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The metabolic stability and selectivity of a series of CCR8 antagonists against binding to the hERG ion
channel and cytochrome Cyp2D6 are studied by principal component analysis. It is demonstrated that
an efficient way of increasing metabolic stability and selectivity of this series is to decrease compound
lipophilicity by engineering nondesolvation related attractive interactions with CCR8, as rationalized
by three-dimensional receptor models. Although such polar interactions led to increased compound
selectivity, such a strategy could also jeopardize the DMPK profile of compounds. However, once
increased potency is found, the lipophilicity can be readjusted by engineering hydrophobic substituents
that fit to CCR8 but do not fit to hERG. Several such lipophilic fragments are identified by two-
dimensional fragment-based QSAR analysis. Electrophysiological measurements and site-directed
mutagenesis studies indicated that the repulsive interactions of these fragments with hERG are caused
by steric hindrances with residue F656.

Introduction

Chemokines constitute a family of small secreted peptides,
which control the trafficking cascades of leukocytes to in-
flammatory sites. They act through binding to specific high-
affinity receptors, the chemokine receptors, which belong to a
superfamily of G-protein-coupled receptors (GPCRsa). The
chemokine receptor family is the largest subfamily of known
peptide-bindingGPCRs.1 They belong to the class AGPCRs,
which also include rhodopsin, β1-adrenergic, β2-adrenergic,
and A2A adenosine receptors, four GPCRs for which high-
resolution X-ray crystal structures have been solved.2-5 The
chemokine system regulates the development, activation, and
recruitment of leukocytes and plays important roles outside
the immune system.1

A wealth of structure-activity relationships and mutagen-
esis studies on the class A GPCR antagonists suggests that
there is a generic binding pocket for small molecules inside the
heptahelical bundle common to this subfamily.With the release
of crystal structures of the bovine rhodopsin,2 it is apparent
that this generic transmembrane (TM)bindingpocket for small
molecules is reminiscent of the retinal-binding pocket in rho-
dopsin.6,7 The predicted high value of homology modeling of
GPCRs in the identification of the classAGPCR ligands6,7 has
been verified in several classes of therapeutics,8 although
intrinsic conformational plasticity inherent in GPCR structure
and ligand binding sites has to be taken into consideration.9

The pro-inflammatory chemokine receptor 8 (CCR8) is
selectively expressed on a subset of T-helper-2 (Th2) cells,
eosinophils, and on monocyte derived dendritic cells, and is
upregulated upon activation.10,11 These effector cells migrate
to the site of inflammation by sensing a gradient of the
chemokine CCL1 by the cell surface expressed CCR8 recep-
tor. Once inside the inflamed tissue, the CCR8 positive cells
arrest and perform their effector function. Among other
functions, the activated Th2 cells produce the key cytokines
IL-4, IL-5, and IL-13,which are the predominantmediators in
inflammation and hyperresponsiveness in bronchial asthma
and atopic dermatitis. Clinical studies have demonstrated
significantly elevated numbers of CCR8 positive cells in
asthmatics and atopic dermatitis patients.12-14 The pivotal
role of CCR8 in driving allergic diseases like asthma was
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demonstrated in CCR8 deficient mice, in which it was shown
that CCR8 knock-down significantly ameliorated lung in-
flammation and airway function in several allergic airway
models.15,16 These clinical and experimental results strongly
suggest that CCR8 antagonists could be of therapeutic value
in allergic pulmonary diseases.17,18

The vastmajority of nonpeptide chemokine receptor antago-
nists share a common pharmacophore, which includes lipophi-
lic groups and a centrally located protonated amine18,19 that
forms an ionic bond with the conserved glutamate E7.39 of
chemokine receptors.20,21 Different classes of known small-
molecule CCR8 antagonists also reveal this general pharmaco-
phore.17,18,21-24This particular pharmacophore is also inherent
in hERG ion channel blocking agents25-27 and in inhibitors of
the 2D6 isoform of cytochrome P450 (Cyp2D6),28 one of the
most important enzymes involved in drug metabolism. Indeed,
much of the preclinical attrition of chemokine receptor anta-
gonists has been due to the challenges of increasing selectivity
against hERG and Cyp2D6, and metabolic liability.29-34

In this communication, we consider a series of 464
CCR8 antagonists, which are based on the 3,9-diazaspiro-
[5.5]undecane scaffold (Figure1).22Apart fromgeneralbinding
of these compounds to the hERG ion channel, several com-
pounds of this series also exhibit binding to Cyp2D6 and have
poor metabolic stability. The overall promiscuity of bioactive
compounds is thought to be related to their lipophilicity,
typically quantified by Log P or LogD.35 Amain focus of this
study is to investigate the connection of the intended and off-
target binding of the CCR8 antagonists with their lipophilicity.
We demonstrate that engineering attractive polar interactions
in this series of CCR8 antagonists with the primary binding site
results in an increase in potency and a simultaneous decrease in
lipophilicity, which in turn diminishes lipophilicity-linked pro-
miscuous interactions and also increases metabolic stability.
Both location and conformational flexibility of key polar
residues lining the consensus TM binding pocket36 within the
CCR8 homology model are shown to be critical to explain
the structure-activity relationships and to guide the inten-
ded decrease of compound lipophilicity. However, although
the reduction of the desolvation related component of po-
tency37-41 is a reliable general approach to increase compound
selectivity,35,42,43 this strategy can have certain limitations
caused by poor permeability and bioavailability of polar
compounds. In addition, contrary to the general strategy of
reducing lipophilicity, it has also been demonstrated that in
specially identified locations polar functionality may form
detrimental intrinsic attractive interactions within the hERG
ion channel cavity26,42-44 and therefore decrease selectivity
against hERG. In a previous communication,44 we demon-
strated that molecular fragments, which are responsible for
both beneficial and detrimental nondesolvation related inter-
actions40 with an antitarget, can be identified by two-dimen-
sional fragment-basedQSARanalysis.We identified structural
featuresof chemokine receptorantagonists that caused intrinsic
attractive interactions with hERG leading to the loss of hERG
selectivity, whereas here we explore possibilities for anti-hERG
propensity of spirocyclic CCR8 antagonists. The structures of

theseCCR8antagonists 1-30 are detailed inTable 1 andTable
S1 of Supporting Information. Themolecular basis of repulsive
interactions with the hERG ion channel is revealed by electro-
physiological experiments conductedwith a focused set of 25 of
these compounds and eight hERG mutants. It is shown that
some lipophilic fragments built in to these CCR8 antagonists,
which are responsible for high intrinsic anti-hERG pro-
pensities, do not fit to the narrow part of the channel between
residues F656.

Methods

Synthesis. The compounds were prepared according to
Route A (Scheme 1) by reductive amination of tert-butyl 3,
9-diazaspiro[5.5]undecane-3-carboxylate hydrochloride 31

followed by amide coupling with a suitable acid after depro-
tection. Alternatively, compounds were prepared according
to route B (Scheme 2) by amide coupling of compound 31,
followed by deprotection and subsequent reductive amina-
tion to afford the desired compound. Compound 30 was
prepared by alkylation of 31 with 5-bromo-7-(bromo-
methyl)-3,3-difluoro-2,2-dimethyl-2,3-dihydro-1-benzofur-
an 38 according to Scheme 3. The intermediate 38 was
synthesized via alkylation of ortho-cresol 32, followed by
intramolecular Friedel-Crafts acylation to afford the ben-
zofuranone 35. The ketone was transformed to the corre-
sponding 1,3-dithiolane and the fluorine atoms were
introduced through geminal difluorination. Under these
reaction conditions, a bromine atom was also introduced
in the aryl ring to form 37. Following a radical bromination
of the benzylic position and coupling with compound 31 to
afford 39, the bromine atom was removed by hydrogenation
to give compound 40. Deprotection and coupling with 5-
aminopyridine-2-carboxylic acid gave the desired compound
30. Synthetic details and characterization of the compounds
can be found in ref 22 and in the Supporting Information.

Selectivity of CCR8 Antagonists through hERG Baseline

Lipophilicity Relationships. Baseline lipophilicity relationships
describe the link between compound lipophilicity (log D) and
potency of binding (pIC50) (eq 1).

