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The inhibition of the hERG channel by noncardiovascular drugs is a side effect that severely impedes
the development of new medications. To increase hERG selectivity of preclinical compounds, we
recommend the study of nondesolvation related interactions with the intended target and hERG using
a baseline lipophilicity relationship approach. While this approach is conventionally used in studies of
potency, we demonstrate here that it can help in selectivity issues. Studies of hERG selectivity in four
in-house classes of chemokine receptor (CCR) antagonists suggest that the selectivity is improved most
effectively by structural alterations that increase the lipophilicity-adjusted primary potency, pIC50

CCR

- LogD. Fragment-based QSAR analysis is performed using the lipophilicity-adjusted hERG potency,
pIC50

hERG - LogD, to identify moieties that form nonhydrophobic interactions with the hERG channel.
These moieties, which erode hERG selectivity, can then be avoided. A novel two-dimensional fragment-
based QSAR analysis helps visualizing the lipophilicity-adjusted hERG and CCR potencies within
chemical series.

Introduction

It is now recognized that some drug-induced sudden deaths
are secondary to the development of an arrhythmia called
Torsades de Pointes (TdP).1,2 Recent advances in the
understanding of this issue indicate that the primary event is
likely to be inhibition of the rapid component of the delayed
rectifier potassium current (IKr) by such agents.3–5 These
compounds bind to the pore-forming R-subunits of the
channel protein carrying this current, which are encoded by
the human ether-à-go-go related gene (hERGa).1,3,6,7 Because
IKr plays a key role in repolarization of the cardiac action
potential, inhibition of potassium efflux via this channel type
slows repolarization, which is manifested on the electrocar-
diogram as a prolongation of the QT interval. While QT
interval prolongation is not a safety concern per se, in a small
percentage of people it is associated with TdP and degenera-
tion into ventricular fibrillation.

The hERG-encoded channel is blocked by a surprisingly
diverse group of drugs, predominantly lipophilic amines.1,3,6,7

The class III antiarrhythmics and many noncardiovascular drugs
in common clinical use prolong the QT interval by this
mechanism.2–5 Evidence of a link to an increased risk of TdP
has led to the withdrawal of several drugs from the market (e.g.,
astemizole, terfenadine, cisapride, sertindole, terodiline, grepafl-
oxacin)1,3,6–9 and therefore to considerable regulatory sensitivity
on this topic.10 The implications of the clinical guideline (ICH
E14) are particularly far-reaching because it requires every drug

with systemic bioavailability to be studied in the so-called
“Thorough QT/QTc Study”, a dedicated ECG study powered
to detect an increase in QT interval duration of around 2.5%.
Prolonging the QT interval in this study will have a significant
impact on the cost of and timelines for drug development and
will be likely to limit the commercial value of the product.
Understandably, the withdrawal of marketed drugs has led to
considerable interest in detecting and predicting compounds with
QT liabilities earlier and more efficiently in their discovery
timeline.1,3,4,8,11–19

To design drugs with a reduced risk of prolonging the QT
interval, it would be advantageous to identify and avoid structural
features that are beneficial for hERG inhibition. A number of hERG
channel pharmacophores have been developed, with the key
determinants being a protonated basic nitrogen surrounded by
several aromatic or hydrophobic groups.7,9,12–15,20–23 It has been
found that a hydrogen-bond (H-bond) acceptor or an electron-
withdrawing atom located at the periphery of the molecule may
also contribute to high-affinity binding to hERG.1,7,17,19,22,24

Based on these studies, a number of lead optimization ap-
proaches to avoid hERG blockage have been proposed. These
include subtle peripheral structural modifications, removing
distal aryl groups, adding an acidic function or its bioisostere,
decreasing lipophilicity, decreasing pKa of the most basic
nitrogen, introducing geometric constraints, and changing mo-
lecular shape.3–5,7,9,25–35 Although it has been shown that all of
these approaches work in particular cases, none of them is a
panacea. The main drawback of these approaches is that, as
well as decreasing potency at the hERG channel, they more
than often simultaneously decrease the potency at the intended
target.35–38

Previous efforts to rationalize hERG binding by building 3D
hERG pharmacophore models1,9,12,17,18,20–22,26,39 or defining
molecular fragments that cause hERG binding using fragment-
based QSAR analysis14–16 have been based on the overall hERG
potency of hERG blockers, pIC50

hERG. The conventional routine
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of direct use of pIC50 values for optimizing potency can be
ineffective when one needs to decrease nonspecific hERG
binding and at the same time increase or maintain binding to
the intended target. The potency of drugs is fundamentally linked
to their lipophilicity40–42 because binding to protein binding sites,
which generally represent solvent-exposed hydrophobic surfaces
with few polar groups,43,44 is facilitated by partitioning of
hydrophobic drug molecules to these binding sites.41,45 This
equally concerns both intended and off-target binding, therefore,
selectivity (the difference in binding affinities) is often independent
of compound lipophilicity. Notably, the overall hERG potency of
compounds is known to be linked to their lipophilicity, therefore,
lipophilic pharmacophore features will inevitably dominate in
hERG pharmacophore models.4,12,20–22,26,39 To decrease binding
to hERG, compound lipophilicity cannot be blindly reduced
just because hERG potency correlates with lipophilicity,
because a certain level is required to maintain permeability
and bioavailability and, most importantly, lipophilicity adds
to the primary potency of compounds. Although it is common
practice in fragment-based QSAR analysis and 3D-QSAR
modeling,4,12,14–16,21,26 it can be deceptive to use direct values
of hERG potency in studies aimed in reality at increasing hERG
selectivity of compounds. Another questionable practice in
fragment-based QSAR studies of hERG selectivity is to directly
use the values of hERG potency in mixed sets of compounds
aimed at different primary targets. In this case, it is easy to get
a simplistic conclusion that, for instance, basic nitrogen should
be avoided, whether it is required for the intended target or
not.15,16 Thus, a drawback of the current approaches to address
hERG issues of potential drugs is that the need to retain potency
at the primary target is not explicitly taken into consideration
while attempting to reduce hERG potency.

To develop a successful lead optimization strategy aiming at
overcoming hERG-related safety issues, focus should be on hERG
selectivity rather than hERG potency alone. In this report, we use
the baseline lipophilicity relationship (BLR) approach40,45–47 to
distinguish structural alterations that can increase hERG selec-
tivity from those that tend to affect the potencies at the intended
target and at hERG simultaneously. The origin of this approach
is the linear correlation between binding affinity and lipophi-
licity, in the form of either logP or logD values, that has been
experimentally observed in numerous classes of membrane-
binding and receptor-mediated drugs since the classical works
of Overton and Meyer.48,49 While the BLR approach has
previously been shown to be useful in potency studies, we take
this step further and apply it to selectivity issues. Because this
approach allows one to remove the desolvation component from
the overall hERG potency within chemical series, it opens the
possibility for analysis of the purely structural aspects of hERG
selectivity.

