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BACKGROUND AND PURPOSE

The majority of small molecule compounds targeting chemokine receptors share a similar pharmacophore with a centrally
located aliphatic positive charge and flanking aromatic moieties. Here we describe a novel piperidine-based compound with
structural similarity to previously described CCR8-specific agonists, but containing a unique phenyl-tetrazol moiety which, in
addition to activity at CCR8 was also active at CCR1.

EXPERIMENTAL APPROACH

Single point mutations were introduced in CCR1 and CCR8, and their effect on small molecule ligand-induced receptor
activation was examined through inositol trisphosphate (IP3) accumulation. The molecular interaction profile of the agonist
was verified by molecular modeling.

KEY RESULTS

The chemokine receptor conserved glutamic acid in TM-VII served as a common anchor for the positively charged amine in
the piperidine ring. However, whereas the phenyl-tetrazol group interacted with TyrlV:24 (Tyr'7?) and Tyrlll:09 (Tyr''*) in the
major binding pocket (delimited by TM-IIl to VII) of CCRS, it also interacted with Trpll:20 (Trp®®) and Lysll:24 (Lys®*) in the
minor counterpart (delimited TM-I to lll, plus TM-VII) in CCR1. A straightening of TM-Il by Ala-substitution of Proll:18
confirmed its unique role in CCR1. The extracellular loop 2 (ECL-2) contributed directly to the small molecule binding site in
CCR1, whereas it contributed to efficacy, but not potency in CCRS.

CONCLUSION AND IMPLICATIONS

Despite high ligand potency and efficacy and receptor similarity, this dual-active and bitopic compound binds oppositely in
CCR1 and CCR8 with different roles of ECL-2, thereby expanding and diversifying the influence of extracellular receptor
regions in drug action.

Abbreviations

4D, four-dimensional; 7TM receptors, 7 transmembrane receptors; CCD, cyclic coordinate descent; EBI2, Epstein—Barr
virus-induced receptor 2; ECL, extracellular loop; IP, inositol phosphate; KIC, kinematic loop closure; LMD-559-1-(3-
(2-chlorophenoxy)benzyl)-4-(5-chloro-2-(1H-tetrazol-5-yl)phenyl)piperidin-4-ol; TM, transmembrane; WT, wild type
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Introduction

Chemokines constitute a class of small chemoattractant
cytokines comprising approximately 50 members. Structural
hallmarks divide these members into four groups dependent
on the spacing between the first two (of usually four) con-
served cysteines: (1) CCL1-28; (2) CXCL1-16; (3) XCL1; and
(4) CX;CL1. The chemokine receptors belong to the
rhodopsin-like 7 transmembrane (7TM) GPCRs and are
divided into four corresponding groups, depending on their
preferred endogenous ligand(s). A notable trait of the
chemokine system is a high level of promiscuity that allows a
single chemokine to target several receptors and for a single
receptor to bind several different chemokines (Murphy et al.,
2000).

The chemokine receptor CCR8, however, is monogamous
in its interaction with CCL1 (I-309),i.e. CCL1 is the only
endogenous ligand for CCR8, and CCL1 only binds to this
receptor (receptor nomenclature follows Alexander efal.,
2011). It is mainly expressed in CD4-positive T cells, prefer-

entially in Ty2 cells (Zingoni et al., 1998), and is therefore
involved in conditions such as asthma, atopic dermatitis and
anaphylaxis (Gombert etal., 2005). Consequently, much
effort has been expended in the discovery of clinically useful
CCR8 antagonists but without much success, as high-
throughput screenings have primarily identified agonists
(Haskell et al., 2006). Thus, we have previously described the
identification and interaction of four CCR8-selective small
molecule agonists (LMD-009, -584, -268 and -174; Figure 1B),
acting with potencies and efficacies similar to CCL1 (Jensen
et al., 2007). Despite the agonist-prone nature of CCR8, small
molecule antagonists have been described (Jenkins efal.,
2007). The structurally closest human homologue of CCRS8 is
CCR1, which is targeted by at least two endogenous chemok-
ines (CCL3 and CCLS) and for which several non-peptide
agonists and antagonists have been described (Hesselgesser
etal., 1998; Liang etal.,, 2000; de Mendonca et al., 2005;
Vaidehi et al., 2006; Jensen et al., 2008).

A common pharmacophore for most non-peptide antago-
nists targeting CC-chemokine receptors describes a centrally
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Dual activation of CCR1 and CCR8 by LMD-559. The tetrazol-containing piperidine-based compound LMD-559 activates CCR1 and CCR8 with
nanomolar potencies. (A) Structure of LMD-559. (B) Structures of the previously described CCR8-selective agonists: LMD-009, LMD-584,
LMD-174 and LMD-268 (Jensen et al., 2007). (C-F) IP; accumulation experiments performed in transiently transfected COS-7 cells. The
endogenous ligands CCL1, CCL3 and CCL5 are shown on CCR8 (C,D) and CCR1 (E,F) respectively. Activation by LMD-559 in CCR8 (C) and CCR1
(E) are shown together with the activation by LMD-584, LMD-174, LMD-268 and LMD-009 in CCR8 (D — as previously published) (Jensen et al.,