37-40,45,46Uponbinding to the
target or an off-target binding site, e.g., hERG, a hydrophobic
drug molecule and the hydrophobic binding sites go through
energetically favorable desolvation processes. Accordingly, the
lipophilicity-driven term similarly adds to the overall binding
potencies,bothdesiredandundesired, as is expressed ineqs1and2.
Because binding sites in proteins normally represent hydropho-
bic cleftswith fewpolar residues,47,48 the hydrophobicity factors
of binding sites rarely significantly deviate from 1,45 although
such deviations have been noted.37Correspondingly, the selecti-
vity is virtually insensitive to compound lipophilicityper sebut is
determined by an interplay of nondesolvation related specific
interactionswith target and antitarget, such asH-bonding,π-π
interactions and geometric fit.41,49 This point is clearly seen in a
difference of the eqs 1 and 2.

pIC50
CCR8 ¼ aCCR8 logD-kΔGintr

CCR8þconst ð1Þ

pIC50
hERG ¼ ahERG logD-kΔGintr

hERGþconst ð2Þ

pIC50
CCR8 -pIC50

hERG ¼ pIC50
CCR8 -ahERG logD

� �

þkΔGintr
hERGþconst ð3Þ

kΔGintr
hERG ¼ - pIC50

hERG -ahERG logD
� �

þconst ð4Þ

Figure 1. Core structure of CCR8 antagonists. R1 is normally a
lipophilic group; R2 is normally a polar group.
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Table 1. Structures of the Focused Set of Compoundsa

aThe common scaffold of the compounds is given in Figure 1. LogD denotes measured compound lipophilicity, whereD is the apparent n-octanol/
water partition coefficient, CCR8 is potency at CCR8 (pIC50

CCR8).
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where pIC50 is potency of a compound, D is the apparent
n-octanol/water partition coefficient, aCCR8 and ahERG are
hydrophobicity factors of the corresponding binding sites, k is
coefficient, equal to (2.303RT)-1, and ΔGintr is the intrinsic
binding energy,which is not related todesolvationanddescribes
direct interactions of the ligand with the binding site, including
polar interactions and geometric fit.40

Expression 3 gives the compound selectivity against
hERG. The two terms in the right side of eq 3 signify two
approaches to increasing compound selectivity in a structur-
al class. The first term increases when chemical alterations

result in forming new direct attractive interactions with
CCR8,41,49 whereas the increase of the second term is an
indication that newmolecular fragments do not fit to hERG.
Analysis of eq 3 is useful in lead identification and lead
optimization projects only when the target and off-target
proteins are not related, in which case it is possible to
separate changes in the two terms.When the hydrophobicity
factor of the binding site of an antitarget is close to 1, the first
term of eq 3 is roughly equal to a previously described value
of ligand lipophilicity efficiency, LLE.35 The first term is not
associated with any particular antitarget, correspondingly

Scheme 1. Route Aa

aReagents and conditions: (a) R1-CHO, NaBH(OAc)3, AcOH, DCM; (b) HCl, MeOH; (c) R2-COOH, HATU, NEt3, DCM.

Scheme 2. Route Ba

aReagents and conditions: (a) R2-COOH, HATU, NEt3, DCM; (b) HCl, MeOH; (c) R1-CHO, NaBH(OAc)3, AcOH, DCM.

Scheme 3a

aReagents and conditions: (a) (i) ethyl-2-bromoisobutyrate, potassium carbonate, DMF, (ii) NaOH, H2O; (b) SOCl2; (c) AlCl3, toluene;

(d) ethanedithiol, BF3 3OEt2, CHCl3; (e) 1,3-dibromo-5,5-dimethylhydantoin, 70%HF/pyridine complex, DCM; (f)N-bromosuccinimide, benzoylper-

oxide, CCl4; (g) 31, DIPEA, THF; (h) 10% Pd/C, H2, MeOH; (i) TFA, DCM, H2O; (j) 5-aminopyridine-2-carboxylic acid, PS-carbodiimide, HOBt,

DCM.
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the approach of increasing this term deals with general
potential of compounds for multiple promiscuous interac-
tions, in agreement with previous observations.35

It has been shown that the hydrophobicity factor of the
hERG ion channel cavity, ahERG, is indeed close to 1.44

Correspondingly, according to eq 3, a normally expected
average gain in hERG selectivity of compounds in chemical
series is expected to be equal to the increase in the value
of LLE. When the hydrophobicity factors of both target
and antitarget binding sites are roughly equal, as in the
present study, eq 3 is virtually free of desolvation effects
and gives an opportunity to analyze the selectivity as
an interplay of intrinsic interactions with the alternative
binding sites. As opposed to the general character of the first
term of eq 3, the second term, which is detailed in eq 4, is
linked to a particular antitarget and represents an additional
opportunity to improve selectivity in a chemical series by
increasing the specific anti-antitarget propensity of com-
pounds by engineering direct repulsive interactions with the
binding site of this antitarget. Both terms of eq 3 are analyzed
in the present study.

Molecular Modeling of CCR8 Receptor-Ligand Interac-

tions. Construction of Three-Dimensional CCR8 Receptor

Models. A ground-state homology model of the CCR8
receptor was constructed following a previously defined
protocol.50 A preliminary high-throughput receptor model,
including only the seven TM helices, was derived from a
validated CCR5 model51 using the GPCRgen program.52

The amino acid sequence alignments used for constructing
the receptor models are shown in Figure S1 of Supporting
Information. Notice that the Ballesteros-Weinstein residue
numbering scheme53 and a recently proposed numbering
scheme of the extracellular loop 250 are used throughout
the manuscript. Compound 13 (see Table 1) was docked into
the receptor model using the “3 times speed-up” settings
of the Gold v3.3 program, guided by experimentally driven
H-bond constraints between the protonable tertiary amine of
the diaza-spiro scaffold (Figure 1) and bothE7.39 carboxylate
oxygen atoms. The active site center determined by the PASS
program54 was taken as the starting position of the GOLD
flood fill algorithm. This preliminary model of CCR8 with
bound 13 was used to construct the extracellular and intra-
cellular loops and for further refinement of the receptor
model by in vacuo energy minimization and molecular
dynamics simulation in a solvated membrane layer as re-
cently described.55 The χ2 torsion angles of N5.39 and N5.43

and χ3 torsion angles of Q2.60 and Q45.49 of the final opti-
mized CCR8 model were independently rotated by 180�,
yielding 16 (= 24) unique receptor models.

Automated Docking of Diaza-spiro-alkane Antagonists.

The 3,9-diazaspiro[5.5]undecane antagonists presented in
Table 1 were automatically docked in the 16 CCR8 homol-
ogy models as described in the preceding section. The bind-
ing pose of compound 13was used to generate an interaction
fingerprint (IFP) bit-string as previously described.56 Seven
different interaction fingerprints, namely (1) hydrophobic
contact, (2) aromatic face-to-face, (3) aromatic edge-to-face,
(4) donor-acceptor and (5) acceptor-donor H-bond inter-
actions, (6) positive-negative, and (7) negative-positive
ionic interactions, were used to define the IFP bit-string.
The cavity used for the IFP analysis consisted of the follow-
ing 13 residues: Y1.39, Q2.60, S3.29, Y3.32, Y3.33, Q45.49, Y45.51,
N5.39, M5.42, N5.43, F6.51, L6.55, and E7.39. Eight residues of
this set have been shown to be involved in ligand binding to

CCR8.21 The H-bond acceptor and donor interaction fin-
gerprint bits of Q2.60, Q45.49, N5.39, andN5.43 were adapted to
the side-chain amide rotamer of the receptormodel, depend-
ing on whether the amide oxygen (H-bond acceptor) or
nitrogen (H-bond donor) atom was facing the binding
pocket, yielding 16 different IFPs corresponding to the 16
different receptor models. The reason for this was to account
for protein flexibility and the existence of both H-bond
acceptor and H-bond donor functional groups in the ligand
(Table 1 and Table S1 of Supporting Information). For each
of the diaza-spiro-alkanes, docking poses with the highest
IFP similarity score and forming an H-bond-assisted salt
bridge with E7.39 were selected as representative binding
modes.

Site Directed Mutagenesis Experiments of the hERG Ion

Channel. Generation of hERG Mutant/Wild-Type hERG

Expressing Cell Lines. The hERG gene was cloned into the
pTight expression vector (Clonetech Laboratories, Inc.,
Mountain View, CA) to keep expression of the channel
under tetracycline control. The mutations T623S, S624A,
S624T, Y652A, Y652F, F656M, F656T, and F656W were
introduced into the gene by standard polymerase chain
reaction (PCR)-based site-directed mutagenesis techniques
(QuickChange, Stratagene, La Jolla CA) and confirmed by
sequencing both strands of the entire gene. Linearized hERG
DNA was transfected into Tet-On CHO K1 cells together
with a linear hygromycin selection marker using the lipofec-
tamine method (Invitrogen). Cells were then incubated in
presence of 0.6 mg/mL hygromycin until cells in untrans-
fected control flask had died (2-3 weeks). Cells were then
incubated in the presence of 0.8 μg/mL doxycyclin for 24-
48 h to induce channel expression, which was confirmed
using the IonWorks HT high-throughput electrophysiology
measurement platform (Molecular Devices, Sunnyvale
CA).57 Clonal cell lines were then created by dilution cloning
and selected by measuring functional expression, using Ion-
Works HT.

Pharmacological Comparison.An automated, plate-based
electrophysiology device (IonWorksHT)57was used to study
the pharmacological profile of wild-type hERG (wt-hERG)
channel and each hERG mutant by directly assessing the
channel function.58 For each experimental run of IonWorks
HT, the device made perforated whole-cell recordings at
21 �C, usually from more than 200 of the 384 wells in a 384-
well substrate (Molecular Devices). The extracellular solu-
tion was Dulbecco’s phosphate-buffered saline containing
calcium (0.9 mM) and magnesium (0.5 mM) (PBS; In-
vitrogen) and the “pipette” solution was (in mM): KCl
140, EGTA 1, MgCl2 1 and HEPES 20 (pH 7.25-7.30 using
10 M KOH) plus 100 μg/mL amphotericin B (Sigma-
Aldrich). After attainment of the whole-cell configuration,
a precompound hERG current was evoked in each cell in the
presence of PBS by the following voltage protocol: a 20 s
period holding at -70 mV, a 160 ms step to -60 mV (to
obtain an estimate of leak), a 100 ms step back to-70 mV, a
1 s step toþ40mV, a 2 s step to-30mV, and finally a 500ms
step to -70 mV. The amplitude of the hERG current was
measured by subtracting the baseline current at -70 mV
from peak currentmeasured during the step to-30mV. Test
compounds, vehicle, or 31.6 μM terfenadine controls were
then added to each well, and after 3 min, the voltage pulse
was reapplied to generate a postcompound hERG current.
Terfenadine at 31.6 μM fully blocked currents in wt-hERG
and all hERGmutants in our setup. In between the pre- and
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postcompound voltage pulses, there was no clamping of the
membrane potential.