In this communication we apply the BLR approach to study
hERG selectivity of four structurally diverse classes of CCR
antagonists that bind to CCR1, CCR3, and CCR8. All
compounds were subjected to the same hERG binding assay,
avoiding issues with data inhomogeneity. There is a specific
reason for focusing on CCR antagonists in studies on hERG
selectivity. Chemokine receptors belong to a G-protein-
coupled receptor (GPCR) superfamily, and CCR antagonists
often contain a basic amine50 to interact with the TM7
glutamate residue in chemokine receptors,51 thus displaying
a pharmacophore identifiable with common hERG blocking
agents. Within the CCR antagonist field, only a few
compounds have survived development, and much of this

preclinical attrition is due to the challenges of optimizing
hERG selectivity.52–54

Methods

BLRs of hERG and hERG Selectivity in Chemical Series.
BLRs, which express linear correlations between free energy
of binding and logarithm of n-octanol/water partition coefficient,
have become fundamental in drug design.40,41,45–47,55–58 If
potency was due to lipophilicity driven partition alone, a straight
line correlation would be observed. However, since factors other
than desolvation also contribute to the total binding energy of
drugs (that is direct interactions with the binding site, such as
van der Waals interactions, H-bonding and π-π interactions),
it is typical to find several parallel lines in the leading edge of
potency/lipophilicity plots of structurally diverse compound
sets.40,45–47,55,59,60 Where compounds fall off the leading edge,
it is likely due to the added component disrupting geometric fit
to the binding site. Each of these lines represents a subset of
closely related structural analogues, for which such direct
interactions are similar,42,45,47,55,59,60 but the measured potency
varies with the nonspecific lipophilicity-driven binding com-
ponent. The slope of the lines is related to the extent of
hydrophobic amino acids lining the binding site pocket, and is
called the hydrophobicity factor of the binding site.45,47,60 The
value of the slope usually varies from 0.3 to 1.3, being most of
the time around 1.40,42,43,60 In other words, the gain in potency
(∆pIC50) within a closely related subset of compounds is often
observed to be roughly equal or at least proportional to the added
lipophilicity (∆logP),40–43,45–49,55–57,59–61 while being insensitive
to the particular structural elements that cause these changes in
lipophilicity.40–47,61–64

Mathematically, the BLR45–47 represents a split of Gibbs
energy of binding (∆G) into two components, namely, free
energy of partitioning of a molecule to an organic phase and
free energy of nonhydrophobic interactions taking place between
the counterparts in the bound complex. This relationship can
be expressed as a link between lipophilicity (logD) and potency
(pIC50) of drugs:40,45–47,60

pIC50 ) a × logD - k × ∆Gintr + const (1)

where pIC50 is the potency of a compound; D is the apparent
n-octanol/water partition coefficient; a is the hydrophobicity
factor of the binding site; k is a coefficient equal to (2.303 ×
RT)-1; and ∆Gintr is the intrinsic binding energy, which is not
related to desolvation and describes polar interactions and
geometric fit in the bound complex.

The first term of eq 1 (a × logD) is the lipophilicity driven
component of potency caused by desolvation. The values of
logD, rather than logP, are utilized to quantify the lipophilicity
of ionized compounds, primarily because logD is an experi-
mentally derived property. The logD value is a function of the
partitioning of the neutral form of the compound (logP) and its
ionization degree at pH 7.4, which may somewhat complicate
comparisons of measured lipophilicities of compounds of
different ionization types.25 The second term (-k × ∆Gintr) is
the intrinsic potency, which is not related to desolvation. It
results primarily from direct interactions of the bound drug with
the binding site, consisting of polar interactions, such as H-bonds
and salt bridges, but also π-π, cation-π, hydrophobic packing,
and van der Waals interactions. In cases of partial desolvation
of ligands in bound complexes, the second term also includes
the solvation energy of solvent-exposed moieties.

Values of the hydrophobicity factors of binding sites in eq 1
are determined by regression analysis by considering only
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closely related molecules characterized by similar contributions
of intrinsic interactions.40,45–47,60 A typical potency/lipophilicity
plot for a series of hERG channel blockers with the hERG
lipophilicity baseline is illustrated in Figure 1A. Using eq 1,
the hERG selectivity of CCR antagonists can be written as

pIC50
CCR - pIC50

hERG ) (pIC50
CCR - ahERG × logD)+

k × ∆Gintr
hERG + const. (2)

The first term in the right side of this expression (pIC50
CCR

- ahERG × logD) is independent of the binding affinity at hERG.
The second term, k × ∆Gintr

hERG, is the inverse intrinsic potency
at hERG, which is independent of binding to the primary target.
Our lead optimization strategy is to increase both these terms.
Let us set the first term to a constant.

pIC50
CCR - ahERG × logD) const. (3)

The graphical representation of eq 3 is a diagonal line in the
potency/lipophilicity plot for the primary target (Figure 1B).
Note that the slopes of the diagonal lines in Figure 1A,B are
identical and equal to the hERG hydrophobicity factor. The
increase of the lipophilicity-adjusted primary potency (the first
term of eq 2) corresponds to the shift of the diagonal line in

the primary target plot to the upper left quadrant (shown by the
green arrow in Figure 1B). This means that structural alterations
have to lead to increasing or at least retaining the value of
pIC50

CCR by decreasing compound lipophilicity. Thus, the most
important part of increasing hERG selectiVity in the chemical
series is reducing the desolVation component of the intended
potency of compounds and attaining the required potency
utilizing direct attractiVe interactions with the designated
binding site. In case of partial ligand desolvation in the bound
complex, the same effect can be achieved by increasing polarity
of the solvent-accessible moiety of the ligand. To keep the
second term of eq 2 constant while decreasing compound
lipophilicity, one has to avoid forming new direct attractive
interactions with the hERG channel and thus move lead
optimization in the direction shown by the green arrow in Figure
1A. This direction is defined by retaining the value of the
lipophilicity-adjusted hERG potency (see eq 1). Intrinsic hERG
binding motifs, that is, molecular fragments, which increase the
lipophilicity-adjusted hERG potency and thereby move lead
optimization in the wrong direction (Figure 1A), have to be
avoided. The second important part of increasing hERG
selectiVity is to aVoid direct attractiVe polar interactions with
the hERG binding site.

Fragment-Based QSAR Analysis along the Nondesolva-
tion Components of Potency. Fragment-based QSAR analysis
performed in the direction of (pIC50

hERG - ahERG × logD) in a
given chemical series will rank molecular fragments of the
common scaffold according to their contributions to the intrinsic
hERG potency (eq 1). In addition, this routine will allow one
to estimate inherent propensities of different scaffolds for the
nondesolvation interactions with the hERG channel. This one-
dimensional approach would however overlook the role of the
intended potency in hERG selectivity (eq 2). We recommend
performing QSAR analysis that would simultaneously take both
terms of eq 2 into consideration. Instead of solving the Free-
Wilson regression65 in one direction, we utilized the following
two-dimensional fragment-based QSAR analysis. Contributions
of each molecular fragment to the left side of eq 2, Y )
(pIC50

CCR - pIC50
hERG), and to the first term of the right side,

X ) (pIC50
CCR - ahERG × logD), were calculated independently

using Free-Wilson regressions,65 and the obtained values were
plotted against each other, as shown in Figure 2. The average
values of ∆X and ∆Y were set to zero for each attachment
point of the scaffolds. This assumption allowed us to estimate
the contributions of the scaffolds to X and Y. It can be shown
that the direction of (X - Y) is the intrinsic hERG potency
(Figure 2).

The new type of two-dimensional fragment-based QSAR
analysis allows one not only to detect intrinsic hERG binding
fragments within each chemical class, but also to study the
effects of direct interactions with the primary target on hERG
selectivity. The diagonal line ∆X ) ∆Y signifies the average
contribution of molecular fragments of the particular chemical
class to the intrinsic hERG potency. The deviation from this
line to the lower right quadrant of the plot indicates productive
polar interactions with the hERG channel, as shown by the thick
arrow in Figure 2. The corresponding structural motifs respon-
sible for the decrease in the second term of eq 2 are intrinsic
hERG binding fragments. Any deviation from this line in the
opposite direction is an indication of steric or electrostatic
repulsion within the hERG cavity. This is a hallmark of intrinsic
hERG nonbinding fragments, which are beneficial for the hERG
selectivity. Thus, this straight line separates intrinsic hERG
binding from intrinsic hERG nonbinding fragments, and can

Figure 1. Graphical interpretation of the strategy to improve hERG
selectivity of CCR antagonists. (A) Typical potency/lipophilicity plot
for inhibitors of the hERG channel. The straight line with the slope of
ahERG is the line of the best fit for the structurally closely related subset
of compounds (datapoints given in squares). The color of datapoints
indicate intrinsic hERG potency (red for high, green for low). (B)
Typical potency/lipophilicity plot for the primary target. The diagonal
line of the same slope is described by eq 3. To improve hERG
selectivity, one has to make structural alterations that move the
corresponding datapoints in the directions shown by the green arrows
in plot A, -pIC50

hERG - (ahERG)-1 × logD, and plot B, pIC50
CCR -

ahERG × logD. The red arrow in plot A points to the forbidden direction,
pIC50

hERG - ahERG × logD, which is a hallmark of direct attractive
interactions with the hERG channel.
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be called the average hERG lipophilicity baseline for fragments
of the particular chemical class. The new coordinate system
(�1,�2), which is obtained by the 45° rotation of the original
axes X and Y (Figure 2), allows one to study contributions of
each structural alteration to the first (axis �1) and to the second
(axis �2) terms of eq 2. To overcome hERG potency in chemical
series, progress in both directions is required.