2007) and in CCR1 (F) (n = 10-63).
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located, positively charged, nitrogen and flanking aromatic
moieties. These ligands match a common tertiary structure in
most chemokine receptors, with a conserved negatively
charged Glu in the top of TM-VII (position VII:06/7.39; note
that we use the residue numbering system described by
Baldwin (Baldwin, 1993; Schwartz, 1994) and, for the first
time a certain residue is mentioned, we also show the num-
bering according to Ballesteros and Weinstein (1995). This
negatively charged residue provides a bridge between, and
divides, the main ligand-binding pocket into a major and
minor component, characterized by aromatic environments
in both pockets (Rosenkilde and Schwartz, 2006; Jensen and
Rosenkilde, 2009; Rosenkilde et al., 2010). This division was
indeed indicated by the very recently published first crystal
structure of a chemokine receptor (CXCR4), which may rep-
resent the structure of chemokine receptors in general. In this
structure, especially the helices confining the minor binding
pocket (TM-I, IT and III) are changed in rotation and localiza-
tion relative to the previously published crystal structures of
other rhodopsin-like 7TM receptors (adenosine A,, receptors,
Bi- and B, adrenoceptors and rhodopsin itself) (Palczewski
etal.,, 2000; Cherezov etal., 2007; Jaakola etal., 2008;
Scheerer et al., 2008; Warne et al., 2008; Wu et al., 2010).
Despite major chemical differences between endogenous
ligands (ions, monoamines, lipids, peptides and glycopro-
teins) and between non-peptide ligands targeting 7TM recep-
tors, it is believed that receptor activation occurs through
common mechanisms involving a series of microswitches
that overall result in outward movements of especially TM-VI
on the intracellular side and inward movements of this helix
on the extracellular side (Elling and Schwartz, 1996; Farrens
etal., 1996; Hubbell et al., 2003; Nygaard et al., 2009). The
overall properties of this model have been verified by crystal
structures of both active and inactive receptors (Palczewski
etal.,, 2000; Cherezov etal., 2007; Jaakola etal., 2008;
Scheerer et al., 2008; Warne et al., 2008; Wu et al., 2010) and
by the latest published crystal structures of agonist-bound ;-
and f,-adrenoceptors (Rasmussen et al., 2011; Warne et al.,
2011). These structures also revealed how the extracellular
loop 2 (ECL-2) — in particular region ECL-2B (the C-terminal
part of ECL-2 from the conserved Cys to the start of TM-V) -
forms a lid over the main binding pocket and in fact may
participate directly in the binding of small ligands anchoring
in the main ligand-binding pocket (Peeters et al., 2011).
Here we describe a novel non-peptide CCR agonist, LMD-
559, consisting of a phenoxybenzyl piperidine core structure
(Figure 1A) and very similar to the previously characterized
CCR8-selective agonists (Figure 1B) (Jensen etal., 2007).
However, a unique feature of LMD-559 is the phenyl-tetrazol
group (‘left’ side of the molecule) that changes the CCR8
selectivity towards a dual activation of CCR8 and CCR1. By
employing a series of mutations confining the main ligand-
binding pockets of CCR1 and CCR8 and in extracellular
regions, combined with molecular modelling, we showed
that the dually active compound interacted differently — in
fact, oppositely, in a mirrored manner centred around Glu-
VII:06 — with these two receptors. Analysis of the role of the
ECL-2 showed that the ECL-2B region contributed to the
potency of LMD-559 in CCR1 as a part of the binding site
whereas, in CCRS, this region contributed to the efficacy (but
not the potency) of small molecule as well as chemokine
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agonists, indicating an indirect role in constraining the recep-
tor in an active conformation(s).

Methods

Site-directed mutagenesis

Point mutations were introduced using the PCR overlap
extension technique with human CCR1 WT and CCR8 WT as
templates. All reactions were carried out using the Pfu poly-
merase (Stratagene, Santa Clara, CA, USA). The mutant recep-
tors were cloned into the eukaryotic expression vector
pcDNA3.1 and were all verified by DNA sequencing.

Transfections and tissue culture

COS-7 cells were grown at 10% CO, and 37°C in Dulbecco’s
modified Eagle’s medium with glutamax (Gibco, cat. no.
21885-025, Grand Island, NY, USA) adjusted with 10% fetal
bovine serum, 180 pg-mL™ penicillin and 45 pg-mL™ strepto-
mycin (PenStrep). CHO cells stably expressing CCR1 were
grown at 5% CO,, 37°C in RPMI-1640 medium with
glutamine supplemented with 10% fetal bovine serum,
180 pg-mL™ penicillin and 45 ug-mL™ streptomycin. Trans-
fection of COS-7 cells was performed by the calcium phos-
phate precipitation method (Rosenkilde et al., 1994).

Inositol trisphosphate assay (IP; turnover)
COS-7 cells were transfected as described above. The
co-transfection with the chimeric G protein Gqi4myr turns
the Ga; signal into a Go, signal, making it possible to measure
the chemokine receptor activation as IP turnover (Heydorn
et al., 2004). One day after transfection, the cells were seeded
in 24-well plates (1.5 x 10° cells per well) and incubated with
2 uCi of *H-myo-inositol in 0.3 mL growth medium for 24 h.
Cells were washed twice with HBSS supplemented with CaCl,
and MgCl, (Gibco14025) and afterwards incubated for
15 min in 0.3 mL buffer supplemented with 10 mM LiCl
prior to ligand addition followed by 90 min incubation.
When used, the antagonists were added 10 min prior to the
agonist. The generated [*H]IP; was purified on AG 1X8 anion
exchange resin. Determinations were made in duplicate.