Compounds to be tested were first dissolved inDMSOat a
concentration 300-fold the top test concentration and then
diluted to the final test concentrations. IonWorks HT is set
up such that each well of a 96-well plate containing the test
compounds maps to four wells of the 384-well substrate in
which recordings aremade. The 96-well compound plate was
made up of two identical halves. Each half was made up of
PBS containing eight half log-spaced concentrations of a
single test compound at 3-fold its final concentration, and
this was repeated five times. For the remaining eight wells of
the half plate, four contained 1%DMSOand four contained
95 μMterfenadine. Each well of a 384-well substrate initially
contained 3 μL of PBS and 3 μL of PBS containing a cell
suspension of a single cell line at a concentration of 250000
cells/mL. When 3 μL of test compound from the compound
plate was added to each well of a 384-well substrate, this
meant that the cells were exposed to the final compound test
concentration, 0.33% DMSO or 31.6 μM terfenadine.

For each IonWorks HT run, the hERG tail current
amplitude in each cell in the presence of PBS was compared
with that in the presence of test compound for the same cell.
All the data were then scaled by defining the effect of 0.33%
DMSO as 0% inhibition and the effect of the supramaximal
blocking concentration of terfenadine as 100% inhibi-
tion. Because the contents of each well of the test plate
were added to four wells of the 384-well substrate, there
could be percentage inhibition data from between 0 and 4
cells for each test concentration. Because only one com-
pound was tested in a 384-well substrate containing wt-
hERG and a hERG mutant cell line, each point of the
noncumulative curve came from up to 20 cells. The pharma-
cological data were fitted using a four parameter nonlinear
regression (curve top, curve slope, and IC50 value, with the
curve bottom being normalized to 0) with in-house Origin
package.

Results and Discussion

Multivariate Analysis of Properties of CCR8 Antagonists.

An analysis of CCR8 antagonists of the general structure
depicted in Figure 1 indicated that the following unwanted
properties are inherent in many compounds of this class:
inhibition of the hERG potassium ion channel, inhibition of
Cyp2D6, and high microsomal and hepatic metabolic clear-
ance. Therefore, the lead optimization strategy in this class
was predominantly focused on increasing compound selec-
tivity toward CCR8 and against these properties. Principal
component analysis (PCA) of relevant properties of a series
of 464 compounds of the structural class under study was
performed by the program SIMCA-Pþ (version 11; Ume-
trics, Kinnelon, NJ) to define the most efficient way to
separate the intended potency from the unwanted properties.
Figure 2 illustrates the plot of loadings of PCA, which
represents the projections of the initial coordinate system
of scaled compound properties into the plane of two first
eigenvectors (PC-1 and PC-2) of the covariance matrix. The
center of the coordinate system corresponds to the average
values of properties. This plot illustrates major correlations
that exist between properties in the data set. As is seen, the
subset of descriptors of desired properties (shown in green) is
grouped together and roughly occupies the third quadrant of
the plot. This subset includes the primary potency at CCR8

(pIC50
CCR8) and selectivities against undesirable binding,

i.e., differences between the primary potency and unwanted
properties such as off-target potencies or rates of metabolic
clearance expressed in logarithmic units. Statistically, com-
pounds that fall in this parameter space exhibit both high
primary potency and high selectivities. The opposite para-
meter space, which is located in the first quadrant, refers to
relatively inactive compounds.

The subset of descriptors of unwanted properties (shown
in red) includes potency of hERG binding and potency of
inhibition of hERG in the electrophysiological assay, po-
tency of inhibition of Cyp2D6, and rates of microsomal and
hepatic metabolic clearance. In addition, measured and
calculated compound lipophilicity at pH=7.4 (LogD and
AZLogD, respectively), ligand lipophilicity efficiency
(LLE), and intrinsic hERG-binding propensity (potency at
hERGminus LogD)44 have been added to the set of proper-
ties for PCA.As is seen in Figure 2, themajority of unwanted
descriptors, including binding to and inhibition of the hERG
ion channel, inhibition of Cyp2D6, andmetabolic instability
in microsomes and hepatocytes, are grouped together in
the fourth quadrant, which indicates that this particular
space represents the area of promiscuity. In addition to
the unwanted properties, this area also includes descrip-
tors of compound lipophilicity, LogD and AZLogD, which
suggests that the fourth quadrant of the plot is the common
place of the most lipophilic compounds in the set.

Figure 2. The main loadings plot of the PCA of properties of 464
in-house CCR8 antagonists of the common scaffold indicated in
Figure 1. Each compound was described by 17 properties. PC-1 and
PC-2 represent the first and the second principal components of the
covariance matrix. Projections of coordinate axes of intended
properties are shown in green, those of unwanted properties in
red. Labels CCR8, hERG(b), hERG(el), and 2D6 designate poten-
cies in logarithmic units at CCR8, at hERG in binding experiments,
at hERG in electrophysiological experiments, and at Cyp2D6 in
binding assay, respectively. Labels LogD and AZLogD are mea-
sured and predicted compound lipophilicities at pH = 7.4, respec-
tively. Labels Mics(h), Mics(r), and Heps(r) are rates of metabolic
clearance in logarithmic units in human miscosomes, rat micro-
somes and rat hepatocytes, respectively. Labels CCR8-hERG(b),
CCR8-hERG(el), CCR8-2D6, CCR8-Mics(h), and CCR8-Mics(r)
are the corresponding selectivities. Labels LLE, hERG(b)-LogD,
and hERG(el)-LogD are nondesolvation related components of
potencies at CCR8, hERG in binding experiments, and hERG in
electrophysiological experiments, respectively. Locations of major-
ity of promiscuous, inactive, polar, and selective compounds are
indicated. The arrows designate structural alterations within the
compound class that usually result in lipophilicity-linked promis-
cuous binding (quadrant IV), specific binding to the primary target
(quadrant III), or specific binding to the hERG ion channel
(quadrant II). The first two components in the PCA plot explain
70% of the variance.
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This implies that lipophilicity of the CCR8 antagonists
correlates with their binding to multiple antitargets such
as hERG and metabolic enzymes because of high contribu-
tion of nonspecific hydrophobic interactions to the off-
target binding affinities, which is in line with previous
observations.35,37,59,60

Descriptors of two unwanted properties, namely intrinsic
potency for binding to and inhibition of the hERG channel,
are located in the PCA plot far beyond the area of promis-
cuity, in the second quadrant, which is the common place for
relatively polar compounds. The results suggest that an
increase of polarity of compounds moves them away from
the area of promiscuity toward the second quadrant in the
plot. Although this allows one to get rid of desolvation-
linked promiscuous off-target binding, it does not increase
the required selectivities because the desolvation effects
similarly decrease binding affinity at the primary target
(see eqs 1 and 2). On the other hand, the intended selectivities
are colocated in the PCA plot with LLE, which suggests that
increasing polarity while maintaining the required level of
the primary potency is the most efficient way of increasing
selectivity against promiscuous interactions, which is in
agreement with current opinion.35,41,49 The key to this path
is to find new direct attractive interactions with the primary
target in the formofH-bonding,π-π interactions, or improved
geometric fit.41,44,49 This path, shown in Figure 2 by the green
arrow, results most of the time in reducing compound lipo-
philicity, which has clear limitations. It is well recognized
that compound lipophilicity has to be within a certain interval
to maintain the required DMPK profile of drug candidates,
including bioavailability and permeability. In addition, an
increase of the number of polar functions in compounds,
designed to lead to more potency at the intended target, may
also lead to polar interactions with binding sites of antitargets
and thereby not result in increased selectivity.26,39,42-44 Speci-
fically, it has been noted that general pharmacophores of
chemokine receptor antagonists are similar to thatof thehERG
ion channel blockers such that accumulation of solubili-
zing groups on one side of the molecule often leads to the loss
of hERG selectivity because of polar interactions within the
hERG channel vestibule cavity.42,43 A distinctive sign of simi-
larity of pharmacophores for direct attractive interactions in
CCR8 and hERGwithin the considered compound class is the
fact that the descriptors of such interactions (denoted as LLE
and hERG-LogD, respectively) are colocated in the second
quadrant of the PCA plot in Figure 2.

Furthermore, introduction of direct attractive interactions
of polar functional groups of compounds to increase
selectivitymay also bring unexpected problemswith intrinsic
metabolic clearance or inhibition of metabolic pathways
by interacting positively with the active sites of metabolic
enzymes.37-39,61-63 In this case, it is valuable to be able to
increase compound selectivity against a specific antitarget
without lowering lipophilicity. This can be done by disrupt-
ing existing polar interactions or by introducing steric in-
compatibility with the antitarget, which increases the anti-
antitarget propensity (eq 4). This strategy, which addresses
the issues linked to one particular antitarget, is widely used in
lead optimization. The method of discrete structural mod-
ifications (DSM) of reducing hERG liability43 and a com-
mon practice of removing metabolically vulnerable spots in
compounds to increase metabolic stability64 are just two
examples of nondesolvation related increasing of intrinsic
anti-antitarget propensities.