Pharmacophore Modeling of hERG Blockers along the
Nondesolvation Component of hERG Potency. Our experi-
ence in optimization of lipophilic amines in several series of
CCR antagonists indicates that addition of a wide variety of
lipophilic groups in various positions in a molecule will usually
result in increased hERG binding. It appears that it is not helpful
to think in terms of the optimal positions of hydrophobic features
in hERG pharmacophores because they are too elusive and
abundant,22,66 and an altogether different approach to consider
hydrophobic interactions with hERG is needed. The set of active
compounds to build a pharmacophore for direct nonhydrophobic
interactions with the binding site must include structures that
exhibit the highest magnitudes of the nondesolvation component
of potency, pIC50 - a × logD, rather than the overall potency.
Hydrophobic compounds that gain potency mostly by high
desolvation energy instead of direct interactions with the binding
site have to be excluded. In addition, this pharmacophore type
has to account only for attractive polar interactions involving
H-bond donors, H-bond acceptors, positive and negative charges,
and in special cases, even aryl groups forming π-π interactions,
as well as for spatial hindrances obstructing geometric fit.
Hydrophobic pharmacophore features should be explicitly
excluded.

Pharmacophore modeling of intrinsic hERG binders was
performed using the program Phase (Schrödinger, New York,
NY, U.S.A.). Each molecule taken in its protonation state at
pH ) 7.4 was represented by a set of low-energy conformers
generated by MacroModel (Schrödinger, New York, NY,
U.S.A.) with the “Ligand torsion search” engine using the
OPLS2005 force field (Schrödinger, New York, NY, U.S.A.)
with the Generalized Born solvent model.67 Conformational
spaces of piperidine rings were not sampled in order to avoid
twisted conformations.

Homology Modeling of hERG. The homology model of the
tetrameric pore domain of the hERG channel was built by the
program Modeller/InsightII (Accelrys, San Diego, CA, U.S.A.)
using a 1.9 Å resolution X-ray structure of the KcsA potassium
ion channel crystallized in a closed state as a template from the
PDB entry 1R3J.68 The positions of critical segments in the
hERG channel sequence, that is, transmembrane helices S5 and
S6, pore helix P, and the selectivity filter SF, and alignment
with the KcsA channel were used as previously described.11,24

The 22-residue region of the hERG sequence encoding the
extracellular “turret” helix of hERG was omitted.3,24,66 The
choice of this particular template being in the closed, rather
than open, state was made for the following reasons. It was
shown that inactivation of the hERG channel results in increased
drug binding,3,69 therefore, it was assumed that, although drugs
enter the internal mouth of the hERG channel in its open
state,13,70 inactivation is likely to entrap them and optimally
position all residues involved in drug binding.66,71,72 If the open
state of the voltage-dependent KvAP potassium ion channel73

is utilized as a template for homology modeling, the cytosolic
ends of the S6 helices of the resulting hERG channel model
are moved away from the channel axis,24 which makes it
difficult to explain the demonstrated importance of residue V659
for binding of a number of hERG blockers.3,19,66 On the other
hand, in the homology model derived from the structure of the
closed channel KcsA, the inner S6 helices of the channel come
too close to each other in the area of the intracellular opening,
which makes the central cavity and residues V659 inaccessible
for interactions with hERG blockers (Figure 3A).66 In a way
the open state channel appears to be too wide, but the closed
state is too obstructed. Because the purpose of the homology
modeling was to understand the key 3D elements of high affinity
hERG binding, we used the closed hERG model as the starting
point and “opened” the central cavity of the channel by energy
refinements with an enclosed hERG blocker.66

The hERG blocker terfenadine in its protonated state was
placed along the 4-fold hERG channel axis in the closed model
of the hERG channel, such that the bulky diphenylmethanol
moiety is located inside the wide inner cavity. A putative 3D
structure of the terfenadine-hERG complex was obtained by
empirical force field potential energy minimization using the
program Sybyl (Tripos, St. Louis, MO, U.S.A.) and the
MMFF94s force field. The geometry and position of terfenadine
and the inner transmembrane helix S6 were optimized in the gas
phase using a distance-dependent dielectric constant. Backbone
dihedral angles within S6, together with the 3D structure of the
backbone of the rest of the channel, except for G648, were
maintained unchanged. Residue G648 is conserved within
the K+ channel family and is thought to be a K+ channel glycine
hinge, a point of flexibility that permits channel opening.66,74,75

As a result of the energy minimization, the internal mouth of
the channel was opened as illustrated in Figure 3.

Figure 2. Detection of intrinsic hERG binding and intrinsic hERG
nonbinding fragments is performed by plot of relative contributions of
different fragments of hERG blockers to Y ) pIC50

CCR - pIC50
hERG

and X ) pIC50
CCR - ahERG × logD calculated by fragment-based

QSAR analysis. Both variables are centered. The black spot shows the
coordinate origin. The diagonal line X ) Y is the average hERG
lipophilicity baseline separating intrinsic hERG binding and intrinsic
hERG nonbinding fragments. The thick arrow, which is perpendicular
to this line and points to the direction of X-Y, is the nondesolvation
component of hERG potency. The new coordinate system (�1 ) X +
Y, �2 ) Y - X) allows interpretation of the nature of the increase of
hERG selectivity within chemical series. Changes along the coordinates
�1 and �2 reflect the increases of the first and the second terms of the
right side of eq 2, respectively.
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Docking of Intrinsic hERG Binders to the hERG Homol-
ogy Model. The purpose of the docking exercise was to find
possible explanations for the observed intrinsic hERG binding.
Putative binding modes of extreme cases of intrinsic hERG binders
in the hERG ion channel were obtained in three steps. An initial
binding mode of a chosen hERG inhibitor taken at its protonation
state at pH ) 7.4 was predicted by the program Glide (Schrödinger,
New York, NY, U.S.A.) in the extra precision mode XP.76,77 No
potassium ions were loaded to the selectivity filter in the docking
calculations, as their presence does not affect the docking results.24

Multiple molecular dynamics runs for 50 ps at constant temperature
of 300 K were subsequently performed by the program Macro-
Model using the OPLS2005 force field and the generalized Born
solvent model, which were followed by local minimum energy
refinements. Molecular dynamics simulations and energy minimi-
zation steps allowed conformational changes in the ligand and in
the side chains of all hERG channel residues. The structure
corresponding to the minimum of potential energy was chosen for
each complex.