Chemotaxis

Chemotaxis was carried out on THP-1 cells kindly provided
by Dr HR Liittichau. The cells were washed once and sus-
pended in chemotaxis buffer (RPMI-1640 supplemented with
0.5% BSA) and loaded in the filters of Transwell chemotaxis
plates (3.0 um polycarbonate membrane, Costar, Lowell, MA,
USA) at 10° cells per 100 puL per filter. Antagonists were added
to the cells in the upper chamber followed by 15 min incu-
bation. The agonists were added to the lower chamber
(10 nM of CCL1 and CCLS and 100 nM of LMD-559), fol-
lowed by 3.5 h incubation at 5% CO,, 37°C. The migrated
cells were counted by FACS.

Intracellular calcium levels

CHO cells stably expressing CCR1 were incubated in RPMI-
1640 1% FBS supplemented with FURA-2AM (Molecular
Probes, Eugene, OR) for 30 min. at 37°C. Aliquots were made
of 1 x 10° cells and re-suspended in 500 UL PBS containing 1%
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FBS and 10 mM EGTA. Fluorescence was measured on a Jobin
Yvon Flouromax-2 (Jobin Yvon Spex, Cedex, France).

ELISA for surface receptors

COS-7 cells were transiently transfected with N-terminal M1
FLAG-tagged CCR1 and CCR8 receptors, and seeded in
96-well plates (35 000 cells per well). The cells were washed
once in TBS (50 mM Tris-base, 150 mM NacCl, pH 7.6) and
subsequently fixed in 150 uL 4% formaldehyde for 15 min.
After three washes in TBS, the cells were blocked in TBS
containing 2% BSA for 30 min. Subsequently, the cells were
incubated with mouse M1 anti-FLAG antibody 2 ug-mL™ in
TBS containing 1% BSA and 1 mM CacCl, for 2 h. Following
three washes in TBS with 1 mM CacCl, the cells were incubated
with goat anti-mouse horseradish peroxidase-conjugated IgG
antibody diluted 1:1000 in TBS containing 2% BSA and 1 mM
CaCl, for 1 h. After three washes in TBS, the immunoreactiv-
ity was revealed by addition of horseradish peroxidase sub-
strate, according to the manufacturer’s instructions.

Molecular modelling

The protein modelling package in sybylx1.2 was used to con-
struct initial comparative homology models of the target
receptors CCR1 and CCR8. Initially, the FUGUE™ technology
(Shi et al., 2001; Williams et al., 2001) was used to identify
structural homologs of the target sequences through
sequence-structure comparison using a database of structural
profiles (derived from the structural alignments of experi-
mentally determined protein structures in homologous struc-
ture alignment database (HOMSTRAD™), a database
containing 3D protein structures clustered into families)
(Mizuguchi et al., 1998) of known protein families repre-
sented by environment-specific substitution table that takes
into account secondary structure, solvent accessibility and
hydrogen-bonding interactions, and structure-dependent gap
penalties. As expected, CXCR4 followed by B,-adrenoceptor
was identified as preferred templates for CCR1 and CCR8
modelling. Homology models of CCR1 and CCRS8 were con-
structed from pair-wise sequence alignment between CCR1,
CCRS, the X-ray template structures of 3,-adrenoceptors (PDB
entry 2RH1) (Cherezov et al., 2007) and the CXCR4 receptor
(Wu etal., 2010) using the biopolymer modules (ORCHES-
TRAR) in sybylx1.2, which can use structural information
from multiple homolog templates. The resulting CCR1 and
CCRS receptor models were subsequently relaxed 500 times
in Rosetta 3.1 simulations (Barth et al., 2009) using the relax
protocol and Rosettas full atom force field to repack side
chains and refine the extracellular loops to obtain energeti-
cally favourable structures for docking. The extracellular
loops (ECL-1, -2 and -3) was optimized 1000 times in a sub-
sequent loop refinement protocol starting from the lowest
energy structures using the cyclic coordinate descent (CCD)
(Canutescu and Dunbrack, 2003; Wang et al., 2007) followed
by kinematic loop closure (KIC) (Coutsias etal., 2005;
Mandell et al., 2009) loop modelling that uses a simulated
annealing Metropolis Monte Carlo protocol to refine (local
perturbations refine kic mode) for the extracellular loops.
During the model refinements, a disulphide bridge between
Cys'® (position 1I1:01) and Cys'® in the ECL-2B loop (same
number in both receptors) was applied as a structural con-