The major correlations between descriptors in the series of
CCR8 antagonists revealed by the PCA work in a statistical
sense, which leaves many outliers, both good and bad, out of
the picture. At the same time, it is in the outliers, where
potential value might be found. The next section deals with
special structural features of CCR8 antagonists that make
them particularly effective in increasing hERG selectivity.

Detection of Nondesolvation Related Interactions with the

CCR8 and the hERGBinding Sites.A subset of 30 spirocyclic
CCR8 antagonists with diverse R1 and R2 fragments were
chosen to form a focused set for detailed investigation. All
types of fragments that maintained the primary potency of
compounds below 2 μMwere included in the set. Molecular
structures and experimental data obtained for this set are
presented in Tables 1, 2, and Table S1 of the Supporting
Information. The two-dimensional fragment-based QSAR
analysis utilizing eq 3 was carried out to detect intrinsic
interactions with CCR8 and hERG in this data set. As
suggested in our previous communication,44 average con-
tributions of different molecular fragments R1 andR2 to the
LLE and to the hERG selectivity were calculated by solving
the Free-Wilson system of equations65 using an in-house
AstraZeneca plug-in of the program Spotfire DecisionSite
(version 9.1; TIBCO Spotfire, G€oteborg, Sweden). The
central assumption of the Free-Wilson approach, indepen-
dent contributions of R1 and R2 to compound properties,
is unequivocally accepted in this study. The objective was
to find direct attractive interactions with the target binding
site and direct repulsive interactions with hERG as required
by eq 3.

Figure 3 gives the results of the two-dimensional QSAR
analysis. Relative contributions of each molecular fragment
of the focused set to attractive nondesolvation related inter-
actions of compounds with the binding sites of CCR8 and
hERG are quantified by LLE and (pIC50

hERG - log D),
respectively. Structures of the fragments R1 and R2 are
presented in Figure 4. Consistent with eq 3 and 4, this plot
visualizes an interplay of direct interactions with the binding
sites of the target and the antitarget, with desolvation-driven
components of the corresponding potencies being taken out
of the picture. The diagonal line, called the average hERG
lipophilicity baseline, signifies the average fit of fragments in
the data set to the hERG channel cavity. Consistent with eq
3, the line illustrates howa fragment, eitherR1 orR2,with an
average intrinsic hERG-binding propensity, contributes to
the hERG selectivity of compounds depending on its intrin-
sic fit to the primary target. Fragments that exhibit unusually
high hERG-binding propensities are located below the line,
whereas those fragments that make unusual repulsive inter-
actions with the hERG cavity are above the line. The vertical
line is the average CCR8 lipophilicity baseline or the average
LLE line, which splits all fragments into two groups such
that the fragments located to the left and to the right from
this line form less and more efficient direct interactions with
the CCR8 binding site than an average fragment, respec-
tively. The resulting nonorthogonal coordinate system di-
vides the plot into four quadrants, with the fragments located
in the first two quadrants being the main focus of the present
investigation.

The fragments are classified in Figure 4. Those that appear
in the first quadrant have the highest potential for selective
interactions with the primary target not only because they
fit to the primary target and do not fit to the hERG channel
but also because they are less prone to desolvation-linked
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interactions with other off-target promiscuous binding
sites, including metabolic enzymes and plasma proteins.
Quadrants III and IV contain fragments that exhibit direct
attractive interactions with the hERG ion channel and there-
by are responsible for the unusually low hERG selectivity
of the corresponding compounds. Fragments of the quad-
rants II and III reveal poor fit to the primary binding site and,
thereby, the entire molecules have to have higher desolvation
contribution to the intended potency to compensate the
insufficient intrinsic complementarity with the primary binding
site, which predisposes them to unwanted promiscuous inter-
actions with target-unrelated binding sites.

The results of the QSAR analysis presented in Figures 3
and 4 reveal fragments that form selective interactions with
CCR8. As is seen, fragments R2 at the right-hand side of the
molecule (Figure 1) tend to move from the left to the right
side of the plot in Figure 3 as soon as the number of polar
heteroatoms increases, which indicates that the subsite of the
CCR8 binding site they bind to is polar. They have to possess
two polar functions that are able to form H-bonds with the
CCR8 binding site to demonstrate a better than average
contribution to LLE. Thus, 4-pyridine 7 is 14 times more
efficient than p-Cl-phenyl 5 in direct interactions to the
CCR8 binding site, which suggests that the 4-pyridine nitro-
gen makes an H-bond to CCR8. 2,4-Pyrimidine 2 is 4 times
more efficient than 4-pyridine, therefore both nitrogens of
fragment 2 are capable of H-bonding to CCR8. On the other
hand,N-oxide-4-pyridine 3 is as efficient as 2,4-pyrimidine 2,
which is likely to be caused by a strongerH-bonding capacity

Table 2. Potencies at hERG and hERG Mutants of the Focused Set of Compoundsa

No. hERG el-phys hERG binding T623S S624A S624T Y652A Y652F F656M F656T F656W

1 6.22 7.09 0.60 0.77 0.10 0.42 -0.73 0.42 0.46 0.39

2 7.08 8.19 0.91 0.93 0.48 0.53 -0.14 0.78 1.32 -0.08

3 7.06 8.6 0.81 0.42 0.08 0.71 -0.20 0.11 0.81 -0.30

4 5.31 4.72 0.22 0.51 0.12 0.70 -0.42 0.21 1.65 -0.42

5 5.72 4.82 0.22 0.47 -0.10 1.04 -0.64 0.39 1.82 -0.87

6 5.63 5.96 0.08 0.27 0.20 0.74 -1.07 0.23 2.26 -0.60

7 5.29 4.77 0.06 0.11 -0.08 1.00 -0.32 0.48 1.42 -0.54

8 7.34 7.52

9 6.66 6.68

10 7.15 6.92 0.94 0.58 1.20 1.79 -0.16 0.18 1.49 -0.03

11 6.35 6.44

12 5.71 5.85 -0.03 0.56 -0.25 0.67 -0.01 -0.21 0.22 -0.57

13 5.72 0.44 0.67 -0.30 0.98 -0.29 -0.20 0.58 -0.15

14 4.59 5.07 0.39 0.29 -0.28 1.61 -0.35 -0.20 0.87 -0.39

15 6.64 1.16 0.72 0.53 0.79 -0.48 0.21 1.23 -0.16

16 4.85 5.7 0.51 0.54 0.24 1.19 0.35 0.22 1.92 -0.18

17 4.95 0.39 0.74 -0.39 0.82 0.11 -0.30 0.46 -0.14

18 4.71 4.49 0.24 1.09 -0.28 0.83 0.47 -0.66 -0.09 -0.35

19 4.68 5.09 0.24 0.61 -0.12 1.63 -0.21 1.04 1.41 -0.58

20 5.11

21 4.42 0.20 0.48 -0.62 0.93 0.04 0.37 1.32 -0.75

22 4.36 4.43 0.22 0.82 -0.05 0.83 0.35 -0.31 0.51 -0.99

23 4.78 6.12 -0.06 0.59 -0.33 1.22 -0.19 0.62 1.37 -0.39

24 5.38 4.49 0.41 1.32 0.43 1.81 0.64 -0.26 0.77 -0.32

25 4.54 4.77 0.01 0.55 -0.58 0.89 -0.37 0.14 1.32 -0.61

26 4.78 4.89 0.49 0.79 0.31 1.23 0.68 -0.22 0.20 -0.66

27 5.15 4.52

28 4.95 4.51 0.11 0.70 0.00 0.39 -0.05 -0.73 0.05 -0.58

29 5.46 5.4 0.42 0.90 0.17 0.70 0.12 -0.54 0.10 -0.46

30 4.51 4.32 0.01 0.36 -0.62 0.87 0.02 -0.49 -0.17 -1.07
aAbbreviations hERG/el-phys and hERG/binding denote potencies (pIC50) of a compound at hERG in electrophysiological and binding

experiments, respectively. Data presented in columns T623S, S624A, S624T, Y652A, Y652F, F656M, F656T, and F656W characterize differences
between potencies of the compounds at wild-type hERG and at the corresponding hERG mutant, (pIC50

wt-hERG - pIC50
mutant), in electrophysiological

experiments.

