. In cases where several poses were identi-
fied with nearly identical GlideScores and Prime ener-
gies, the pose that showed greatest consistency with
available mutagenesis data was selected for further anal-
ysis. Hydrophobic/ring stacking interactions were quali-
tatively flagged based on contact between the molecular
surfaces of individual side chains and docked ligands.
Although an attempt was made to distinguish between
hydrophobic versus ring stacking effects, and also be-
tween sandwich, parallel displaced, and T-shaped m—n
interactions, no attempt was made to quantify the ener-
getic contribution of each of these interactions to the
overall binding energy.

Polar interactions were flagged based on the presence of
hydrogen bonds or close proximity of ionic groups.
Interactions were also evaluated using hydrophobic
and hydrophilic iso-potential energy contour maps cal-
culated with Sitemap (Schrédinger, LLC, Portland,
OR). Default hydrophobic and hydrophilic contour lev-
els (—0.5 and —6.0, respectively) were used for all calcu-
lations. Occupation of predicted hydrophobic and
hydrophilic volumes by docked ligand substructures
was used to help understand the basis for the predicted
binding modes.

All computations were carried out on a Linux (RedHat
7.3) cluster with 1.6 GHz AMDG64 Opteron processors.

3. Results
3.1. Protein modeling

The spatial positions of Tyr652 and Phe656 side chains
are predicted from our homology model to face the inte-
rior of the conduction pathway (Fig. 2), in agreement
with other published HERG homology models.>%13-2°
This, together with the dependence of blockade on wild
type (or similar) residues at these sequence positions,

suggests their direct involvement in binding interac-
tions.>'>17 Our results further suggest that the spatial
positions of Tyr652 and Phe656 side chains are highly
sensitive to variation in backbone conformation of
S6:Gly648 and S5:Gly572. becoming compressed into
a smaller volume toward the intracellular base of the
selectivity filter in the maximally closed (Fig. 3A) versus
maximally open (Fig. 3B) models. Thus, channel open-
ing both exposes the ligand binding pocket, and pro-
motes a highly effective concentration of aromatic side
chains within that pocket. The following key structural
features of the open pore domain are predicted from
our homology model:

1. Intra-monomer side-chain packing is predicted
between Thr623, Ser624, and Val625 side chains.
Thr623 and Tyr625 side chains are packed together
via methyl and aromatic groups, respectively (Fig. 4).

2. Tyr652 and Phe656 side chains are approximately one
turn apart and face toward the central axis of the
pore. The Tyr side chains are more orthogonal to
the pore axis than those of Phe, possibly due to pack-
ing constraints with Thr623 (Fig. 2).

3. Val625, Thr623, Ser624, Tyr652, Phe656, and Val659
are packed along the inter-monomer interface
(Fig. 3B).

Hydrophobic and hydrophilic potentials were mapped
within the intracellular pore region of the homology
model prior to induced fit docking (Fig. 5). The three-di-
mensional hydrophobic contours consist of a continu-
ous, ‘crown-shaped’ volume that stems largely from
the eight aromatic side chains. Additionally, four large
‘prong-like’ elements project from the crown’s rim to-
ward the intracellular direction, and four smaller prongs
project between the selectivity filter and S6 helix (these
elements enlarge through induced fit docking of some
blockers). The crown-shaped hydrophobic volume rang-
es from 10.3 to 12.0 A in diameter (measured relative to
the intracellular facing ‘prongs’, which comprise the
lowest energy region of the contours). Additionally, a

Figure 2. Stereo ribbon drawing of the homology model (open form) used in the docking studies. The structure is viewed parallel to the central pore
axis, looking from the intracellular end toward the selectivity filter. Thr623, Ser624, Val625, Tyr652, and Phe656 are shown in stick representation.
Tyr652 and Phe656 are shown in magenta, Ser624 and Val625 are in the center of the figure, and Thr623 is partially obscured by Tyr652 and Phe656.
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Intracellular

Figure 3. (A) Closed form of the homology model, showing the four monomers in different colors. Molecular surfaces of key binding sensitive
residues identified from mutagenesis studies are drawn for one monomer (color-coded red). The side chains of all of these residues, except for Gly648,
are predicted to pack against the adjacent monomer (color-coded green). (B) Open form of the homology model. The positions of Phe656, Tyr652,
and Val635 (not visible) are shifted toward the selectivity filter relative to the closed form, and Tyr652 has rotated toward the central axis of the pore.
Re-packing of the side chains of these residues relative to the closed form is predicted.