straint. Otherwise, loops were modelled ab initio. The best
CCR1 and CCR8 models were finally relaxed 500 times. A set
of representative CCR1 and CCR8 models was selected based
on energy and structural diversity. Finally, we performed
four-dimensional (4D) docking simulation that allows seam-
less incorporation of an ensemble of receptor models to rep-
resent the conformational variability of the binding pockets
and indirectly take account of the binding pocket flexibility
and induced fit. Specifically, a fully flexible docking of LMD-
559 to an example of CCR1 and CCRS8 receptor models, was
performed by ICM BPMC under softened van der Waals con-
ditions using 4D grids represented by six grid potentials of
0.5 A spacing, including three van der Waals grid potentials
for a carbon probe, large atom probe or hydrogen probe, a
hydrogen bonding grid potential, an electrostatic grid poten-
tial and a hydrophobic grid potential ICM (Totrov and
Abagyan, 2008; Bottegoni et al., 2009). The docking grids
were defined to encompass a binding pocket described by all
corresponding receptor residues within 4.5 A of the ligands in
the template crystal structures. Individual best scored
docking poses were subsequently optimized using a com-
bined Monte Carlo and minimization procedure (using the
MMFF94 force field), keeping ligand and surrounding protein
residues (in an 8 A radius from the starting position) flexible.
All backbone coordinates were held fixed. Two rounds of
optimization were performed: an initial refinement under a
softened van der Waals (vdW potential and a second refine-
ment with the full van der Waals potential. A final stack of 50
conformations was generated, which were scored and analy-
sed to identify the best fit.

Statistical analysis

Statistical analysis was performed in Excel. Analysis of signifi-
cance in fold change of potencies of LMD-559 activation of
mutant receptors was carried out using the two-sample t-test.
A P-value of less than 0.05 (95% confidence interval) was
considered as statistically significant.

Materials

The human chemokines CCL1, CCL3 and CCLS5 were pur-
chased from Peprotech (Rocky Hill, NJ, USA). Human
chemokine receptor cDNA was kindly provided by Tim Wells
(Serono Pharmaceutical Research Institute, Geneva, Switzer-
land) or purchased from Origene (Rockville, MD). *H-myo-
Inositol (PT6-271) and iodinated chemokines (**I-CCL3 and
12[.CCL5) were purchased from Amersham Pharmacia
Biotech (Uppsala, Sweden). The promiscuous chimeric
G-protein GoA6qi4myr (abbreviated Gqi4myr), was kindly
provided by Evi Kostenis (University of Bonn, Germany). AG
1-X8 anion-exchange resin was purchased from Bio-Rad
Laboratories (Hercules, CA, USA).

Results

As expected from the similar pharmacophores of LMD-559
(Figure 1A) and of previously characterized CCR8-selective
compounds (Figure 1B) (Jensen et al., 2007), the tetrazol-
containing ligand (LMD-559) acted as a full agonist on CCR8
(Figure 1C) with high potency, equal to that of the other
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CCRS8-selective compounds (Figure 1D). All endogenous
chemokine receptors were subsequently tested and surpris-
ingly, LMD-559 activated CCR1 in addition to CCR8
(Figure 1E, Table 1), but not any other receptor — except for a
minor activation at 1 uM for CCR3 (Figure S1). The com-
pound was subsequently tested for antagonistic properties on
all endogenous chemokine receptors but no such effect was
observed (Figure S2). As the IP; accumulation experiments are
based on co-transfection with a promiscuous chimeric
Go-subunit (Ggi4myr) that is recognized as a Go; subunit, but
transduces a Gog signal (Heydorn et al., 2004), LMD-559 was
tested for its ability to induce more natural signalling path-
ways via CCR1. Supporting the IP; accumulation experiments,
LMD-559 induced calcium release in stably transfected CHO
cells (Figure 2A) with an efficacy similar to CCL3 (Figure 2B).
Furthermore, it induced chemotaxis of the human monocytic
cell line THP-1 with a classical bell-shaped dose-response
curve, again being as efficacious as CCL3 (Figure 2C). Impor-
tantly, the migration induced by LMD-559 was completely
repressed by the CCR1 antagonist vMIP-II. Note that although
vMIP-II is a broad-spectrum chemokine receptor antagonist, it
crucially does not block CCR8 (Kledal et al., 1997; Luttichau
et al., 2000). The migration was also unchanged by the CCR8-
specific antagonist MC-148, confirming that the migration
induced by LMD-559 in THP-1 cells was due to CCR1 activa-
tion (Figure 2D). The level of CCR8 expression in monocytes
is known to be very low (Patel et al., 2001; Phillips et al.,
2005). As the physiological response is not necessarily propoz-
tional to occupancy, it is possible that CCL1 displays the same
efficacy through CCR8 as CCL3 elicits through CCR1 despite
the presence of only few CCRS8 receptors.

To rule out the possibility that the previously described
CCR8-specific agonists (LMD-009, -584 -174 and -268 in
Figure 1B) still bound to CCR1 without acting as agonists, we
tested whether they could inhibit the action of LMD-559.
However, despite similar core structures, LMD-009, -584 -174
and -268 were not antagonists of LMD-559 at CCR1, indicat-
ing that these compounds in fact did not bind to CCR1 (data
not shown). Thus, in spite of a very similar pharmacophore of
all CCRS8-activating compounds (Figure 1), the tetrazol
moiety conferred dual activity towards CCR1 and CCRS. To
further characterize the binding mode of LMD-559, we
carried out competition binding experiments against '*I-
CCL3 and '"I-CCLS at CCR1, and '®I-CCL1 at CCR8. We
found that LMD-559 was not able to compete with CCL1 at
CCRS8 (Figure 3C), and that the affinity for competition at
CCR1 was at least 100-fold decreased compared with the
potency (Figure 3A,B). These results suggested an allosteric
binding mode of LMD-559 to both receptors.