Figure 3. Results of fragment-based QSAR analysis of intrinsic
interactions in the focused set of CCR8 antagonists with CCR8 and
hERGobtainedbyFree-Wilsonanalysis performed in twodirections,
the LLE and the hERG selectivity, according to eq 3. Structures of the
fragments aregiven inFigure 4.FragmentsR1are shown inblue,R2 in
red. The nonorthogonal system of coordinates is made of the average
lipophilicitybaselines (the zero level of relative intrinsicpotencies in the
compound set) of hERG (the 45� diagonal line) and CCR8 (the
vertical line) in binding assays. Fragments located below and above
the diagonal axis are intrinsic hERG binding and intrinsic hERG
nonbinding fragments, respectively. Fragments that appear to the left
and to the right from the vertical axis are characteristic of promiscuous
and direct attractive interactions with the primary target, respectively.
Fragments that appear in the first quadrant of the coordinate system
exhibit selective interactions with the primary target and, therefore,
demonstrate the greatest potential for further optimization. The R1
fragment 17 was placed in the first quadrant according to its position
obtained in the analogous plot that used hERG potency in the
electrophysiological assay instead of hERG binding.
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of the N-oxide-pyridine oxygen than the pyridine nitrogen.
Surprisingly, replacement of any of the two H-bond accep-
tors in 2,4-pyrimidine 2 by aH-bond donor in fragments 1, 4,
and 8 does not decrease stability of the H-bonding network
with CCR8. This result is suggestive of flexibility of the polar
subsite of the CCR8 binding site and possible involvement of
residuesGln orAsn.Out of the fiveR2 fragments, 1-4 and 8,
that demonstrate productive polar interactions with CCR8,
fragments 4 and 8 stand out as most efficient in direct
attractive interactions with CCR8 and direct repulsive inter-
actions with hERG, respectively.

The structure of fragments R1 also dramatically affects
LLE, but their efficiency in direct interactions with CCR8 is
determined more by their geometric complementarity rather
than their H-bonding capacity. Among the 10 R1 fragments
that exhibit a better than average intrinsic binding to the
CCR8 binding site, 3-9 and 15-17, there are fragments with
one and two oxygens. However, the phenoxyphenyl oxygens

in fragments 1, 2, 6, and 7 have been previously established to
have no H-bonding capacity because of delocalization of
their lone pairs in two benzene rings.66 Results suggest that
one of the oxygens capable of intermolecular H-bonding in
R1 fragments is critical for efficient intrinsic interactions
with the CCR8 binding site, but the second is not. This is the
added first polar oxygen in the ortho-methoxy groups in frag-
ments 6 and 7, which considerably improves otherwise poor
values of LLEof 1 and 2. The second polar oxygen that exists
in fragments 9, 12, and 13 does not further improves the LLE
values, which are already achieved with the single oxygen in
8, 16, and 17. The position of the first polar oxygen in R1 is
important for the binding efficiency. Thus, the ortho oxygen
that exists in bicyclic fragments 8, 9, 16, and 17 is more
efficient than the meta oxygen inherent in 15, whereas the
only fragment with the para oxygen in the data set, 11, does
not fit at all. These observations strongly suggest a single
H-bonding capacity of the corresponding CCR8 subsite,

Figure 4. Structures of fragments of CCR8 antagonists of the focused set classified according to their potential for selective binding to the
primary target as derived from the two-dimensional fragment-based QSAR analysis (Figure 3).
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which implies that hydrophobic interactions and geometric
complementarity are likely to be critical in this subsite.

The effects of methyl and short alkyl groups in bicyclic
R1 fragments 8, 9, and 12-17 on the nondesolvation rela-
ted interactions with the lipophilic subsite of CCR8 are
remarkable. As is seen in Figure 3, the sole methyl group in
fragment 8 increases the LLE of compounds by 0.9 loga-
rithmic units (compare fragments 3 and 8), which indi-
cates that this particular methyl group significantly imp-
roves geometric complementarity of compounds to the
CCR8 binding site. It should be emphasized that this effect
of the methyl group in 8 on LLE is something that comes in
addition to the normally expected desolvation-driven con-
tribution of 0.5 logarithmic units of a typical methyl group
to compound potency.47,67 It is well documented that in
special cases small alkyl groups in bioactive compounds
may cause unexpected “magic” effects on geometric com-
plementarity or biological outcomes, effects that are far
beyond their desolvation related interactions with bio-
polymers.43,44,47,51,68-70 The dramatic effect of the sole
methyl group in 8 on the nondesolvation related interactions
with CCR8 allows us to regard this methyl as “magic”.
Surprisingly, the second methyl group in the bicyclic R1
fragments 9 and 15-17 does not add anything more to the
LLE than is already achieved by the first methyl. The second
methyl increases the CCR8 potency of compounds but adds
just about as much to compound lipophilicity, thereby
having a virtually zero effect on LLE, which is an indication
of its purely desolvation-driven effects.

The dramatic effect of the “magic methyl” in R1 fragment
8 is especially surprising as this fragment is a mixture of two
enantiomers. Our attempts to separate the enantiomers of
the corresponding compound 19 failed. This may be because
a chiral center located at the periphery of the molecule
imparts little steric difference to the stereoisomers of 19,
which makes the separation virtually impossible. Normally
only one of two enantiomers of bioactive compounds ex-
hibits a special fit to the binding site, so the racemate is
supposed to be less efficient than that particular enantiomer,
which contradicts with the exceptional LLE-boosting per-
formance of this “magicmethyl”. The results suggest that the
single methyl in 8 is likely equally superior in both config-
urations. To shed light on this apparent discrepancy,
we calculated the 3D structure of this fragment by
fully optimized correlated ab initio calculations at the
LMP2/cc-pVTZ(-f) level71-73 using the program Jaguar 7.5
(Schr€odinger, LLC). Calculations demonstrate that the di-
hydrofuran ring of 8 is not coplanar with the benzene ring
and adopts an envelope conformation, with each of the
stereoisomers having two equilibrium conformations of the
same energy in which the “magic methyl” is in either
equatorial or axial conformation. The results indicate that
the 3D structures of the stereoisomers with the equatorial
conformations of the “magic methyl” virtually coincide,
whereas the structures with the axial conformations signifi-
cantly differ. Figure 5 presents the overlaid 3D structures of
the stereoisomers with the equatorial “magic methyls” by
superposition of the benzene rings. Thus,we propose that the
“magic methyl” of the R1 fragment 8 is equally efficient in
boosting the stereochemical fit of compounds to the CCR8
binding site in both enantiomers being in the equatorial
conformation.

The data presented in Figure 3 indicate that the R1
fragments 12-17 exhibit remarkable intrinsic anti-hERG

propensities being well above the average hERG lipophili-
city baseline. All these fragments contain a bicyclic ring
system plus two small alkyl chains attached to the same
carbon.As opposed to the less efficientR1 fragments 6 and 7,
they have only one aromatic ring, which limits their potential
for hydrophobic interactions with the channel and partially
explains their lower contribution to hERG potency but does
not explain their superior anti-hERG propensity given by eq
4. Note that the desolvation-driven components of potencies
are virtually removed from the plot in Figure 3 so the
fact that fragments 12-17 are separated from 6 and 7 by a
hERG lipophilicity baseline is an indication that they lose
much more in hERG potency than one would expect from
their loss of lipophilicity. This extra drop in hERG potency
contributions is due to their geometric incompatibility
with the hERG channel cavity. These fragments also have
significantly higher anti-hERG propensities than monocyc-
lic fragments 4 and 5, which is linked to their conformational
rigidity. The rigidity plus two alkyl chains at the periphery
of the bicyclic system make fragments 12-17 very special
in terms of anti-hERG propensity and set them apart from
more flexible fragments 6 and 7 and also from ordinary
bicyclic fragments 3 and 8. The presence of only one hetero-
atom capable of intermolecular H-bonding inherent in
12-17 is also an important feature, as the bicyclic fragment
9, which has two methyls but also two oxygens, is similar to
8 and nothing special in terms of the anti-hERG propensity.
Thus, rigidity, bulkiness, and one polar heteroatom are the
features that likely make these lipophilic left-hand side
fragments of CCR8 antagonists significantly less predis-
posed for hERG binding than could be expected from their
contribution to compound lipophilicity.

The roles the two peripheral alkyl groups in the bicyclic
lipophilic fragments 12-17 play in hERG selectivity are
different. As opposed to its effect on the intrinsic interactions
with the primary target, the first “magic methyl” group does
not contribute to the anti-hERG propensity because the line
connecting the R1 fragments 3 (no methyls) and 8 (one
methyl) in Figure 3 is about parallel to the hERG lipophi-
licity baseline. On the other hand, it is the second methyl,
which is crucial for the anti-hERG propensity of the bicyclic
R1 fragments, as is seen by comparing locations of R1
fragments 8 and 16 in the plot. Thus, both peripheral alkyl
groups attached to the same sp3-carbon in the bicyclic R1
fragments are “magic” contributors to the hERG selectivity
of the CCR8 antagonists, with the first alkyl improving the
geometric complementarity with the CCR8 binding site and

Figure 5. Superimposed structures of stereoisomers of the LLE-
boosting R1 fragment 8 (Figure 4) with the single methyl being in
the equatorial conformation obtained by ab initio calculations
at the LMP2/cc-pVTZ(-f) level of theory. Carbons of the S- and
R-enantiomers are shown in cyan and dark green, respectively.
Hydrogens are not shown for clarity. Distance between carbon
atoms of the methyl groups in the superimposed enantiomers is
0.78 Å.
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the second alkyl causing steric clashes within the hERG
pocket.