Results and Discussion

Test Chemical Classes. The BLR approach and the two-
dimensional fragment-based QSAR analysis have been ap-

plied to four in-house chemical classes targeting three
chemokine receptors, CCR1, CCR3, and CCR8, to devise
general rules of overcoming hERG related issues. While the
hERG-binding propensity is a property of the whole molecule,
the fragment-based QSAR analysis ranks their fragments,
which can be common for molecules belonging to different
chemical classes and different primary targets, therefore it
is important to see whether the rules are scaffold- or target-
independent. General structures of the CCR antagonists under
consideration are presented in Figure 4.78–81 The four classes
I-IV included 42, 110, 138, and 82 compounds, respectively.
The logarithm of the apparent n-octanol/water partition
coefficient, LogD7.4, potency of binding to the corresponding
primary target, pIC50

CCR, and potency of binding to hERG
ion channel, pIC50

hERG, have been experimentally determined
for these compounds as described in the Experimental
Section.

The hERG BLRs. Figure 5 illustrates hERG potency/
lipophilicity plots for the test classes. The straight line fit is
performed independently in each of these classes using structur-
ally closely related analogues. Scaffolds of the chosen subsets
are given in Figure 6. A proper choice of the subsets of hERG
blockers is particularly important because of the promiscuous
nature of the channel for drug interactions.82 To form the
subsets, we used the following five criteria, which are in line
with common practice.40,45–47 First, the subset has to be close
to the leading edge of the hERG potency/lipophilicity plot of
the particular chemical class, such that productive polar interac-
tions with the binding site in the subset are exemplified. Second,
steric locations of key polar functional groups that are critical
for hERG binding have to be the same within the subset. Third,
the subset has to be sufficiently populated and contain at least
six compounds. Fourth, standard errors of the estimates have
to be reasonable (not higher than 20%). Fifth, several indepen-
dent evaluations of the hydrophobicity factor of the binding site
using different chemical classes are necessary.

The estimates of the hERG binding site hydrophobicity factor
(ahERG), obtained by regression analyses of eq 1 using limited
subsets of compounds, are 0.93 ( 0.17 (n ) 11), 1.26 ( 0.12 (n
) 8), 0.85 ( 0.12 (n ) 15), and 0.95 ( 0.16 (n ) 16) for classes
I-IV, respectively. This suggests that the hydrophobicity factor
of hERG binding site (ahERG) for different classes of CCR
antagonists is close to 1.0, which means that the increase of
lipophilicity by one log unit results in a rise in hERG potency also
by about one log unit, within closely related subsets. Interestingly,
the overall effective hydrophobicity factor of the hERG channel
for binding of a wide variety of ligands has been recently estimated
to be around 0.8.9 The value of the hydrophobicity factor is a
measure of the desolvation related interactions with the binding
site, and as such has to be distinguished from the overall effect of
compound lipophilicity on potency. When considering a wide
variety of ligands, compounds in the polar end of the overall
lipophilicity range may form specific polar interactions with the
binding site, which makes them more potent than it would be
expected according to their polarity.1,7,17,19,22,24,41 At the same time,
lipophilic compounds may carry bulky lipophilic motifs that most
commonly do not fit to the binding site cavity, which makes them
less potent than expected according to their lipophilicity.9,83–86

These effects may result in an underestimation of the actual
desolvation effects in hERG potency when using structurally
diverse sets of ligands.

The importance of taking BLRs into account in lead
optimization is illustrated by statistical considerations presented
in Table 1. The correlation coefficients are calculated separately

Figure 3. A putative model of the pore domain of hERG channel with
bound terfenadine. (A) Preliminary model obtained by homology
modeling using the X-ray structure of KcsA as a template. (B) The
refined model after energy minimization with the enclosed ligand. Two
out of four subunits comprising the tetrameric channel are illustrated.
Side chains of the S6 helix residues that were identified as critical for
high affinity binding of hERG blockers are shown in (B). The surface
of the hERG channel vestibule is depicted yellow.
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for each of the four test series. Results indicate that correlation
of hERG potency with compound lipophilicity is significantly
more pronounced than correlation of hERG selectivity with
compound lipophilicity. This confirms our assumption that the
lipophilicity driven component of hERG potency of chemokine
receptor antagonists gets significantly reduced in the hERG
selectivity expression by a similar component of the primary
potency, which suggests that it is problematic to improve hERG
selectivity by decreasing compound lipophilicity. Consistent
with eq 2, data also indicate that improvement of hERG
selectivity within all the considered structural classes is achieved
more efficiently by increasing the value of the lipophilicity-
adjusted primary potency (pIC50

CCR - ahERG × logD) than by
decreasing hERG potency or its components. It should be noted,

however, that the approach to decrease hERG potency is as
effective in increasing hERG selectivity in classes III and IV.
This statistical analysis supports the theory that a “one-
dimensional” approach for solving selectivity issues based purely
on compound lipophilicity or hERG potency is likely to be less
effective than the “two-dimensional” approach to increase the
nondesolvation related component of the primary potency. The
latter approach will be even more efficient if molecular
fragments that form attractive intrinsic interactions with the
hERG channel are detected in the course of lead optimization
and avoided.

Detection of Molecular Motifs with High hERG-Binding
Propensities. Contributions of scaffolds and molecular motifs to
the intrinsic hERG potency are evaluated by the fragment-based

Figure 4. Core structures of four classes of chemokine receptor antagonists. LHS and RHS designate hydrophobic left-hand-side and polar right-
hand-side moieties, respectively; R1, R2, and R3 are small functional groups.

Figure 5. Plots of hERG binding potency versus lipophilicity for compounds of the considered classes. (A) I; (B) II; (C) III; (D) IV. The straight
lines are determined by regression analyses using close homologues indicated by squares. The slopes of the lines represent estimations of the hERG
binding site hydrophobicity factor ahERG. Color of circles designates intrinsic hERG potency, which alters from intrinsic hERG nonbinders (green)
to intrinsic hERG binders (red).
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QSAR analysis for the four test series. Scaffolds of classes I-IV
add to the intrinsic hERG potency as much as 3.80, 3.37, 2.58,
and 4.00 log units, respectively. These estimates indicate that
different scaffolds exhibit quite different potentials for overcoming
hERG related issues in lead optimization, with the scaffolds of the
classes III and IV being the most and the least promising,
respectively. Class IV displays an inherent predisposition for hERG
binding, such that it might be problematic to achieve the required
balance of hERG selectivity and compound lipophilicity, unless
intrinsic hERG nonbinding motifs are found.

Figure 7 illustrates the results of the two-dimensional QSAR
analysis, which allow the detection of intrinsic hERG binding
structural motifs in the compounds of the considered classes.
These plots also reveal the role each fragment plays in hERG
selectivity of compounds. It can be noticed that the majority of
the structural motifs of CCR antagonists studied are located in
the vicinity of the average hERG lipophilicity baselines, which
indicates that their role in improving hERG selectivity is to form
nondesolvation related interactions with the primary target.
Nevertheless, there are a great number of outliers below the
baselines, which represent intrinsic hERG binding fragments
working against the hERG selectivity. Because the plots are
derived from experimentally measured values, which are subject
to errors, we have to estimate the magnitude of the smallest
deviation from the baseline that would be beyond experimental
errors. By assuming realistic standard errors in measuring values
of pIC50 to be around 0.3 (which corresponds to a 2-fold difference
between independent measurements of IC50 values), we define the
smallest significant deviation from the baseline to be one log unit.
Accordingly, we find that 32 out of 298 fragments (i.e., 11%) in
the four structural classes can be regarded as intrinsic hERG binding
fragments. These fragments contribute to hERG potency at least
10 times more than an average molecular fragment of the same

lipophilicity attached to the same place of the same scaffold. The
maximal detected deviation from the average hERG lipophilicity
baseline induced by a single molecular fragment is found in class
II and is as high as 440 times. The percentage of intrinsic hERG
binding fragments may not seem high until we bear in mind that
the increased hERG potency associated with these fragments is
absolutely unintentional, which demonstrates a surprising potential
for attractiVe intrinsic polar interactions in the hERG channel
caVity.