GluVII:06 and TyrllI:08; the residues that
bridge the minor and major binding pockets
are essential for activation of CCRI1 and
CCRS8 by small molecules

The potencies of the compounds shown in Figure 1B are
critically dependent on GluVIl:06 in CCR8 (Jensen etal.,
2007). LMD-559 displayed a similar >300-fold decreased
potency for mutant receptors with Ala substitution of Glu-
VII:06 in CCR8 and in CCR1 (Figure 4, Tables 1 and 2). In
contrast, the endogenous ligands, CCL1 and CCL3, displayed
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unchanged high potency at these mutants of CCR8 and
CCR1, respectively, indicating that Ala-substitution of Glu-
VII:06 per se did not abolish activity (Figure 4, Tables 1 and 2).
No effects were observed for Ala substitutions of residues in
close proximity to GluVII:06: position VII:10/7.43 (Phe*° in
CCR8 and Tyr®*! in CCR1) and VII:03/7.36 (His*®* in CCR8
and GIn** in CCR1) located one helical turn above and
below, supporting a direct role of GluVII:06 (Tables 1 and 2).

Position 1I1:08/3.32 is a key interaction point for
monoamines (Strader et al., 1987) and for most non-peptides
targeting CC-chemokine receptors (Berkhout et al., 2003;
Castonguay et al., 2003; de Mendonca et al., 2005; Maeda
et al., 2006; Vaidehi etal., 2006; Jensen etal., 2007). As
observed for the CCR8-selective compounds in Figure 1B, the
potency of LMD-559 also depended on TyrlII:08 in CCR1 and
CCRS as 133- and >394-fold decreased potency was observed
for the Tyrlll:08Ala mutant, respectively (Figure SE,F),
whereas the endogenous ligands were much less affected (6.6-
and 19-fold decrease for CCL3 and CCL1, respectively)
(Tables 1 and 2B).

Molecular mapping of LMD-559 in CCR8

Previous mapping of the CCRS8-selective compounds
(Figure 1B) suggested that the phenoxybenzyl ‘right’-side
moieties were located in the minor binding pocket — stabilized
by aromatic residues in TM-I (Tyrl:07/1.39 and Phel:11/1.43)
and TM-II (Phell:17/2.57) — and that the chemically diverse
‘left’ side was located in the major binding pocket stabilized
in a unique pattern depending on the chemical structure of
each ligand (Jensen et al., 2007). A similar dependency on
Tyrl:07, Phel:11 and Phell:17 was observed for LMD-559 in
CCRS8 with the most marked effect being obtained for the Ala
substitution of Tyrl:07 (Table 2A). As for the CCR8-selective
agonists (Jensen et al., 2007), the Ala substitution of Phe in
11:13/2.53, 111:07/3.31 and 111:18/3.43 had no effect on poten-
cies (Table 2A).

The area delimited by TM-III, IV and V in the ‘upper’ part
of the major binding pocket contains several residues with
putative tetrazol interaction properties. As tetrazols are con-
sidered as a carboxyl isostere (and potentially negatively
charged), we initially focused on two positively charged
lysines in position V:01/5.35 (Lys'®®) and V:-02 (Lys'?®), the
only positively charged residues facing the binding pocket.
Of these, LysV:01 is most conserved (50%) among endog-
enous chemokine receptors and known to interact with
aplaviroc at CCRS (Maeda et al., 2006). However, Ala substi-
tution of these Lys residues or the intervening TrpV:-01
(Trp™*) did not affect LMD-559 potency (Table B). The inter-
face between TM-III and -IV contains two Tyr residues —
which are also putative tetrazol interaction partners — in
positions 111:09/3.33 (Tyr'**) and 1V:24/4.64 (Tyr'’?). Accord-
ingly, we observed a 44-fold decrease in potency for LMD-559
upon Ala substitution of TyrlII:09 (Figure SA, Table 2B), com-
pared with a selectively lower effect (between 3.7- and 25-fold
decrease) for the CCRS-selective compounds (Figure 5B)
(Jensen et al., 2007). Importantly, TyrIV:24 turned out to be a
completely selective hit for LMD-559, with a 40-fold decrease
in potency upon Ala substitution, with no effect on the
CCR8-selective compounds (Figure SC,D, Table 2B), whereas
Ala substitution of the residue lying above, SerIIl:05/3.29
(Ser''%) had no effect (Table 2).
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LMD-559 induced calcium release and chemotaxis via CCR1 activation. (A,B) Representative calcium release experiments performed in CCR1 stably
transfected CHO cells using LMD-559 (A) and CCL3 as a positive control (B). (C) Representative chemotaxis experiments performed in THP-1 cells
with CCL3 and LMD-559. (D) Effect on LMD-559 (100 nM) induced chemotaxis in cells pre-incubated with 100 nM of the CCR1 antagonist vMIP-II
or 100 nM of the CCR8 antagonist MC148. CCL3 and CCL1 were included in the study at 10 nM each (n = 3).
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LMD-559 does not compete with endogenous chemokines for binding to CCR1 and CCR8. Heterologous binding experiments were performed
in transiently transfected COS-7 cells. (A-C) Homologous and heterologous binding of CCL3 to CCR1 (A), CCL5 to CCR1 (B) and CCL1 to CCR8
(C). The curves have been normalized against homologous binding on the given receptor (n = 4).