Only three lipophilicR1 fragments, 15, 16, and 17, and one
polar R2 fragment, 8, are located in the first quadrant in
Figure 3, which emphasizes their potential for further opti-
mization. Although CCR8 represents the primary target, the
overall success in the lead optimization campaign in increas-
ing the LLEwithin this particular class is less impressive than
the success in increasing their intrinsic anti-hERG propen-
sity. As is seen in Figure 3, contributions of different frag-
ments to the LLE in the focused set span 3.0 and 2.4
logarithmic units for R1 and R2 fragments, respectively,
whereas their contributions to the anti-hERG propensity
span correspondingly 4.3 and 2.1 logarithmic units. As a
result, hERG selectivity in binding assays within the com-
pound class span 6.3 logarithmic units, with about 2 loga-
rithmic units being attributed to the discovery of the “magic”
compact lipophilic bicyclic R1 fragments with the duo of two
peripheral alkyl chains. This is the lipophilic periphery of the
molecule, which seems to be the most efficient tool in
removing hERG liability in the chemical class under inves-
tigation. The following site-directed mutagenesis studies of
the hERG ion channel provide the structural explanation for
high anti-hERG propensity of the distinct bicyclic lipophilic
left-hand side fragments.

Structure-Based Rationalization of CCR8-Antagonist In-

teractions. CCR8 Binding Pocket and 3,9-Diazaspiro-

[5.5]undecane Binding Mode. The proposed binding
mode of the 3,9-diazaspiro[5.5]undecane scaffold to the
CCR8 receptor model (Figure 6) is consistent with available
experimental data. Like other chemokine receptors, CCR8
binds its ligands through the conserved glutamate residue
E7.39.21,74-79 Site-directed mutagenesis of Y1.39, F2.57, Q2.60,
S3.29, Y3.32, Y3.33, F6.51, and L6.55 to Ala indicated that they

affect binding of nonpeptide ligands to CCR8.21 Residues at
corresponding positions in the closely related chemokine
receptors CCR1 and CCR5 have been shown to be involved
in antagonist binding.74-79 Figure 6 shows the typical bind-
ing modes of 3,9-diazaspiro[5.5]undecanes automatically
docked in the CCR8 homology model, in line with the
reported site-directed mutagenesis studies and the struc-
ture-activity relationships presented in the present study.
The protonated amine of the 3,9-diazaspiro[5.5]undecane
scaffold forms a salt bridge with the negatively charged
carboxylate group of E7.39. Modification of this centrally
located basic amine leads to a dramatic loss of CCR8
potency. Thus, the neutral N-oxide of 10 is 1.4 logarithmic
units less potent than its positively charged parent com-
pound. The amide oxygen of the scaffold forms an H-bond
with the Y3.33 hydroxyl group and in some compounds also
with the hydroxyl group of Y45.39 in the second extracellular
loop. CCR8 antagonists occupy both subpockets i (TMs 1, 2,
3 and 7) and ii (TMs 3, 4, 5, 6), making aromatic interactions
(Y1.39, Y3.32, andY3.33) and hydrophobic contacts (M3.24,
Y45.51, M5.43, F6.51, and L6.55) with the receptor. In our
receptor model, residue F2.57 does not directly interact with
the antagonist but is a part of the aromatic cluster at the
bottomof subpocket i (Y1.39, F2.53, F2.57, Y3.32, andF7.43, not
displayed inFigure 6 for reasons of clarity).Mutation of S3.29

to a bulkier residue diminishes CCR8 agonist activity, while
the smaller S3.29Amutant shows comparable agonist activity
as the wild-type receptor.21 Increasing the size of this residue
would interrupt the course of the narrowgorge betweenTM3
and TM7 in the receptor model and obstruct binding of the
3,9-diazaspiro[5.5]undecane scaffold (Figure 6).

Structure-Based Rationalization of Structure-Activity Re-

lationships. The CCR8 homology model can satisfactorily
rationalize the observed structure-activity relationships and

Figure 6. Refined docking poses selected by IFP of compounds 13 ((A) green carbon atoms), 16 ((B) yellow carbon atoms), 22 ((C) orange
carbon atoms), 23 ((D) magenta carbon atoms), 7 ((E) dark-cyan carbon atoms), and theR-stereoisomer of 19 ((F) light-brown carbon atoms)
in the CCR8 receptor. Parts of the backbone of TM helices 2, 3, 5, 6, and 7 are represented by light-yellow ribbons in (A). Important binding
residues are depicted in a ball-and-stick fashionwith gray carbon atoms. Oxygen, nitrogen, fluorine, and hydrogen atoms are colored red, blue,
brown, and cyan, respectively. H-bonds described in the text are depicted by black dots.
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the results of the fragment-based QSAR analysis of CCR8
antagonists, which reveal polar interactions with the recep-
tor binding site. The common spirocyclic core of the com-
pound class (Figure 1) exhibits similar binding modes in
different compounds docked to the receptor binding site and
displays two direct attractive interactions, namely one ionic
interaction of the basic amine with E7.39 and one H-bond of
the amide oxygen with Y3.33. Consistent with the results of
the QSAR analysis (Figure 3), the docking simulations show
that the amide nitrogen atoms of Q45.49 and Q2.60, as well as
the hydroxyl group of Y1.39, can form hydrogen bonds with
important polar oxygens in the lipophilic left-hand side (R1)
of the antagonists in subpocket i. As is seen, the Asn residues
that are able to be both H-bond donor and H-bond acceptor
are indeed present in the polar subsite of the CCR8 TM
pocket. The amide groups of N5.39 and N5.43 can form
hydrogen bonds with both H-bond acceptors and donors
of the polar right-hand side (R2) of the antagonists in
subpocket ii. Figure 6 presents the binding modes of six
docked antagonists and demonstrates how modifications in
the R1 and R2 groups are reflected by the number and
character of H-bond interactions between the antagonist
and the CCR8 receptor. Table S2 of Supporting Information
presents the H-bond interaction patterns with R1 and R2
groups of all 30 docked antagonists along with their LLE
values.

Figure 6A,B shows how the methoxy oxygens of R1
fragments 7 (in compound 13) and 6 (in compound 16)
accept one H-bond from residues Y1.39 and Q45.49, respec-
tively. The phenoxyphenyl oxygen of fragments 1, 2, 6, and 7
are generally also within H-bond distance from Q45.49

(Figure 6A,B, Table S2 of Supporting Information), but
aromatic ether oxygen atoms are considered to have a poor
H-bonding capacity,66 which explains significantly lower
contributions of R1 fragments 1 and 2 to LLE than those
of fragments 3, 4, and 5 (see Figure 3). Alkoxy oxygen atoms
in most other R1 fragments form H-bond interactions with
Q45.49 and/or Q2.60 in the CCR8 receptor models as demon-
strated for compounds 22 and 23 (Figure 6C,D) and reported
in Table S2 of Supporting Information. Site-directed muta-
genesis of Q2.60 into a tryptophan residue (which is present in
most other chemokine receptors36 caused a significant de-
crease in the potency of CCR8 agonists,21 supporting the
involvement of this residue in ligand binding.

TheH-bond acceptor andH-bond donor groups in the R2
fragments of antagonists can form one or more H-bonds in
subpocket ii between TMs 3, 5, and 6. TheH-bond acceptors
positioned at the 2-position of the R2 ring generally formH-
bonds with the amide nitrogen ofN5.39 (Figure 6A-C, Table
S2 of Supporting Information), while H-bond acceptors or
donors at the 3- and 4-positions can form H-bonds with the
amide nitrogen or oxygen atoms of N5.43 (Figure 6A-D,F
and Table S2 of Supporting Information). This is in agree-
ment with the fact that the LLE tends to increase with the
increasing number as well as the H-bond capacity of het-
eroatoms in R2 (Figure 3). The N-oxide oxygen in R2
fragment 3 accepts one H-bond from N5.43 but has a higher
H-bonding capacity than the pyridine nitrogen in fragment
7, resulting in a higher LLE value (Figure 3). Fragments 2
(Figure 6A), 4 (Figure 6C), and 8 (Figure 6B) can form two
H-bonds with N5.39 and N5.43 simultaneously (Table S2 of
Supporting Information), explaining the relative increase in
LLE when comparing compounds 4 and 5 or 8 and 10

(fragment 2 versus 7) and compounds 26 and 27 (fragment

4 versus 7). According to our docking simulations and in line
with the results of the fragment-based QSAR analysis, R2
fragment 1 (Figure 6D) forms only one H-bond with the
receptor binding site (compare compounds 25 and 26), while
the amine group of fragment 6 is ineffective because it only
forms an intramolecular H-bond with the diazaspiro oxygen
(compound 23 versus 24). It should be noted, however, that
water mediated contacts, as in the recently published crystal
structure of the adenosine A2A receptor,5 are not taken into
account in the present study.

Analysis of the bindingmode of compound 7 suggests that
the size and shape of the R1 fragment 10 might affect the
binding orientation of the R2 group as the H-bond between
the pyridine nitrogen in the ligand and the amide nitrogen of
N5.43 is disrupted for this compound (Figure 6E). Also in the
complexes of compounds 12 and 15 with CCR8, the lipo-
philic R1 fragments, which possess a weak H-bonding
capacity, disrupt H-bonding between their polar R2 frag-
ments with N5.43 (Table S2 of Supporting Information). The
R1 fragments 3 and 11-14, however, are not predicted to
affect the number of H-bond interactions between fragment
R2 and the receptor (see compounds 17-18 and 28-30 in
Table S2 of Supporting Information) while they have a
negative relative contribution to LLE (Figure 3). Although
more extensive computational efforts would be needed to
accurately determine the geometric complementarity be-
tween R1 fragments and the receptor, the binding mode of
compound 7 in Figure 6E suggests that highly bulky R1
fragments like 10-14 bump into the bottom of subpocket i
between Y1.39, Q2.60, Y3.32, and E7.39. The R1 fragment 10,
however, has by far the largest negative contribution
to intrinsic CCR8 potency (Figure 3), and its binding
is mainly driven by lipophilicity. The R1 fragment 3 in
compound 20, on the other hand, is probably too compact
and therefore loosely bound (Figure 3), as it lacks
the essential methyl group “anchor” of compound 19

(Figure 6F) to make hydrophobic and packing interactions
in lipophilic subpocket i.