The plots shown in Figure 7 reveal that specific structural
elements in the polar RHS moieties are mainly responsible for
the increase of the intrinsic primary potency, and equivalent
improvement of hERG selectivity of compounds in classes I,
II, and III. However, at the same time, it is also specific
structural elements in the polar RHS fragments, though subtly
different ones, that give rise to most of intrinsic hERG binding
moieties. Results indicate that effects of structural changes in
R1, R2, and R3 in class I are minor; correspondingly, no
functionalities at these positions contribute significantly to
intrinsic hERG binding. Effects of changes in R1 in class II are
more pronounced, but the locations of the corresponding
datapoints close to the average hERG lipophilicity baseline
indicate that they do not differ in intrinsic hERG binding. Only
one fragment was identified at the LHS in class III compounds
as adding an unusually high value to the hERG binding affinity,
which is probably due to its polarity. Class IV is very special
as both polar RHS and lipophilic LHS contribute significantly
to the intrinsic primary CCR8 potency as well as to the intrinsic
potency at hERG. The increased importance of the lipophilic
parts of compounds of this class in hERG binding is most likely
caused by the fact that the majority of molecules in class IV
possess two aromatic rings in their lipophilic LHS, consistent
with structures of other CCR8 antagonists.83

Ranking Intrinsic hERG Binding Fragments. Intrinsic
hERG binding fragments identified in the four classes are
collected in Figure 8. The value shown next to the rank
underneath of each fragment indicates the intrinsic hERG
potency in logarithmic units calculated from the corresponding
datapoint in Figure 7 as ∆xi - ∆yi. Contrary to current
practice,14–16 we recommend to avoid these molecular fragments
not because they are lipophilic or carry a positive charge, but
because they are found to be especially efficient in jeopardizing
hERG selectivity within the particular structural classes. All of
these fragments are located in the periphery of the molecules.

The vast majority of intrinsic hERG binding fragments
detected (except for fragment 3 in class IV only) are polar,
which suggests that a H-bonding network within the hERG

Figure 6. Scaffolds of closely related subsets of the structural classes, which are used to evaluate the hydrophobicity factor of the hERG binding
site. X designates H, F, or Cl; Ri designates a small substituent.

Table 1. Correlation Coefficients (R) between Variables X1 and X2
Calculated Using Measured Values of the Test Series (Classes I-IV)a

X1 X2 I II III IV

pIC50
hERG logD 0.72 0.64 0.35 0.64

pIC50
CCR - pIC50

hERG logD -0.53 -0.42 0.094 -0.43
pIC50

CCR - pIC50
hERG pIC50

hERG -0.74 -0.66 -0.60 -0.75
pIC50

CCR - pIC50
hERG pIC50

hERG + logD -0.69 -0.61 -0.20 -0.65
pIC50

CCR - pIC50
hERG pIC50

hERG - logD -0.47 -0.35 -0.48 -0.36
pIC50

CCR - pIC50
hERG pIC50

CCR - logD 0.85 0.82 0.62 0.76
a The value of hERG selectivity (pIC50

CCR - pIC50
hERG) increases more

reliably within each class when increasing the value of (pIC50
CCR - logD)

of compounds, than by decreasing their lipophilicity (logD), hERG potency
(pIC50

hERG), the desolvation component of hERG potency (pIC50
hERG +

logD), or nondesolvation component of hERG potency (pIC50
hERG - logD),

as illustrated by the underlined maximal values of correlation coefficients.
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channel represents a hallmark of intrinsic hERG potency. Most
of the lipophilic fragments form hydrophobic interactions with
the channel cavity and correspondingly contribute about as much
to hERG potency as to compound lipophilicity. The fact that
only one lipophilic intrinsic hERG binding fragment is identified
in the four test series suggests that it does something very
unusual in the hERG channel. The phenomenon of inherent
binding propensity of particular lipophilic moieties of ligands
has been well documented for a variety of targets62,87,88 but
not for hERG. An unusually high role of particular lipophilic
groups in ligand binding affinity is believed to be caused by
packing effects.43 Distinct lipophilic groups, which participate
in direct repulsive interactions with the hERG binding site, have
been described in several structural classes.9,85,86 To the best
of our knowledge, we have identified the first lipophilic fragment
that contributes to hERG potency much more (about 20-fold)
than expected in line with its role in compound lipophilicity.
Because the hERG channel binding site appears more flexible
than other protein binding sites, it is unlikely that packing effects
in the hERG channel can explain this effect.

Intrinsic hERG binding motifs are detected in particular
structural classes, therefore the structure of the scaffold may
be critical for activating those motifs. There are cases of a
significant role of scaffolds in intrinsic hERG binding of
peripheral fragments in the considered series. Four intrinsic
hERG binding fragments identified in class I (1, 2, 4, and 5)
do not seem to have the same effect in class II (Figure 7B).

Consistent with earlier findings, it is likely that the attachment
topology of the peripheral fragments to the scaffolds may play
a significant role in hERG binding.7 Surprisingly, two pairs of
identical intrinsic hERG binding motifs are identified in different
structural classes, namely, fragment 3 in class I and 12 in class
II, and fragment 10 in class III and 2 in class IV, which suggests
that these especially potent hERG binding motifs are likely to
have specific interactions within the hERG cavity, and the role
of scaffolds can be secondary, probably because of their
flexibility.

It is well documented that compounds carrying positive
charges exhibit higher intrinsic propensities toward cationic ion
channels than neutral ones.25 Consistent with this observation,
fragment 1 in class III, which carries a basic amine, the second
positive charge in this molecule, shows especially high intrinsic
propensity for the hERG channel. On the other hand, zwitte-
rions are found to display lower hERG potencies than basic
compounds taken at the same logD value.25 This being the
case, the average ability of acidic functions to decrease hERG
binding affinity should be somewhat higher than the ac-
companied decrease of lipophilicity. Nevertheless, several
intrinsic hERG binding moieties, namely, fragments 9 and
10 in class II, 5–11 in class III, and 2 in class IV, include
acidic functions, which suggests that zwitterions per se do
not represent a panacea for removing hERG binding in
chemical series.

Figure 7. Detection of intrinsic hERG binding fragments in four classes of CCR antagonists by two-dimensional fragment-based QSAR analysis
based on eq 2. Both coordinates, X ) pIC50

CCR - logD, and Y ) pIC50
CCR - pIC50

hERG, are centered. (A) class I; (B) class II; (C) class III; (D)
class IV. Polar RHS fragments are shown in red; lipophilic LHS fragments or R1, blue; R2, green; R3, yellow. Diagonal lines ∆X ) ∆Y designate
average hERG lipophilicity baselines. The axis of intrinsic hERG potency, PhERG ) pIC50

hERG - logD, which is perpendicular to the hERG
lipophilicity baseline, is indicated in (A). Consistent with eq 2, intrinsic hERG binding fragments designated by numbered squares are located
below the average hERG lipophilicity baseline, whereas intrinsic hERG nonbinding fragments above the baseline. Numbers represent fragment
ranks according to their contributions to intrinsic hERG potency of compounds of the given class. Fragments designated in (B) by underlined
numbers are identical to those identified in class I as intrinsic hERG binding fragments.
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Repairing Peripheral Intrinsic hERG Binding Fragments.
Figure 9 gives examples of subtle changes within these motifs,
which are able to disrupt detrimental interactions with the hERG
cavity. They include alkylation of basic secondary amine
(fragment 1 in class III), reversing an amide (2 in class I),
removal of a H-bond donor (1 and 9 in class II; 1 and 4 in
class III; 1 in class IV), removal of a H-bond acceptor (1 and
10 in class II; 5, 6, 8, and 10 in class III), inverting a
configuration of the chiral center carrying a polar group (1 in
class II), adding lipophilic groups (3 in class I; 1 and 10 in
class II; 2 in class IV), a change in topology (10 in class III;
3 in class IV), changing the position of a polar atom (1 in class
IV), or replacing a polar group by a bioisostere (2 in class IV).
Most of these cases suggest that it is the accumulation of
several polar functions on the periphery of a molecule that
may turn the polar side into a motif capable of productive
polar interactions with the hERG channel. This implies that
cooperativity of nonhydrophobic interactions with hERG can
play a crucial role in intrinsic hERG potency. The particular
attachment topology, relative spatial locations, stereochem-
istry, and H-bonding donor/acceptor capacity of several
peripheral polar groups are required for intrinsic hERG-
binding propensity of these motifs, consistent with earlier
observations.7 Possible chemical alterations leading to reduc-
ing the intrinsic hERG-binding propensity of peripheral