In TM:VI, Ala substitution of PheVI:16 (Phe®**) — located
at the same horizontal level as TyrIII:08 -resulted in a 6.4-fold
decrease in potency of LMD-559, whereas CCL1 potency was
unaffected. In contrast, the Ala substitution of TrpVI1:13/6.48
(Trp*") one helical turn below had a much lesser effect and no
effect was observed for the Ala substitution of residues one
and two helical turns above: LeuVI:20/6.55 (Leu*®) and
SerV1:24/6.59 (Ser*®?) (Table 2B). Together, these data, sum-
marized in Figure 6A, suggest that the phenoxybenzyl moiety
— common for all compounds in Figure 1 - is located in the

264 British Journal of Pharmacology (2012) 166 258-275

minor binding pocket in CCRS, and that the phenyl-tetrazol-
moiety (unique for LMD-559) is located in the ‘upper’ part
of the major binding pocket in the interface between TM-III
and IV.

Molecular modelling supports the mutational
studies in CCR8

Molecular modelling with CCR8 built over the crystal struc-
ture of CXCR4 clearly supported the binding mode predicted
from the mutational studies. Thus, the phenoxy-tetrazol



Reversed binding of small molecules in CCR1 and -8
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Figure 4

GluVII:06 is essential for activation by a non-peptide agonist, but not for activation by chemokines. IP; accumulation experiments were performed
in transiently transfected COS-7 cells. (A) Dose-response curves for CCL3 and LMD-559 at wild-type CCR1 (filled symbols) and the mutant
CCR1-[E287A] (open symbols). (B) Dose-response curves for CCL1 and LMD-559 at wild-type CCR8 (filled symbols) and the mutant CCR8-
[E286A]. Note that the activity of chemokines was unchanged at the mutant receptors in contrast to the marked loss of activity for LMD-559. (C,D)
Helical wheel models of CCR1 (C) and CCR8 (D) with the residues mutated in the present study highlighted in grey. The conserved GluVII:06 is

highlighted in black. The minor and major binding pockets are indicated (n = 3-6).

moiety was identified in the major binding pocket of CCRS8
with the tetrazol group stabilized by aromatic and hydro-
philic interactions with Tyrlll:09 and TyrIV:24 (with
maximum distance of 3.1 A) and the phenyl group stabilized
by PheVI:16 (Figure 6B,C). As predicted, a charge-charge
interaction was identified in the bridge area between the
major and minor binding pocket between GluVII:06 and the
amine in the piperidine ring. Of the three identified aromatic
residues in the minor binding pocket (Tyrl:07, Phel:11 and
Phe II:17), the most superficial and most important for small
molecule activation (Tyrl:07) was located closest to LMD-559

(Figure 6).

TM-II plays a crucial role in activity of
LMD-559 at CCR1, but not at CCR8

Notable structural differences are found between CCR1 and
CCRS8 with respect to TM-II. Thus, 85% of all chemokine
receptors (incl. CCR1) contain a Trp in I1:20/2.60 that is
essential for small molecule action in several cases (Seibert
et al., 2006). This is also the case in CCR1, where a 28-fold
decrease in LMD-559 potency occurred after Ala substitution
of Trpll:20 (Figure 7A), whereas CCL3 was unaffected
(Table 1A). CCRS8, however, has a Gln in I1:20 (GIn®'), that
was unimportant as neither Ala nor the CCR1-like Trp sub-
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Activity of LMD-559 is dependent on aromatic residues in the major binding pocket in CCR8. IP; accumulation experiments were performed in
transiently transfected COS-7 cells. Dose-response curves of the dually active LMD-559 (A,C,E) and the CCR8-selective compounds (B,D,F) on
wild-type CCR8 (wt; dashed lines) and various CCR8 mutants (solid lines). All curves were normalized against CCL1 induced activation on each
receptor. (A,C,E) Dose-response curves of LMD-559 on [Y114A]-CCR8 (A), [Y172A]-CCR8 (C) and [Y113A]-CCR8 (E). (B,D,F) Dose-response
curves of LMD-174, -009, -584 and -268 on [Y114A]-CCR8 (B), [Y172A]-CCR8 (D) and [Y113A]-CCR8 (F) (n = 3-4).

stitution (Table 2A) had any effect on LMD-559 binding. In
contrast, a Gln introduced at II:20 in CCR1 had the same
marked effect as Ala, indicating that proper action of LMD-
559 in CCR1 requires a Trp in I1:20 (Table 1A). Position I1:24/
2.64 in CCR1 holds a Lys that points right into the minor
binding pocket — one helical turn above Trpll:20. Impor-
tantly, Ala substitution of LysIl:24 resulted in a 12-fold
decrease in LMD-559 potency (Figure 7B), whereas the endog-
enous ligands were unaffected (Table 1B).