Figure 4. Open form of the homology model highlighting (in one of
the monomers) the predicted close packing between the side chains of
Thr623 and Tyr652 (magenta).

small, star-shaped hydrophobic volume is predicted at
the base of the selectivity filter, centered on the pore’s
central axis. A large ‘propeller-shaped’ hydrophilic vol-
ume is predicted between the intracellular base of the
selectivity filter and the extracellular facing prongs of
the hydrophobic crown-shaped region. The hydrophilic
propeller stems largely from the four polar side chains
of Ser624 and backbone nitrogen and oxygen atoms in
this region. We measured distances between the lowest
energy reference points in the hydrophobic (i.e., intracel-
lular facing prongs) and hydrophilic iso-potential ener-
gy volumes. These distances range from 5.6 to 7.8 A,
depending on the choice of reference points. This sepa-
ration is consistent with the 6-8 A distance between
the basic center and required aromatic group in the
3D QSAR model of Pearlstein et al.® The hydrophilic
and hydrophobic volumes undergo considerable chang-
es in the docked complexes in response to ligand-

Figure 5. Hydrophilic (cyan) and hydrophobic (orange) iso-potential
energy contours calculated within the potassium conduction pathway
of the homology model prior to induced fit docking (same view as in
Fig. 1). A crown-shaped hydrophobic volume surrounds the central
axis of the pore. A propeller-shaped hydrophilic volume is sandwiched
between the intracellular base of the selectivity filter and the bottom
aspect of the crown-shaped hydrophobic volume. A small, star-shaped
hydrophobic volume is located at the hub of the propeller-shaped
hydrophilic volume.

induced protein conformational changes that occur dur-
ing the post-docking refinement steps. This results in
optimal spatial matching between the physicochemical
properties of the protein and each blocker.

3.2. Induced fit docking

The compounds listed in Table 1 were docked into an
opened form of the homology model (relative to the ori-
ginal KvAP structure) using the induced fit protocol de-
scribed in the computational methods section. Both
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enantiomers of the racemic blockers ibutilide and terfen-
adine were docked, as were the two known diastereo-
mers of cisapride.>> and the single known diastereomer
of MK-499. In the case of ibutilide, terfenadine, and
cisapride, the different stereoisomers for each compound
were found to adopt very similar poses and conforma-
tions. Although stereospecific HERG blockade has been
attributed to bupivacaine.?® and verapamil,?' stereospe-
cific blockade by ibutilide, terfenadine, or cisapride has
not been reported, consistent with our results.

Multiple simultanecous aromatic ring stacking and/or
hydrophobic interactions are predicted between Tyr652
and Phe656 side chains and aromatic/hydrophobic
blocker groups in the docking poses. Furthermore, such
interactions are apparent in multiple docking poses of
each blocker. Table 2 summarizes these interactions
and also highlights the number of qualitatively estimat-
ed sandwich, parallel displaced, T-shaped (edge-to-face),

Table 2. Summary of aromatic ring stacking and hydrophobic
interactions between side chains of Tyr652 and Phe656 and the
blockers

Blocker Number of aromatic residues in
contact with blocker
Tyr652 Phe656
MK-499 2 2 (t)
(—)-Cisapride 4 (1) 1 (pd)
(+)-Cisapride 3 (2t) 2 (pd)
S-Terfenadine 4 (2t) 2 (t,pd)
R-Terfenadine 4 (2t) 2 (2t)
R-Tbutilide 3 1
S-Ibutilide 3 (1) 1
Clofilium 3 (1) 4 (2v)
Sertindole 3 (t,e) 1
Sertindole Al 2 (1) 1 (pd)
Sertindole A2 2 (1) 1 (pd)
Sertindole A3 2(t) 1 (pd)
Sertindole A4 1 2 (s,e)
Sertindole A5 2(b) 1(b)

Nature of n—m interactions is shown in parentheses: t, T-shaped;
pd, parallel displaced; s, sandwich; e, edge-to-edge.

and edge-to-edge n—r interactions. Quantum chemical
calculations®”3* indicate that both stacked and T-
shaped aromatic structures constitute stable minima in
the gas phase and likely contribute additional stabiliza-
tion beyond the free energy gain resulting from burial of
hydrophobic groups. Additional studies reveal that var-
ious substituents on the aromatic groups affect interac-
tion energies’®® and others suggest that aromatic/
aliphatic and aromatic/aromatic T-shaped interactions
have degenerate energies.>®3” We made no attempt in
this study to quantify the energetic contribution of ring
stacking interactions to binding, as the resolution of the
induced fit models is likely not sufficiently high to justify
such calculations.