fragments identified in the test series appear to be the opposite
to the conventional methods, which have been linked to
reducing compound lipophilicity,9,12,14–18,21,22,34 but in agree-
ment with recent studies.9 The solutions are to remoVe detri-
mental polar groups and/or add lipophilic groups and not the
other way around. Small lipophilic groups added directly to polar
intrinsic hERG binding motifs are likely to cause steric
hindrances within hERG, thus disrupting the H-bonding network.

Obtained data indicate that carboxylic groups themselves are
not the reason for the intrinsic hERG-binding propensities of
most of the acidic motifs, as they can be repaired by removing
adjacent heteroatoms, that is, fragments 9 and 10 in class II
and fragments 5, 6, and 8 in class III. Nevertheless, in certain
cases, acidic groups are capable of direct attractive interactions
with the hERG channel. We found only one such case in the
considered series, namely, fragment 10 in class III, which is
also detected in class IV (fragment 2; Figure 9). In this fragment,
the carboxylic group is attached to the peripheral phenyl ring
in the ortho-position leading to a V-shaped geometry, which is
thought to be predisposed for hERG binding.7 Summing up,
zwitterions will have a guaranteed increased selectivity if the
large decrease in lipophilicity associated with adding an acidic
group to a basic scaffold is acceptable to the target protein,
presumably by making a new strong compensating interaction
not available to the hERG channel.34

Figure 8. Structures of the intrinsic hERG binding motifs detected in the four test classes. Attachment atoms (amide functional group for class IV)
are included and denoted by arrows. All fragments, except for 4 in class III and 3 in class IV, represent RHS of the molecules (Figure 4). Bold
numbers designate ranks of the fragments in the particular class. The relative contribution of each fragment to intrinsic hERG potency of compounds
(in logarithmic units) is given next to the rank. A cutoff value of one logarithmic unit is used. Each illustrated fragment is present once in a given
class, except for 10 in class III (3 times), 2 in class IV (2 times), and 3 in class IV (18 times).
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The only lipophilic intrinsic hERG binding motif identified
in the test series (fragment 3 in class IV) can be repaired by
changes in the attachment topology from ortho to meta. The
two aryl groups in fragment 3 are likely to be involved in
multiple π-π interactions with aromatic residues of the hERG
channel. This case once again confirms the role of the ortho-
substitution pattern for intrinsic hERG-binding propensity.7

Aryl groups and H-bond acceptors have been recognized as
structural features of hERG blockers, which have high hERG-

binding propensity.1,7,17,22–24,39,66,89 Data presented in Figure 9
are consistent with these observations and further indicate that
H-bond donors are also able to participate in H-bonding with
the hERG channel binding site. It is seen that polar hydrogens
of hydroxyls and amines are responsible for the high intrinsic
hERG potency of fragments 1 and 9 in class II and fragment 1
in class IV. This suggests that, apart from the bifunctional
hydroxyl groups of T623 and S624, which have been shown to
be involved in H-bonding with polar functions of hERG

Figure 9. Structural changes within intrinsic hERG binding fragments that disrupt their productive intrinsic interactions with the hERG binding
site. Functional groups, which potentiate the fragments and, hence, directly participate in attractive intrinsic hERG binding are shown in red. Bold
numbers designate the ranks of fragments in the particular class. Indicated real values denote relative contributions of fragments to intrinsic hERG
potency of compounds in this class. Fragments that correspond to the positive values decrease hERG selectivity of the corresponding compounds
by making productive intrinsic interactions with the hERG channel.
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blockers,3,4,7,11,19 there might be other polar groups within the
hERG channel cavity that are available for interactions with
the enclosed hERG blockers and can function only as H-bond
acceptors.

Jamieson et al.9 have summarized successful examples of
overcoming hERG binding and have formulated the discrete
structural modifications (DSM) approach as one possible method
of reducing hERG binding in chemical series. This approach
urges subtle structural alterations in peripheral fragments of
hERG blockers, not accompanied by significant changes in
lipophilicity. The DSM approach is in line with one aspect of
our strategy, targeted at disrupting direct attractive interactions
with the hERG binding site.

Analysis of BLRs in Chemical Series To Steer Away
from Undesirable Off-Target Binding. The value of BLRs in
real life projects can be illustrated using a subset of 14 CCR8
antagonists of class IV (Figure 10). The subset is split into two
groups by the structure of the lipophilic LHS. In the first group
(o-1 through o-7), compounds include the o-phenoxyphenyl

moiety, whereas in the second group (m-1 through m-7), the
ortho-topology in the LHS is changed to meta-topology.
Consistent with earlier findings,7 the ortho-topology in the
peripheral LHS inherent in the first group is identified to be the
cause of the detrimental attractive nonhydrophobic interactions
with the hERG channel (Figure 9). A significant role of
lipophilicity in binding affinity to CCR8 and hERG can be seen
when comparing the corresponding potencies of o-2 and o-6 or
m-2 and m-6. On the other hand, comparison of o-1 and o-3 or
m-1 and m-3 may lead to the incorrect conclusion that
compound lipophilicity drives hERG potency but not CCR8.
The BLR approach clarifies the situation as it allows one to
visualize intrinsic interactions with both the target and off-target
binding sites, which represent the main driving force for
selectivity.

Figure 11 depicts the hERG selectivity of compounds of the
subset versus lipophilicity-adjusted CCR8 potency. The increase
of polarity of compounds by replacing p-Cl-phenyl in the
peripheral RHS by 2-pyridyl, 4-pyridyl, 2,4-pyrimidyl, 2-py-
ridyl-N-oxide, or 4-pyridyl-N-oxide leads to increasing hERG
selectivity within each group roughly parallel to the hERG
lipophilicity baseline, that is, along the �1 axis. According to
eq 2, this suggests that the polar functions in the RHS form
H-bonds with the primary binding site, but are unable to do so
in the hERG channel. Because intrinsic interactions with the
hERG channel did not change, the compounds of each subclass
tend to situate on the corresponding hERG lipophilicity baseline
in Figure 11. This being the case, the resulting improvement of
hERG selectivity has to be similar in the two groups because it
is achieved only by decreasing hydrophobic interactions with
the hERG channel, which is insensitive to structure and
approximately equal to ∆LogD, consistent with eq 1 at ahERG

) 1. Thus, it is not surprising that the difference in hERG
selectivity that exists between the most lipophilic compounds
of the groups, o-1 and m-1 (1.73 logarithmic units), remains
about the same between the most polar compounds of these

Figure 10. Structures of CCR8 antagonists of the class IV, which
exemplify the strategy of overcoming hERG potency. Molecules with
the o-phenoxyphenyl topology in the LHS are designated o-1-o-7.
Molecules with the m-phenoxyphenyl topology in the LHS are
designated m-1-m-7. The following three values are given for each
compound: pIC50

CCR8, pIC50
hERG, and LogD.