A further corroboration of the importance of TM-II in
CCR1 was provided by a helix-distortion, straightening of the
proline kink in position 1I:18/2.58. Thus, whereas a 13-fold
decrease for LMD-559 potency was observed for the Ala sub-
stitution of Pro*® in CCR1 (Figure 7C, Table 1A), no change
was observed for LMD-559 by the similar substitution in
CCRS (Figure 7C, Table 1). Finally, of the three aromatic resi-
dues: Tyrl:07 (Tyr*'), Phelll:07 (Phe''?) and TyrVIL:10 (Tyr*")
confining the minor binding pocket in CCR1, only Tyrl:07

British Journal of Pharmacology (2012) 166 258-275 267
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Tyriv:24

}
TrpVI::Is TyrVii:10

PheVi:1

Sl 7 Glnll:20
Tyrlll:09 Tyrlll:08 E
(
Tyrl:07

Figure 6

Molecular model of LMD-559 binding in CCR8. (A) Effect of the Ala substitution of residues in the minor and major binding pocket of CCR8. The
colour code indicates the effect on potency of LMD-559 for a given mutation relative to wild-type CCR8 activation. Grey residues indicate <5-fold
decrease in potency, yellow indicates 5- to 25-fold decrease, orange indicates 25- to 100-fold decrease and red indicates >100-fold decrease. B
and C depict the molecular model of LMD-559 (green stick) binding in CCR8 using the CXCR4 crystal structure as template. The model is shown
from the extracellular side (B) and from the side corresponding to TM-VI and -VII (both partly removed) (C). For simplicity, the extracellular
receptor regions are not shown.

~
[&,]
J
1
1

CCR1-WT CCR1-WT

11:18
h 11:20 11:24 [P8BA]
b-" [W90A] }:" [K94A] ;:"

I~ T T T T T

0 +ll— T T T T -~ T T T T T
0 -10 9 -8 -7 6 0 10 9 -8 -7 6 o -10 -9 -8 -7 -6

Log conc. LMD-559 (M) Log conc. LMD-559 (M) Log conc. LMD-559 (M)

Receptor activity, measured as
IP3 accumulation (cpm x102)

Figure 7

Activation of CCR1 by LMD-559 depends on residues in TM-II. The IP; accumulation experiments were performed in transiently transfected COS-7
cells and are presented as the mean of at least three separate experiments. (A-C) Dose-response curves of LMD-559 on wild-type CCR1 (WT) or
mutant receptor. [W90A]- (A), [K94A]- (B) and [P88A]-CCR1 (C) (n = 3-4).

was important for LMD-559 as an eightfold decrease in unaffected (Table 1B). Thus, in summary, several aromatic

potency was observed upon Ala substitution (Table 1A). residues facing into the major binding pocket, especially the
‘lower’ part, delimited by TM-III, VI, and VII were identified

Mutational mapping of LMD-559 in the as important for LMD-559 activity.

major bin dlng pocket Of CCR1 Importantly, all experiments were performed along with a

Although the major binding pockets of CCR1 and CCRS are variant of LMD-559 (LMD-051), that contained a methoxy

group instead of a chloride group in the phenoxybenzyl
moiety and, in this respect, was a closer structural analogue of
the previously tested CCRS8-specific agonists (Figure 1B).
LMD-051 shared similar interaction-profiles with LMD-559
(data not shown) but in general displayed approximately
10-fold lower potency than LMD-559 for CCR1. Conse-

very similar, they differ with respect to the identified tetrazol
interaction residue TyrIV:24 in CCR8, as CCR1 contains a Ser
in 1V:24 (Ser'’?). However, the neighbouring TyrlIIl:09 is con-
served, and in contrast to its important role in CCRS8
(Figure 5A), no change was observed upon the Ala substitu-
tion of Tyrlll:09, or for the Serlll:05 (Ser''’) lying above in

CCR1 (Table 1B). In TM-V, LMD-559 was unaffected by Ala quently, LMD-559 was chosen for the mutational studies.
substitution of the two aromatic residues PheV:11/5.45 . .
(Phe®™) and TrpV:-01 (Trp™®), and of the Lys in V:01 (Lys™) Molecular modelling supports the mutational
(Table 1B). In contrast, Ala substitutions of the aromatic resi- studies in CCR1

dues in TM-VI had some effect on LMD-559 potency with As with CCRS8, molecular modelling of CCR1 clearly sup-
>24-fold decrease for PheVI:09/6.44 (Phe**), and 17-fold ported the binding mode predicted from the mutational
decrease for TyrVI:16 (Tyr*°), whereas CCL3 potency was studies summarized in Figure 8A, as the phenyl-tetrazol

268 British Journal of Pharmacology (2012) 166 258-275
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Figure 8

Molecular model of LMD-559 binding to CCR1. (A) Effect of the Ala substitution of residues in the minor and major binding pocket of CCR1. The
colour code indicates the effect on potency of LMD-559 for a given mutation relative to wild-type CCR1 activation. Grey residues indicate <5-fold
decrease in potency, yellow indicates 5- to 25-fold decrease, orange indicates 25- to 100-fold decrease and red indicates >100-fold decrease. B
and C depict the molecular model of LMD-559 binding in CCR1, using the CXCR4 crystal structure as template. LMD-559 is depicted as a green
stick model. The molecular interactions are shown from the extracellular side (B) and from the side (C). For simplicity, the extracellular receptor
regions have been omitted.