Tyr652 was proposed in several previous studies to
undergo m-cation interactions with the basic group pres-
ent in most blockers.®%121¢ However, spatial proximity
between basic groups and Tyr652 is not observed in the
docked poses of any blocker included in our study.
Therefore, m-cation interactions are not predicted from
our docking results. However, the extensive ring stack-
ing and hydrophobic interactions predicted from our
docking studies with Tyr652 and Phe656 are consistent
with the published mutagenesis studies.® !>

What follows is a detailed analysis of the induced fit
models for each of the blockers in Table 1.

3.3. Terfenadine

Six aromatic side chains (four Try652 and two Phe656
residues) are predicted to simultaneously interact with
S-terfenadine (Fig. 6A). Four of these six aromatic
interactions involve T-shaped m—m stacking. The pose
for R-terfenadine (not shown) is nearly identical to that
of S-terfenadine. The only significant difference is that
one of the T-shaped interactions with S-terfenadine is
replaced by a parallel displaced interaction with R-ter-
fenadine. These results are consistent with mutagenesis
studies. Additionally, three and four hydrogen bonds
are predicted for S- and R-terfenadine, respectively.
For S-terfenadine, these are to the backbone oxygen

Figure 6. (A) Induced fit docking pose showing molecular surface contacts of the side chains of Tyr652 and Phe656 (magenta) with S-terfenadine. (B)
Overlap of S-terfenadine with the hydrophobic (orange) and hydrophilic (cyan) iso-potential energy contours. Hydrogen atoms are not shown.
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of Leu622 and side chains of Ser649 and Ser624. For R-
terfenadine, three of the hydrogen bonds occur with dif-
ferent Ser624 side chains and the fourth is to the side
chain of Tyr652. However, the importance of the pre-
dicted hydrogen bonds cannot be validated from the
available mutagenesis data. The three aromatic rings,
t-butyl group, and butyl chain of both terfenadine enan-
tiomers partially occupy the crown-shaped hydrophobic
volume (Fig. 6B). The two hydroxyl groups in terfena-
dine partially occupy the propeller-shaped hydrophilic
volume at the intracellular base of the selectivity filter.
The piperidine ring nitrogen (basic center) also occupies
this hydrophilic volume.

3.4. Cisapride

Simultaneous interactions are predicted between (+)-
cisapride and five aromatic side chains, three to
Tyr652 and two to Phe656 (Fig. 7A). T-shaped m—n
stacking interactions are observed between (+)-cisapride
and two Tyr652 side chains on opposite sides of the
channel. A parallel displaced interaction with one

Phe656 side chain is also observed. Additionally, hydro-
gen bonds are predicted between Ser624 and amide NH,
and an adjacent Ser624 and piperidine NH of (+)-cisa-
pride. The sensitivity of cisapride to Ser624Ala mutation
was not determined and therefore the latter interactions
cannot be validated. The pose for (—)-cisapride (not
shown) is very similar to that of (+)-cisapride. There is
one less interaction with a Phe656, but that is replaced
by an additional interaction with a Tyr652 residue.
The two aromatic rings of both diastereomers of cisa-
pride partially occupy the crown-shaped hydrophobic
volume (Fig. 7B). A methylene group of the piperidine
ring occupies the star-shaped hydrophobic volume.
The amide and piperidine basic groups of cisapride par-
tially occupy the propeller-shaped hydrophilic volume.

3.5. MK-499

Simultaneous interactions are predicted between the
more rigid MK499 and four aromatic side chains;
two each with Tyr652 and Phe656, including T-shaped
n-n stacking with one of the latter side chains

Figure 7. (A) Induced fit docking pose showing molecular surface contacts of the side chains of Tyr652 and Phe656 (magenta) with (+)-cisapride. (B)
Overlap of (+)-cisapride with the hydrophobic (orange) and hydrophilic (cyan) iso-potential energy contours. Hydrogen atoms are not shown.