Site-Directed Mutagenesis of the hERG Channel. It is well
documented that potency of hERG blockers within each
compound class is linked to their lipophilicity.26,80-83 Cor-
respondingly, one normally has to expect an increase of
hERGpotency when adding lipophilic fragments to a hERG
ion channel blocker (see eq 2). On the other hand, some
distinct exceptions from this rule, when hERG potency
remains unchanged or even decreased with the increase of
compound lipophilicity within a structural class, have also
been described.43,44 It is important to identify the physical
origin of the difference between these alternative effects of
added lipophilicity on hERG potency. Both types of the
effects of lipophilicity are present in the compound set
(Tables 1, 2 and Table S1 of Supporting Information). The
lipophilicity-driven increase of hERG potency is seen when
comparing compounds 5 and 11, 9 and 8, 12 and 11, 20 and
11, 27 and 11, or 26 and 29, respectively. The alternative
effect is illustrated by compound pairs 5 and 7, 20 and 27, 23
and 21, 22 and 30, or 29 and 28, respectively. As is seen in
Figure 3, lipophilic left-hand side fragments, 10-17, reveal
significant intrinsic anti-hERG propensities. Lipophilic
fragments 12 and 14 are most efficient to separate hERG
binding from lipophilicity because they contribute to hERG
binding more than 100 times less than it would be expected
from the “average” left-hand side fragments in this com-
pound series. To shed light on the alternative effects of
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lipophilicity on hERG potency and, especially on the mo-
lecular mechanism of the anti-hERG propensity of the
particular lipophilic fragments of CCR8 antagonists, elec-
trophysiological measurements of eight hERGmutants have
been performed using 25 compounds (Table 2). In each of
these mutants, one of the residues that have been previously
shown to be critical for binding of various hERG blockers,
namely T623, S624, Y652, and F656,84-87 was changed to
make the following eight mutants of the channel: T623S,
S624A, S624T, Y652A, Y652F, F656M, F656T, and
F656W. The differences in potencies obtained at the wild-
type hERG and the hERGmutants are presented in Table 2.

Figure 7 presents the plot of hERG potency of the 25 test
compounds, which were chosen from the focused set, mea-
sured in electrophysiological experiments against their ob-
served lipophilicity (Log D7.4). A cross-validated PLS
discriminant analysis (PLS-DA)88 was applied to this com-
pound set to understand the molecular basis for the two
alternative effects of lipophilicity on hERG potency. Ac-
cordingly, two alternative classifications of this compound
set were made. In the first classification, compounds were
split into two classes along the axis X. In this particular
classification, the compounds were grouped according to the
sign of their contribution to the lipophilicity-driven compo-
nent of hERG potency (pIC50

hERGþ LogD) with respect to
its average value given by the blue line in Figure 7. Twelve
compounds were classified as lipophilic hERG binders and
the remaining 13 compounds as polar hERG binders. The
PLS-DA was performed using the site-directed mutagenesis
data (Table 2 and Table S1 of Supporting Information) as
variables (SIMCA-Pþ version 11; Umetrics, Kinnelon NJ).

The eight variables, i.e., the differences between potencies at
wild-type hERGand at the particularmutants (pIC50

wt-hERG

- pIC50
mutant), were centered but not scaled in order to take

the magnitude of the observed effects of different mutations
into account. This analysis helps to identify places in the
hERG ion channel, where compounds of the different classes
behave in the opposite ways. The cross-validated correla-
tion coefficient obtained for this analysis was q2=0.48. The
coefficients of the optimal linear equation inherent in the
more lipophilic class are presented in Figure 8A. A similar
analysis was performed using the alternative classification of
the set of compounds along axis Y in Figure 7, i.e., in the
direction of the anti-hERG propensity given by eq 4. In this
case, six compounds, namely 2, 3, 14, 18, 23, and 26, were
excluded from classification as the corresponding data
points were located too close to the average hERG lipophi-
licity baseline shown in red in Figure 7. Nine compounds
with higher intrinsic anti-hERG propensities were classified
as intrinsic hERG nonbinders, and the remaining 10 less
lipophilic compounds as intrinsic hERG binders. The result-
ing PLS-DA showed the value of the cross-validated correla-
tion coefficient of 0.34. The coefficients of the optimal linear
equation characteristic of the more lipophilic class are pre-
sented in Figure 8B.

Coefficients of the PLS-DA equations shown in Figure 8
indicate where the two alternative types of added lipophilicity

Figure 7. Plot of hERG potency in electrophysiological experi-
ments versus measured compound lipophilicity for the subset of
25 CCR8 antagonists chosen for hERG site directed mutagenesis
studies. The numbering of compounds is given in Table 1 and Table
S1 of the Supporting Information. Two types of compound classi-
fications are illustrated. The first classification, along the axes X,
defined as (pIC50

hERGþLog D), denotes the direction of the
desolvation component of hERG potency. The second classifica-
tion, along the axis Y, defined as -(pIC50

hERG - Log D), signifies
repulsive nondesolvation related interactions with the hERG chan-
nel cavity (eq 4). The average blue line with the slope of -1 divides
the compound set into two classes, hydrophobic (shown as stars)
and polar (shown as spheres). The average red line with the slope of
þ1 splits the compound set into two classes of intrinsic hERG
nonbinders (shown in green) and intrinsic hERG binders (shown in
red). The following six compounds that cannot be unequivocally
classified are excluded in the second classification: 2, 3, 14, 18, 23,
and 26.

Figure 8. Results of two types of PLS-DA for different effects of
added lipophilicity on hERGpotency in electrophysiological assays
in the subset of 25CCR8 antagonists as described by the hERG site-
directed mutagenesis data (Table 2 and Table S1 of the Supporting
Information) as variables. Plot (A) describes the desolvation com-
ponent of hERG potency; plot (B) describes repulsive nondesolva-
tion related interactions within the hERG cavity. The coefficients of
the optimal cross-validated PLS-DA linear equations are presented
as histograms for hERG mutants T623S, S624A, S624T, Y652A,
Y652F, F656M, F656T, and F656W. Positive coefficients indicate
that compounds with added lipophilicity are more potent in the
wild-type hERG than in the particular mutant with respect to the
compounds of the alternative class. The error bars correspond to the
confidence level of 95%. Highly significant coefficients are under-
lined.
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in the compound set tend to interact with the hERG channel.
A positive (or negative) coefficient of the PLS-DA equations
indicates that the compounds with the added lipophilicity
demonstrate a higher (or a lower) difference between potency
at hERG and at the corresponding mutant than the less
lipophilic compounds. As is seen in Figure 8A, the most
significant feature that sets apart lipophilic and polar hERG
binders is linked to the higher increase of potencies of
compounds in the lipophilic class at mutants Y652A and
Y652F than at the wild-type hERG channel and the higher
increase of potencies at wild-type hERG than at the mutant
S624T. In all of these three hERGmutants, Y652A, Y652F,
and S624T, the lipophilicity-driven increase of potency is
linked to the increase of the hERG channel vestibule size
upon mutation. This suggests that the desolvation related
component of hERG potency studied in the direction X
(Figure 7) is associated with the added compound lipophili-
city that fills the available space within the hERG channel
vestibule. This result seems to disagree with the current
opinion of the fundamental role of residues Y652 and F656
in hydrophobic interactions with hERG blockers.42,84-87

However, the obtained data do not contradict with the
importance of these key residues of the hERG cavity for
binding of all known blockers. The PLS-DA focuses onwhat
is different in the two classes but not onwhat is common. The
origin of the appeared discrepancy can be understood by
studying structural features of compounds that belong to the
more lipophilic class along the desolvation component of
hERG potency. Analysis of the 25 compounds that have
been studied by site-directedmutagenesis suggests that the 2-
phenoxyphenyl moiety dominates in this class. Four out of
five compounds in the data set that possess this moiety,
namely 2, 3, 10, and 15, belong to this class. This bulky
moiety does not fit to the lower part of the hERG
channel and likely fills the vestibule cavity,44 which is in
agreement with earlier studies that identified the ortho
topology in hERG blockers as especially predisposed for
hERG binding.42 The lipophilic 2-phenoxyphenyl fragment
needs a large room to be properly accommodated, corre-
spondingly the more room that is available for this group in
the channel vestibule, the higher the increase of potency is
caused by the addition of this type of lipophilicity in the
compound set, whether it is hERG or hERGmutant. On the
other hand, most of the molecules of the less lipophilic
class bind the hERG cavity in a classical way, in which
the lipophilic periphery interacts with F656.42 Accordingly,
the PLS-DA detects that the lipophilicity-driven component
of hERGpotency in the particular data set is associated with
filling the vestibule cavity. This result confirms our earlier
predictions of positioning of the ortho-phenoxyphenyl
peripheral moiety of CCR8 antagonists in the hERG
vestibule.44