Figure 11. The plot of hERG selectivity (the left side of eq 2) vs
lipophilicity-adjusted CCR8 potency (the first term of the right side of
eq 2) of the compounds shown in Figure 10. Molecules with the
o-phenoxyphenyl and m-phenoxyphenyl topology in the LHS are shown
by squares and triangles, respectively. The solid line with the equation
pIC50

hERG - LogD ) 4.5, represents a hERG lipophilicity baseline,
which separates these groups. Changes along the axes �1 and �2 reflect
improvements of hERG selectivity caused by the increase of the first
and of the second terms of the right side of eq 2, respectively. The
dashed line with the equation pIC50

hERG - LogD ) 3.6 approximates
a lipophilicity-adjusted hERG potency of the most promising lead
candidates.
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groups, o-7 and m-7 (1.37 logarithmic units), although com-
pound lipophilicity decreased considerably (by about three
logarithmic units). The hERG lipophilicity baseline inherent in
a particular structural subclass can be extrapolated to the
required range of lipophilicity, and the resulting hERG selectiv-
ity of optimized compounds of a particular structural subclass
can thus be predicted using the following expression

pIC50
CCR8 - pIC50

hERG ) pIC50
CCR8 -LogD-

(pIC50
hERG -LogD) (4)

where the term in the parentheses quantifies the intrinsic
interactions of compounds of a particular subclass with the
hERG channel (eq 1). Setting the target values of pIC50

CCR8

and LogD to 8.5 and 1.5, respectively, and presuming that we
will not be able to decrease the nondesolvation component of
hERG potency within the subclass, the hERG selectivity of the
target compound of the most promising m-subclass would be
close to 3.4 logarithmic units (see the dashed line in Figure
11). This example illustrates the importance of a proper selection
of the lead candidate with the highest potential for a subsequent
hERG selectivity improvement in the course of lead optimiza-
tion. All other factors being equal, the priority in the selection
of the starting point has to be given to those candidates that
exhibit the minimum of the lipophilicity-adjusted hERG potency,
pIC50

hERG - LogD.
Because compound lipophilicity can be decreased in the

course of lead optimization only to a certain limit to maintain
high compound bioavailability, in most cases, it is critical to
further improve hERG selectivity without decreasing compound
lipophilicity,9 that is, to make structural alterations resulting in
a progress in hERG selectivity along the �2 axis (Figures 9
and 11). The suggested two-dimensional fragment-based QSAR
analysis is able to rank particular molecular fragments in the
given chemical series according to their ability to disrupt
attractive intrinsic interactions with the hERG channel. In
addition, the general rules of repairing peripheral intrinsic hERG
binding fragments could be helpful. In the considered subclass,
replacement of the intrinsic hERG binding fragment, o-(o-
methoxyphenoxy)phenyl (fragment 3 in class IV, Figure 9), in
the compound o-2 by the fragment of similar lipophilicity results
in the compound m-2 with improved hERG selectivity (by 2.06
logarithmic units). The simplified subset consists of similar
molecules to interpret the hERG selectivity progress in structural
terms more easily. However, in real projects with thousands of
structurally diverse compounds, the BLR-sensitive fragment-
based QSAR analysis helps to detect favorable and detrimental
fragments in directions of �1 and �2 and thereby direct lead
optimization strategy in both directions more efficiently.

Docking of Intrinsic hERG Binders into a hERG Homol-
ogy Model. Two hERG blockers (Figure 12) representing
extreme cases of intrinsic hERG binding were docked into a

homology model of the hERG channel. The purpose was to
gain a structural hypothesis for the cooperative H-bonding
(molecule A) or cooperative π-π interactions (molecule B) as
a plausible interpretation for intrinsic hERG binding. The
predicted binding modes are illustrated in Figure 13. Despite
the uncertainty of docking results in a homology model, and
taking into account that each hERG blocker could have more
than one binding mode in the hERG channel,1 some character-
istic features of putative binding modes can be ascertained. The
intrinsic hERG binding peripheral moieties of both molecules
are situated in the vestibule of the hERG channel, an unusually
large central water-filled internal cavity located by the selectivity
filter.3,9,13,66,71,72 The lipophilic tails of both molecules are
pointed toward the narrow intracellular opening of the inner
helices.22,66 Polar intrinsic hERG binding functions of molecule

Figure 12. Structures of extreme cases of intrinsic hERG binders, which have been docked to the internal cavity of a hERG homology model.
Experimental data: compound A, pIC50

hERG ) 7.6, logD ) 1.55; compound B, pIC50
hERG ) 8.6, logD ) 3.4. Functional groups, which are predicted

to be directly involved in polar interactions with hERG residues, are shown in red.

Figure 13. Putative binding modes of two extreme cases of intrinsic
hERG binders in a homology model of hERG ion channel with
highlighted pharmacophore features important for intrinsic interactions
(Figure 9). Molecular structures of the hERG binders are given in
Figure 12. (A) molecule A; (B) molecule B. One subunit of the
tetrameric hERG channel models is removed for clarity of the views.
Residues involved in direct attractive interactions with the intrinsic
hERG binding fragments are illustrated. The pharmacophore features
include H-bond donors (light blue spheres with arrows), a H-bond
acceptor (pink sphere with an arrow), protonated nitrogen (dark blue
sphere), and aryl groups (brown circles).
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A are likely to form multiple H-bonds within the hERG binding
site (Figure 13A), whereas both aromatic rings of the intrinsic
hERG binding fragment of molecule B could be involved in
π-π interactions with Y652 (Figure 13B). The majority of
residues in the hERG channel directly interacting with these
fragments in the obtained models are those known as critical
for binding of many hERG blockers.3,7,9,24,90 They include S624,
Y652, and F656. Docking simulations further suggest that other
residues can also be involved in intrinsic interactions of these
particular hERG blockers, particularly the side chain of S649
and the backbone oxygen of L622.24

Pharmacophores for Attractive Intrinsic Interactions
with hERG. The derived list of intrinsic hERG binding motifs
(Figures 8 and 9) suggests that there are at least two likely hERG
pharmacophores for intrinsic interactions, one for H-bonding,
and the other for π-π interactions. To capture spatial locations
of the corresponding structural features of hERG blockers, we
assigned pharmacophore features to the key functional groups
of the two examples of intrinsic hERG binders taken in their
docked conformations (Figure 13). The identified intrinsic hERG
binding fragments from classes I-IV were split into two groups.
The first group included all polar fragments, while the second
group consisted of only fragment 3 detected in class IV. The
latter group was augmented with known hERG blockers, which
carry two aryl groups on one side of the basic nitrogen, namely,
astemizole, clozapine, terfenadine, and mianserin. Conforma-
tions of intrinsic hERG binders were mapped onto the corre-
sponding receptor-based hERG pharmacophores by the program
Phase (Figures 13 and 14).

The first pharmacophore (Figures 13A and 14A-C) consists
of a basic center, one aryl group, and a cluster of H-bonding
features, including one acceptor and two donors. The separation
of the H-bonding cluster from the basic center within this
pharmacophore model is significantly larger than previously
suggested (4–6 Å),1 and ranges from 8.4 Å (for the acceptor)
to 9.7 Å (for the most distant donor). This indicates that the
ideal position of the basic center of hERG blockers within the
hERG channel is quite elusive and that the possible locations
of the positive charge resemble a cylinder, coaxial with the

symmetry axis of the channel, rather than a sphere. The second
pharmacophore (Figures 13B and 14D-F) consists of a basic
center and two aryl groups, which are approximately equidistant
from the basic center. The key feature of fragments that fit the
first type of hERG pharmacophore is that they increase hERG
potency by decreasing compound lipophilicity. The key feature
of fragments matching the second type of hERG pharmacophore
is that although they increase both hERG potency and compound
lipophilicity, the amount of gained hERG potency considerably
exceeds that expected from the gained lipophilicity.