Figure 8. (A) Induced fit docking pose showing molecular surface contacts of the side chains of Tyr652 and Phe656 (magenta) with MK499. (B)
Overlap of MK499 with the hydrophobic (orange) and hydrophilic (cyan) iso-potential energy contours. Hydrogen atoms are not shown.
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(Fig. 8A). Additionally, the following residues are
within interaction distance to MK-499: Ser624 (4),
Ser649 (3), Thr623 (1), and Ala653 (1); numbers in
parentheses indicate the number of monomers interact-
ing with MK-499. Also, the side chain of one Val625
residue is within 5 A of MK-499. The binding sensitiv-
ity of MK-499 to mutation of Thr623, Ser624, and
Val625 residues has been demonstrated.’ Direct inter-
action between MK-499 and Gly648 is not predicted,
despite the demonstrated sensitivity of binding to
Gly648Ala. The sensitivity of MK-499 to this mutation
appears to represent indirect effects on cavity size, that
is, pore opening, or shape associated with alterations in
conformational properties of this key hinge residue.
Several examples in which mutation of residues not
directly in contact with the ligand result in dramatic ef-
fects on binding and/or activity have been reported in
the literature.’%3 MK-499 may be more sensitive than
other blockers to changes in gating properties associat-
ed with mutation of this S6 hinge residue due to its
location in the pore, which is predicted to be different
from the other blockers that we studied. The hydro-
phobic and hydrophilic volumes present in the
HERG/MK-499 complex differ substantially from
those of terfenadine and cisapride (Fig. 8B). The
crown-shaped hydrophobic volume present for the
other blockers is highly disrupted due to side-chain
conformational differences associated with the induced
fit refinement of MK-499. One region of this volume is
partially occupied by the cyano-tetrahydronaphthyl
moiety of MK-499. Another region is partially occu-
pied by the phenyl and methyl groups of the phen-
ylmethanesulfonanilide moiety. The NH and oxygens
of the methanesulfonanilide group occupy the propel-
ler-shaped hydrophilic volume. As for other blockers,
the basic piperidine nitrogen of MK-499 also occupies
the propeller-shaped volume. MK-499 docks with its
long principal axis parallel to the central axis of the
pore, projecting its methanesulfonanilide into a ‘prong’
of the hydrophobic ‘crown’ between the S6 helix and
selectivity filter. This binding mode (similar to that pre-
dicted by Pearlstein et al.?) differs from other blockers
we studied, consistent with mutagenesis results.’

3.6. Ibutilide

Simultaneous interactions are predicted between the ali-
phatic groups of S-ibutilide and four aromatic side
chains; three with Tyr652 and one with Phe656
(Fig. 9A). One of the interactions with Tyr652 is T-
shaped m-m stacking. Additionally, hydrogen bonds
are predicted between the methanesulfonanilide NH of
ibutilide and Ser624, and between the NH of the basic
center and adjacent Ser624 (assuming binding of the
protonated form). R-Ibutilide makes similar interac-
tions, but its pose is a mirror image of that of S-ibuti-
lide. The mirror plan is parallel to the pore axis and
lies between adjacent S6 helices. The crown-shaped
hydrophobic volume is partially occupied by the septane
chain (especially the last four methylene groups) and the
aromatic group (Fig. 9B). The basic center of ibutilide
occupies the propeller-shaped hydrophilic volume locat-
ed at the base of the selectivity filter. These results are
consistent with mutagenesis studies.'>

3.7. Clofilium

Simultaneous interactions are predicted between clofili-
um and seven aromatic side chains, including all four
Tyr652 residues and three Phe656 residues (Fig. 10A).
The chlorophenyl group is involved in three T-shaped
n—n stacking interactions with one Tyr652 and two
Phe656 side chains. The chlorophenyl group, septyl
chain, and ethyl chains of clofilium occupy a large frac-
tion of the crown-shaped hydrophobic volume in the
docked complex (Fig. 10B). The propeller-shaped
hydrophilic volume is partially occupied by the quater-
nary nitrogen. Long washout times were observed for
clofilium relative to ibutilide in wild type HERG. Perry
and co-workers attributed this effect to a direct interac-
tion between the chlorophenyl group of clofilium and
Ser624.'> Increased washout times were not observed
for clofilium in the Ser624Ala mutant. The sensitivity
of clofilium washout time to Ser624Ala may be ex-
plained by stronger electrostatic interactions between
the permanently charged group of clofilium and the pro-
peller-shaped hydrophilic region (largely contributed by