Within the second type of compound classification
(Figure 8B), the most significant difference between the
two classes is found to be in the F656Tmutant. The negative
value of the corresponding coefficient indicates that themore
lipophilic class in the direction of the anti-hERG propensity
(axisY in Figure 7) demonstrates more difficulties in binding
the wild-type hERG with respect to the F656T mutant than
the less lipophilic class. Hydrophobic interactions of lipo-
philic peripheral fragments of hERG blockers with residue
F656 in wild-type hERG are known to belong to the major
determinants of their binding to the channel.42,43,85,87,89 The
F656T mutant is free of this determinant, as this mutant

channel lacks four critical phenylalanine residues, and is
much less hydrophobic at this place.Note that phenylalanine
is roughly 1.4 logarithmic units more hydrophobic than
threonine. Nevertheless, compounds 26, 28, 29, and 30 of
the more lipophilic class are roughly equipotent at the wild-
type hERG and at the F656T mutant (Table 2). These are
the first compounds ever reported that do not drop potency
at the F656T mutant. In addition to the decrease in local
lipophilicity, this particular place of the F656T mutant
cavity displays more space available for blockers. The
fact that compounds of the more lipophilic class demons-
trate extra difficulties in binding the wild-type hERG but
less problems with binding the F656T mutant suggests
that the lipophilic peripheral fragments of these hERG
blockers, which are supposed to bind to this particular
narrow place in the funnel-looking hERG channel,42 simply
do not fit between the four residues F656 in hERG. Thus, the
PLS-DA based on site-directed mutagenesis data and per-
formed in the direction of the anti-hERG propensity in
the particular data set suggests that the added lipophilicity
does not fit to the hERG channel cavity in the region of
residue F656.

The fact that the solution of the PLS-DA appears more
blurry for the desolvation-driven component of hERG
potency (Figure 8A) than for the anti-hERG propensity
(Figure 8B) was expected. Desolvation-linked hydrophobic
interactions of lipophilic compounds with lipophilic binding
sites are nonspecific as they are virtually independent of the
chemical nature of lipophilicity. Correspondingly, there are
generally an abundance of lipophilic corners in binding sites
and a vast variety of structural forms of lipophilic motifs in
compounds, where these hydrophobic interactions can be
exploited. On the other hand, the nondesolvation related
direct interactions of compounds with binding sites are
determined by stereochemical complementarity, which is
highly dependent on structure. Whereas it is easier to in-
crease compound potency by increasing lipophilicity, struc-
tural alterations leading to changes in the nondesolvation
related interactions with binding sites, both intended and
unintended, have more value in overcoming selectivity-re-
lated issues.

Results of the PLS-DA provide the interpretation for the
observed geometric features of distinct lipophilic fragments
of CCR8 antagonists that exhibit significant anti-hERG
propensity. Figure 9 presents correlations of the relative
anti-hERG propensity of a number of lipophilic left-hand
side fragments of the CCR8 antagonists and their relative
selectivity toward the F656T mutant versus the wild-type
hERG ion channel. The plot was obtained by two-dimen-
sional fragment-based QSAR analysis. The illustrated data
suggest that the increase of the anti-hERG propensity of
compounds caused by conformational rigidity and bulkiness
of the distinct R1 fragments is indeed linked to difficulties in
fitting compounds to the wild-type hERGwith respect to the
more spacious mutant F656T. As is seen, the preference of
the two-oxygen R1 fragments 9, 13, and 12 for the F656T
mutant does not increase as much as that of the one-oxygen
fragments 5, 8, 16, 17, and 14. One possible explanation for
this observation is that the mechanism of the anti-hERG
propensity of the two-oxygen lipophilic R1 fragments in-
volves multiple binding modes in the channel. In this case,
bulky lipophilic fragments of this type could partially avoid
clashes with the F656 residues of hERG channel by position-
ing in the vestibule cavity. Rigid bulky lipophilic peripheral
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fragments of CCR8 antagonists cause nondesolvation re-
lated repulsive interactions within the hERG ion channel
cavity, thereby increasing selectivity against hERG because
they do not fit to the space in the narrow part of the hERG
channel between the four residues F656 but fit to the
primary binding site. There are other narrow corners in the
hERG channel that can be utilized for inducing direct
repulsive interactions in particular structural classes by

adding lipophilic groups. One of such corners, which is
located in a vicinity of hERG pore helices, has been recently
identified by site-directed mutagenesis studies using ana-
logues of clofilium.85

The obtained results suggest a possible way of overcoming
unintentional hERG binding when adding lipophilic frag-
ments in chemical series. One should avoid lipophilic frag-
ments that may fill the available space in the hERG ion
channel cavity. Instead, one has to expand the lipophilic
groups in the peripheral part of themolecules where they can
cause steric clashes within the channel. Figure 10 gives a
schematic representation of the direct repulsive interactions
induced in the hERG channel by bulky lipophilic left-hand
side fragment 12 in compound 28. Consistent with the
fragment-based QSAR studies, this is the second alkyl group
in these fragments, which does not fit to the hERG channel
cavity because the first alkyl likely avoids steric clashes with
F656 by positioning along the channel axis in the equatorial
conformation.

Conclusions

The increase of selectivity of biologically active compounds
against undesirable binding to homologous proteins and
various target-unrelated sites of interaction is very important
in the lead optimization process. Most of the selectivity issues
with respect to target-unrelated binding can be solved by
increasing ligand lipophilicity efficiency (LLE) in the com-
pound series. This is usually done by adding polar groups to a
lead compound that form direct attractive interactions with
the primary binding site. Apart from the important ionic
interaction of the centrally located basic amine in CCR8
antagonists with E7.39, we found four additional H-bonds
that can be formed with CCR8, three of them associated with
the polar subsite and one with the lipophilic subsite of the
receptor.

Whenpolarity of the lead compound is alreadyat the higher
limit, such that the further increase of polarity would jeopar-
dize DMPK properties, the selectivity issues can alternatively
be solved by adding lipophilic fragments to the molecules to
induce direct repulsive interactions with the specific antitar-
get. In this report, we propose that the increase of bulkiness
and rigidity of the lipophilic periphery of compounds in a
series of CCR8 antagonists induces van der Waals clashes
with F656 in the hERG ion channel. This residue forms the
narrow part of the hERG ion channel, such that the bulky
lipophilic peripheral moieties of the CCR8 antagonists do not
fit. Site-directedmutagenesis studies of the hERG ion channel
played a pivotal role in the interpretation of the observed
anti-hERG propensity of distinct fragments of the CCR8
antagonists.

It is not easy to identify places in lipophilic binding sites
of promiscuous antitargets like hERG, albumin, or metabolic
enzymes, where lipophilic motifs of ligands can induce repul-
sive interactions, and the systematic investigation of nonde-
solvation related interactions with antitargets in a particular
chemical class augmented by site-directed mutagenesis, is
an effective pathway to detect these places. The emphasis
on the nondesolvation related components of potencies,
rather than on the overall affinities, illuminates structural
features of molecules, which are important for selectivity
and helps to develop compounds with enhanced safety mar-
gins, thereby increasing their chances to become drugs.
This result is in line with previous studies that highlighted

Figure 9. Correlations between anti-hERGpropensity of lipophilic
R1 fragments and their contribution to the selectivity of compounds
for the F656T hERG mutant against the wild-type hERG. Axes X
andY are relative contributions of fragments to (pIC50

hERG-LogD)
and ΔF656T=(pIC50

wt-hERG - pIC50
F656T-hERG), respectively, cal-

culated by the Free-Wilson approach. Fragments are numbered
according toFigure 4. Fragmentswith one oxygen are designated by
squares, those with two oxygens by triangles. Linear regressions
built separately on these two groups are illustrated.

Figure 10. Interpretation of the intrinsic anti-hERG propensity of
lipophilic peripheral fragments within the subset of CCR8 antago-
nists as it is seen from the results of hERG site directedmutagenesis.
Only two of four subunits of the hERG channel are displayed for
simplicity. Putative binding mode of compound 28 is illustrated; its
bulky lipophilic group does not fit well to the hERG cavity in the
space available between residues F656. The geometry of the channel
was generated from a homology model of the closed hERG channel
using the X-ray crystallographic structure of KcsA potassium ion
channel (PDB entry 1R3J)95 as it is described in ref 44. The residues
that are known to be critical for binding of hERG ion channel
blockers are illustrated.
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the importance of nondesolvation related interactions for
selectivity of drugs.41,49

Experimental Section

The potency of binding of the compounds under consideration
to CCR8 was measured in the binding assay described in the
literature.22,90 The potency of binding to the hERG potassium
ion channel was measured in an HEK cell line expressing
recombinant hERG channel.91,92 Measurements of compound
lipophilicity, as described by the logarithm of the apparent
n-octanol/water partition coefficient at pH=7.4, Log D7.4, are
detailed in the literature.93,94 Purity of compounds was deter-
mined to be more than 95% by HPLC with detection carried out
at 220, 254, and 280 nm. For the electrophysiological measure-
ments, an approach developed byMolecular Devices (Sunnyvale
CA) that records averaged ionic currents from a population of
cells expressing a recombinant hERG ion channel was utilized.
Cells were plated into a 384-well PatchPlate substrate in which
each well contained multiple recording sites, and the ionic
currents were recorded using IonWorks HTmedium-throughput
electrophysiology device.
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