The relative intrinsic potency of a ligand is thought to indicate
the extent of enthalpic processes involved in ligand binding,
such as H-bonding and π-π interactions, and tends to represent
the arithmetic sum of these contributions to the free energy of
binding.45 Using typical energy values for direct interactions
with the binding site to be –0.9 kcal/mol for a π-π interaction
and between -1.0 and -2.5 kcal/mol for H-bonding,43,45 we
can inspect whether the intrinsic hERG potencies attributed to
fragments 1 in class II and 3 in class IV (Figure 8) are consistent
with the predicted binding modes in hERG (Figure 13).
Assuming that the average hERG lipophilicity baseline is
considered as a reference point of no interactions, the contribu-
tion of the polar peripheral moiety of molecule A to intrinsic
hERG binding (2.64 logarithmic units or -3.6 kcal/mol) is
equivalent to the energy of 1-4 H-bonds, which is consistent
with the three H-bonds predicted by the QSAR analysis (Figure
9) and the model (Figure 13A). Similarly, the contribution of
the lipophilic peripheral fragment of molecule B to its intrinsic
hERG potency is 1.36 logarithmic units, which corresponds to
an interaction energy of -1.86 kcal/mol and is indeed equivalent
to the energy of two π-π interactions.

The suggested strategy of overcoming hERG potency of
preclinical compounds is based on measured values of potency
and lipophilicity, LogD7.4. Measured values of lipophilicity are
widely used in the pharmaceutical industry because critical
properties of drugs correlate with n-octanol/water partition
coefficients, that is, permeability, solubility, binding to unrelated
proteins, metabolic stability, clearance, and bioavailability. To
design drugs, it is important to remain on experimental grounds

Figure 14. Two types of pharmacophore models for attractive intrinsic interactions with the hERG channel cavity, which describe structural
features detrimental for hERG selectivity of CCR antagonists, mapped onto conformations of polar (A-C) and lipophilic intrinsic hERG binding
fragments (D-F). The first pharmacophore (A-C) includes two H-bond donors (light blue sphere), one H-bond acceptor (pink sphere), one aryl
group (brown torus), and a basic nitrogen (dark blue sphere). The second pharmacophore (D-F) includes two aryl groups and a basic nitrogen and
represents a simplified form of Cavalli pharmacophore.21 The following intrinsic hERG binding groups are mapped onto the pharmacophores: (A)
fragment 1 from class II, (B) 9 from class II, (C) 1 from class IV, (D) 3 from class IV, (E) terfenadine, and (F) mianserin. The dotted lines in (D)
denote intramolecular H-bonds.
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in lipophilicity estimations because this allows one to implicitly
control these properties. Certainly, it would be of much help if
we could replace measured values of lipophilicity with calcu-
lated predictions. Unfortunately, computational methods are still
not good enough to completely replace measurements of
lipophilicity. We tested the calculated values of ACDLogD7.4
and ACDLogP (ACDLabs version 8.00, Advanced Chemistry
Development, Inc., Toronto, Canada) in the foregoing strategy,
but the results were skewed. The obtained hERG lipophilicity
baselines in the test series appeared too shallow, which
contradicts experimental observations. Although the overall
correlation of ACDLogD or ACDLogP with LogD values is
normally rather high, in the considered classes, we found that
the slopes of the LogD/ACDLogD and LogD/ACDLogP regres-
sions are significantly below than 1. Besides, predictions of
lipophilicity of unusual structures are usually poor, which
jeopardizes the estimates of the hydrophobicity factors of the
binding sites and, hence, the whole BLR approach. Therefore,
at this point, we do not recommend using the calculated
estimates of LogD in the BLR-dependent approaches for series
of non-neutral compounds.

Conclusions

The large water-filled vestibule of the hERG channel offers
a wealth of opportunities for attractive nondesolvation-related
interactions with entrapped drug-like molecules. The interaction
points within the hERG cavity are formed by such residues as
S624, L622, Y652, and, possibly, T623 and S649. Because of
the tetrameric structure of the hERG channel, these interaction
points within the channel get multiplied by four and create an
extensive network of functional groups within the cavity, which
is capable of H-bonding or π-π interactions with a variety of
enclosed ligands,2,66 especially when several polar or aryl
functional groups are present at the periphery of the molecule.
In this case, the peripheral moiety of the ligand is stabilized
particularly well inside the hERG vestibule, which turns it into
an intrinsic hERG binding fragment and dramatically decreases
the hERG selectivity of the whole molecule. The rest of the
hERG channel cavity represents a hydrophobic surface22,66 that
facilitates binding of lipophilic moieties of entrapped compounds
due to structure-insensitive hydrophobic interactions.

To overcome problems of compounds associated with an
undesirable inhibition of the hERG potassium ion channel most
efficiently, we have outlined a new strategy that focuses on
increasing the hERG selectivity of molecules instead of
the common routine of decreasing hERG potency outside of
the context of intended binding. This strategy highlights the
importance of optimizing only direct enthalpic interactions with
the intended target, while concomitantly reducing enthalpic
interactions with the hERG binding site rather than considering
the overall binding affinities. We have also identified several
intrinsic hERG binding motifs, peripheral molecular fragments
that bind to the hERG channel particularly efficiently and
thereby may decrease hERG selectivity of compounds regardless
of the primary target. The structure of the scaffold may be
important for activating or inactivating these peripheral fragments.

The intrinsic hERG binding fragments should be ranked
according to their contribution to the lipophilicity-adjusted or
intrinsic hERG potency, pIC50

hERG - logD, rather than to the
overall hERG potency, pIC50

hERG. The top-ranked fragments
possess lipophilicity-independent intrinsic hERG-binding pro-
pensity, and modeling suggests they are pointed toward the
selectivity filter when bound to the hERG channel. These
fragments have to be avoided or modified. The data suggest

that simple changes in the peripheral intrinsic hERG binding
motifs, for example, alkylation of the basic secondary amine,
reversing an amide, removal of a H-bonding function, inverting
a configuration of the chiral center carrying a polar group, adding
lipophilic groups, alterations in topology, changing the position
of a polar atom, or replacing a polar group by a bioisostere,
may disrupt the detrimental interactions with the hERG channel
vestibule cavity.

Overcoming selectivity issues in a chemical series is a very
common task in drug design. Hereby we suggest a general
strategy that can be applied in lead optimization programs to
increase selectivity of compounds against nonspecific binding
to target-unrelated hydrophobic binding sites. The strategy is
based upon studies of BLRs of the undesired binding site for a
compound series. We suggest using these relationships to avoid
undesirable binding while retaining the intended potency. The
strategy splits into two components. The first component is to
decrease unwanted binding by engineering favorable polar
interactions with the primary target. Because the polarity of a
drug-like molecule can only be increased to a certain degree,
the second component has to be used as well, which is to
introduce subtle structural alterations leading to the disruption
of attractive interactions, and the forming of repulsive interac-
tions within the off-target binding site. It should be noted that
this approach is inapplicable for selectivity issues of homologous
proteins.

To successfully apply the BLR approach in chemical series
to optimize the undesirable nonspecific hydrophobic binding,
it is critical to utilize reliable estimates of compound lipophi-
licity. At this point we recommend using the measured values
of LogD7.4, at least for a series of charged compounds, although
calculated predictions could be useful in the future as soon as
they are in a better agreement with experimental estimates in a
wide chemical space.

Experimental Section

The potency of binding of the compounds under consideration
to chemokine receptors CCR1, CCR3, and CCR8 was measured
in the corresponding binding assay described in the literature.80,81b,d,91

The potency of binding to the hERG potassium ion channel was
measured in an HEK cell line expressing recombinant hERG
channel.92,93 Measurements of compound lipophilicity, as described
by the logarithm of the apparent n-octanol/water partition coefficient
at pH ) 7.4, LogD7.4, are detailed in the literature.94,95
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