Figure 9. (A) Induced fit docking pose showing molecular surface contacts of the side chains of Tyr652 and Phe656 (magenta) with S-ibutilide.
(B) Overlap of S-ibutilide with the hydrophobic (orange) and hydrophilic (cyan) iso-potential energy contours. Hydrogen atoms are not shown.
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Figure 10. (A) Induced fit docking pose showing molecular surface contacts of the side chains of Tyr652 and Phe656 (magenta) with clofilium.
(B) Overlap of clofilium with the hydrophobic (orange) and hydrophilic (cyan) iso-potential energy contours. Hydrogen atoms are not shown.

Ser624) compared to those of the tertiary nitrogen of
ibutilide. This is consistent with the proximity of the ba-
sic groups of clofilium and ibutilide to the hydrophilic
region predicted from our docking results for these
compounds.

3.8. Sertindole

Simultaneous interactions are predicted between sertin-
dole and four aromatic side chains, including three
Tyr652 residues and one Phe656 residue (Fig. 11A). A
T-shaped n—= stacking interaction occurs with the side
chain of Tyr652. Binding sensitivity to mutation of
Tyr652 and Phe656 has not been studied for sertindole.
Therefore, we cannot rule out the possibility of alternate
binding modes for sertindole or its analogs compared to
terfenadine, cisapride, and other blockers with known
sensitivity to these mutations. The crown-shaped hydro-
phobic volume is partially occupied by the fluoro-pheny-
lindole moiety and two methylene groups of the
piperidine ring (Fig. 11B). The imidazolidinone group

also partially occupies this volume. The imidazolidinone
NH occupies the propeller-shaped hydrophilic volume.

3.9. Sertindole A5

Sertindole A5 forms simultaneous interactions with
two  Tyr652 side chains and one Phe656
(Fig. 12A). Two T-shaped m—m stacking interactions
are observed, one to Try652 and the other to
Phe656. Additionally, the backbone oxygen of
Thr623 is predicted to hydrogen bond with the dim-
ethylamine NH group of the sertindole analog. The
predicted binding mode of this blocker is consider-
ably different from sertindole, as is the crown-shaped
hydrophobic volume, which is considerably more
interrupted (Fig. 12B). This volume is occupied by
the majority of the fluorophenyl group, part of the
benzene group of the indole, and one methyl of
the dimethylamine group. The propeller-shaped

hydrophilic volume is occupied by the basic dimeth-
ylamine NH group.

Figure 11. (A) Induced fit docking pose showing molecular surface contacts of the side chains of Tyr652 and Phe656 (magenta) with sertindole. (B)
Overlap of sertindole with the hydrophobic (orange) and hydrophilic (cyan) iso-potential energy contours. Hydrogen atoms are not shown. The dark

green atom in the foreground is Cl and the light green is F.
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Figure 12. (A) Induced fit docking pose showing molecular surface contacts of the side chains of Tyr652 and Phe656 (magenta) with sertindole AS.
(B) Overlap of sertindole A5 with the hydrophobic (orange) and hydrophilic (cyan) iso-potential energy contours. Hydrogen atoms are not shown.

The light green atom in the foreground is F and the dark green is Cl.

3.10. Sertindole A1-A4

We compared the predicted binding interactions in four
closely related carboxylate and methylcarboxyester ana-
logs of sertindole. Replacement of fluoro by carboxylate
(sertindole A1) results in a 25,000-fold loss in activity
(75 uM), whereas replacement by methylcarboxylate
(sertindole A2) results in a 200-fold loss in activity
(579 nM). Replacement of fluoro by carboxylate methyl
ester (sertindole A4) and methylcarboxylate methyl ester
(sertindole A3) results in 12-fold (36 nM) and 43-fold
(131 nM) losses in activity, respectively. Our docking re-
sults for sertindole and the four analogs (presented be-
low) are highly consistent with these observations. All
the high scoring sertindole poses predicted by the in-
duced fit docking protocol can be clustered into four dif-
ferent conformations; the one shown in Figures 12A and
13A is clearly favored by GlideScore and Prime energy.
The other three lower scoring poses (not shown) are sim-
ilar to those found for the four analogs (Fig. 13B). The
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imidazolidinone group of the top scoring pose for sertin-
dole is directed toward the intracellular end of the pore
and hydrogen bonded to Ser649 (Fig. 13A). The imi-
dazolidinone group of all four sertindole analogs is
directed toward the extracellular end of the pore near
the selectivity filter and forms a hydrogen bond to the
backbone carbonyl of Leu622. A remarkably good cor-
relation (R*> = 0.95) between XP GlideScore and experi-
mental binding affinity (as estimated from the ICsg
values) is observed for sertindole and analogs Al1-A4
(Fig. 14). The Glide-XP lipophilic contact term for ser-
tindole contributes to the favorable GlideScore for this
3 nM blocker. The Glide-XP penalty for buried polar
groups for sertindole Al contributes to the unfavorable
GlideScore for this 75 uM blocker. Not surprisingly, the
penalty for buried polar groups for sertindole A2 (which
extends the carboxylate group 1.5 A toward the intracel-
lular end of the pore) is lower by about 1 kcal/mol. This
penalty for the methyl ester analogs (A3 and A4) is also
low. In addition, the Glide-XP van der Waals energy

Figure 13. (A) Induced fit docking pose of sertindole and interacting Tyr652, Phe656, and Ser649 residues. (B) The same view showing induced fit
docking poses of the sertindole analogs A1-A4. The intracellular region of HERG is on the bottom left and the extracellular on the top right.
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Figure 14. Plot of XP GlideScore versus an estimate of the free energy
of binding, RTIn (ICs).

terms for the A3 and A4 analogs are more favorable
than those of Al and A2.

4. Discussion

Unlike other potassium channels, the ion conduction
pathway of HERG is highly conducive to the formation
of binding interactions with chemically diverse organic
compounds containing aromatic, hydrophobic, and ba-
sic groups. The susceptibility of HERG to chemical
blockade has been attributed to the unique, simulta-
neous presence of Tyr652 and Phe656 within the lumen
of the pore domain,>'>'7 and the enhanced volume of
the pore compared to KvX channels due to the absence
of Pro at positions 655 and 657.% The binding sensitivi-
ties of terfenadine, cisapride, and MK-499 to substitu-
tions of Tyr652 and Phe656 with aromatic, aliphatic,
polar, and charged residues were investigated by Fer-
nandez et al.'® Tyr652Trp and Tyr652Phe mutations
were found to retain activity, but not other residue
types. Phe656 mutations to aliphatic or aromatic resi-
dues also retained activity. Furthermore, these authors
identified a correlation between potency and hydropho-
bic surface area of the side chains of Phe656
substitutions.

Our docking and potential mapping studies provide
additional insights about the basis for binding interac-
tions and conformational requirements thereof. Multi-
ple simultaneous aromatic  m-stacking and/or
hydrophobic interactions with various combinations of
Tyr652 and Phe656 side chains were predicted in the
most favorable docked poses of all blockers that we
investigated. Our results suggest that two to four
Tyr652, and one to two Phe656 side chains of the tetra-
meric pore domain are simultaneously involved in bind-
ing MK-499, cisapride, terfenadine, sertindole, ibutilide,
and clofilium via hydrophobic and =m-stacking interac-
tions. This is highly consistent with the hydrophobic fea-
tures predicted from 3D QSAR and pharmacophore

modeling studies. Large hydrophobic contributions
can signify entropically driven binding. Under such con-
ditions, losses of 46 A? of buried hydrophobic surface
area can result in 10-fold losses in potency.*°

The requirement for an aromatic residue at sequence
position 652, but not 656, has been attributed to n-cat-
ion interactions with highly prevalent basic blocker
groups.®%1216 This theory is based largely on the fol-
lowing indirect evidence: (1) activity requires an aro-
matic side chain (i.e., Tyr652) and often the
simultaneous presence of a basic blocker group; (2)
Tyr652 to Phe656 inter-side-chain distance is similar
to the aromatic ring to basic group distance in some
pharmacophore models.®? However, proximity be-
tween basic blocker groups and Tyr652 is not apparent
in the docked poses of any blocker that we studied.
Furthermore, 1Csy differences observed for piperidyl
versus des-piperidyl sertindole analogs are not consis-
tent with the expected loss of 2.0-4.0 kcal/mol in bind-
ing energy contributed by a m-cation interaction.*! For
example, the isopentyl sertindole analog (1.48 pM) is
only 7-fold less active than its nearest piperidine-con-
taining des-ethylcyclourea sertindole analog
(204 nM),? corresponding to less than 1 kcal/mol differ-
ence in free energy.*® Given the critical role of Tyr652
established from site-directed mutagenesis studies, it
seems likely that the loss of a m-cation interaction
would result in a larger decrease in activity between
sertindole and all of its des-piperidyl analogs. Our re-
sults suggest that the observed loss of binding sensitiv-
ity with mutation to non-aromatic side chains at
position 652 is due to the loss of m-stacking interac-
tions with aromatic rings present in nearly all blockers.
Although we did not quantitatively assess the nature of
the predicted aromatic ring interactions, it appears that
at least one Tyr652 side chain participates in ring
stacking interactions in all docked complexes. Other
possible effects of non-aromatic Tyr652 mutations on
binding sensitivity, including protein structural rear-
rangements, cannot be ruled out. Such rearrangements
could result from disruptions in intra-monomer pack-
ing between the side chains of Tyr652 and Thr623
(packed within a larger cluster involving Ser624 and
Val625 in our homology model) or disruptions in in-
ter-monomer packing (Fig. 3). The possible role of
C-type inactivation in conferring blockade sensitivity
introduces further uncertainties in our model. Howev-
er, ‘repositioning’ mutagenesis studies performed on
HERG and EAG (a homolog that does not inactivate
and lacks blockade sensitivity) do not support a direct
cause—effect relationship between inactivation and
blockade sensitivity.!” Rather, these studies suggest
that inactivation and blockade sensitivity share com-
mon requirements for the spatial positions of Tyr652
and Phe656, which converge for WT HERG and
EAG mutants in which Tyr or Phe are shifted down
one sequence position.!” Whether the S6 conformation
in KvAP correctly predicts the exact spatial positions
of these residues in HERG cannot be determined at
this time. However, our model is consistent with the
high degree of exposure of Tyr 652 and Phe 656 within
the blocker accessible region of the pore.



3172 R. Farid et al. | Bioorg. Med. Chem. 14 (2006) 3160-3173

Our results, taken with those of mutagenesis studies,
raise the possibility that mutation of Tyr652 and
Phe656 can affect binding directly via loss of interac-
tions, and indirectly via changes in protein structure.
Our results suggest that polar groups, including the
highly prevalent basic nitrogen, tend to localize within
the propeller-shaped hydrophilic volume (associated
with Ser624 and adjacent backbone atoms). As such,
activity enhancement associated with the presence of a
basic center is likely due to electrostatic interactions in
this region, rather than m-cation interactions with
Tyr652. Binding sensitivity of Ser624Ala mutation was
demonstrated for MK-499,° clofilium, and ibutilide,!?
which is consistent with this hypothesis. Unfortunately,
binding sensitivity to Ser624Ala mutation was not tested
for terfenadine and cisapride.® Our calculations likely
underestimate the strength of electrostatic interactions
due to neglect of the explicit contributions of the pore
helix dipole moments known to converge in this region.
We speculate that the overall electrostatic properties of
the binding site, including the contribution of the
trans-membrane field, elicit favorable interactions with
cationic species, and unfavorable interactions with
anionic species, except where specific favorable binding
interactions can be formed, for example, sertindole A2.

Our docking results suggest that the tendency of HERG
to bind small organic compounds is due, in part, to the
high effective concentration of aromatic/hydrophobic
side chains lining the ion conduction pathway. The spe-
cific configuration of such residues in the open channel
creates opportunities for multiple simultaneous ring
stacking and hydrophobic interactions that can be
achieved in multiple binding conformations/orienta-
tions. Structure—activity relationships among the sertin-
dole series suggest that electrostatic interactions with a
basic blocker group can contribute an additional 10-
to 100-fold enhancement in potency (7-fold for piperidyl
vs. isopentyl sertindole and 130-fold for dimethylamine
vs. isopentyl sertindole). The symmetric, redundant nat-
ure of the key binding residues, Tyr652, Phe656, and
Ser624 (four copies each), is suggestive of a low informa-
tion content ‘host-guest’ type binding site compared to
that of an enzyme or receptor.

A canonical blocker topology consisting of a set of
hydrophobic/aromatic groups arranged radially around
a basic center is suggested from several published phar-
macophore models. Our potential energy mapping and
docking results are consistent with this overall topolo-
gy. However, our results largely differ from published
ligand-based models with respect to bound conforma-
tion and the specific nature of protein-ligand interac-
tions. Our results suggest that blockers fold into ‘U-
shaped’ and other conformations adapted to the cylin-
drical symmetry of the pore and its hydrophobic
crown. Ligand-based models predict extended confor-
mations that necessitate longitudinal binding parallel
to the pore axis (inconsistent with our docked poses,
except for MK-499). Our results further suggest that
the basic nitrogen in blockers plays two critical roles
in binding: (1) as a source of electrostatic interactions
with Ser624 and nearby backbone atoms; (2) as a

branched center whose N-substituents bridge across
the hollow interior of the hydrophobic crown and pro-
ject aromatic/hydrophobic groups into the crown’s
hydrophobic rim. This canonical motif is likely one
of several possible topologies capable of satisfying the
proposed binding constraints. MK-499, for example,
exhibits a different topology and predicted binding
geometry. In summary, the following ligand properties
are suggested to play a key role in promoting HERG
blockade:

1. Ability to form extensive ring stacking and/or hydro-
phobic interactions with Tyr652 and Phe656 side
chains of multiple monomers, as reflected in the occu-
pation of multiple sectors of a crown-shaped hydro-
phobic volume. Substituents arranged radially
around a branched center (analogous to the hub
and spokes of a wheel), for example, tri- or tetra-
alkyl-substituted basic centers, represent a canonical
binding motif,

2. ability of polar groups, and most notably a basic cen-
ter, to interact with Ser624 and nearby polar back-
bone atoms, as reflected in the occupation of a
propeller-shaped hydrophilic three-dimensional iso-
potential energy contour,

3. ability to bind in multiple configurations under the
constraints of requirements 1-2, suggesting that con-
figurational entropy plays a key role in binding,

4. ability to form hydrogen bonds with polar side chains
or backbone atoms, and

5. attraction of a basic center by the negative field pres-
ent within the pore.

The mechanisms of disruption of potassium conduc-
tance via occupation of the conduction pathway are
poorly understood. Possible mechanisms include phys-
ical occlusion, changes in cross-sectional area, shape,
resistance, and disruption of critical transport-depen-
dent electrostatic properties of the pathway. The con-
duction pathway is only partially occluded in many
of our docked complexes, suggesting that blockade is
not adequately described by physical occlusion. Brown-
ian dynamics simulations of potassium conductance
were performed by Chung et al. using simplified mod-
els of KcsA, in which the radius of the intracellular
pore entrance was varied.*> Their results suggest that
conductance increases nonlinearly as a function of in-
tra-pore radius, an effect that is largely due to the in-
creased cross-sectional area of the pore, and lowering
of the energy barrier located approximately two-thirds
of the distance from the intracellular opening to the
selectivity filter. If this model is at all applicable to
HERG, blocker-induced changes in conductance could
result from reduction in the cross-sectional area or
shape of the intracellular cavity and/or alteration of
the delicate electrostatic balance between charged
groups/dipole moments of the intracellular entrance
and potassium ions within the selectivity filter. Graph-
ical visualization of the pore-lining surfaces of the
blocked complexes predicts large effects on pore geom-
etry, iso-potential energy contours, and side-chain and
local backbone conformation, consistent with this
hypothesis.
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5. Conclusions

Our docking results suggest that blockers bind to the
intracellular potassium conduction cavity of HERG
via a common mechanism involving extensive hydro-
phobic and ring stacking interactions with combina-
tions of Tyr652 and Phe656 side chains from at least
two monomers (typically three to four). However,
the specific number, combination, and types of interac-
tions, that is, hydrophobic versus ring stacking,
formed with these side chains can vary. Additionally,
blocker-specific polar interactions and hydrogen bonds
(including those arising from a basic center) are also
predicted. Blocker sensitive conformational differences
in the pore domain are predicted. Such differences
are mainly associated with side chain rotamers of
Tyr652 and Phe656. Possible approaches to mitigation
of HERG activity include increasing the polarity of
hydrophobic groups interacting with Tyr652 and
Phe656, introducing electron-withdrawing groups to
disrupt ring stacking, destabilizing the active ligand
conformation, and introducing shape non-complemen-
tarity (i.e., steric clashing). Additional work is needed
to more fully understand the specific nature of the
interactions suggested from our docking studies and
the factors that influence their energetic contributions
to binding affinity (including protein—ligand conforma-
tional strain and entropy).
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