moiety was localized in the minor binding pocket of CCR1
with the tetrazol group stabilized by charge-charge interac-
tions with LysII:24 (distance of 3.1 A) and the phenyl group
interacting with Trpll:20 (Figure 8B,C). In addition, Tyrll:23/
6.23 was identified as being part of the binding pocket for
LMD-559. As in CCRS8, GluVII:06 was identified as anchor for
the positively charged amine in the piperidine ring. The
phenoxybenzyl moiety (‘right’ side) was not only localized in
the major binding pocket interacting with and stabilized by
TyrIII:08 and TyrVI:16 in particular but also influenced by the
deeper located TrpVI:13 in a more indirect stabilizing manner
(Figure 8B,C).

Importance of extracellular domains in CCR1
and CCR8

The observed differences in binding mode of LMD-559 in
CCR1 and CCR8 prompted us to explore the contribution of
the ECL-2 - a region with increasing importance for
rhodopsin-like 7TM receptors (Peeters et al., 2011). First, the
conserved disulphide bridge between TM-III (CysIII:01/3.25)
and ECL-2 was disrupted by an Ala substitution of CysIII:01.
However, no agonists were able to activate these receptors,
and ELISA-based expression analyses revealed low surface
expression (<20% of WT receptors; data not shown). We
therefore focused on aromatic residues in ECL-2B, given the
participation of ECL-2B in ligand binding (Cherezov et al.,
2007; Rosenbaum et al., 2007; Jaakola et al., 2008; Wu et al.,
2010). In CCR1, only one such residue is found (Phe'®,
located four residues after Cys'®*), and Ala substitution here
resulted in a robust decrease in potency of LMD-559
(Figure 9A). CCL3 and -5 were also affected with 18-fold
decrease in the potency of CCLS and 272-fold for CCL3
(Figure 9B, Table 1C), whereas the receptor surface expression
level was comparable to WT receptors (Table 1C). A com-
pletely different picture emerged with CCR8 which contains
three aromatic residues in ECL-2B (Tyr'®, Phe'® and Tyr'¥,
located in i+1, i+3 and i+4), as substitution by Ala, singly or
together, of these residues did not decrease potency of LMD-

" Glnvii:o

iy Tyr:07,
"-#] Glu o PViI:10 @
VI:13 “.'a

' Lysl:24
15

559 (Figure 9D, Table 2C). In fact, a potency increase was
observed in all mutations, with up to 11-fold increase in the
triple-Ala substitution. Importantly, the opposite effect was
observed for CCL1 with virtually no CCL1-mediated activa-
tion in the triple mutation (Figure 9D, Table 2C). Interest-
ingly, the potency of LMD-559 was increased together with a
marked decrease in efficacy despite unaltered receptor surface
expression, indicating that the ECL-2 contributed to the sta-
bilization of the receptor-LMD-559 complex in an active
conformation, without directly contributing to the binding
site of LMD-559.

Chemokine receptor N-termini are essential for chemok-
ine, but not small molecule, binding (Schwarz and Wells,
2002; Rosenkilde and Schwartz, 2006; Allen etal., 2007;
Jensen and Rosenkilde, 2009). Given the differential impact
of ECL-2B (Figure 9), we explored the role of the N-terminus
for LMD-559 in CCR1 and CCRS. As for the previously char-
acterized CCRS8-selective compounds (Figure 1B) (Jensen
et al., 2007) and in contrast to the chemokine-mediated acti-
vation that declined as expected, we observed no change in
potencies of the tetrazol-containing compounds for consecu-
tive N-terminal truncations (Tables 1C and 2C), indicating
that the N-termini were indeed important for chemokine, but
not for small molecule, activation.

Molecular modelling of ECL-2

Recent crystal structures of class A 7TMs have disclosed that
ECLs - in particular ECL-2B — may participate in ligand
binding (Palczewski et al., 2000; Cherezov et al., 2007; Jaakola
etal.,, 2008; Warne et al., 2008; Nygaard et al., 2009). The
observed effect of ECL-2B in CCR1 was indeed supported by
the modelling studies. Thus, based on the crystal structure of
CXCR4, ECL-2B in CCR1 was arranged in a B-sheet with
Phe'® identified as a direct interaction partner for the phe-
noxybenzyl moiety in LMD-559 localized in the major binding
pocket, whereby Phe' together with TyrlIl:08, TyrlIII:09,
TyrVI:16 and to a lesser extent the deeper located TrpVI:13
constituted the aromatic binding pocket for this part of LMD-
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Influence of ECL-2 for the activity of LMD-559. (A,B,D,E) IP; accumulation experiments performed in transiently transfected COS-7 cells and
presented as the mean of at least three separate experiments. (A,D) Dose-response curves of LMD-559 on wild-type (wt; dashed lines) or mutant
receptors (solid lines). (A) [F187A]-CCR1. (D) [Y184A]-CCR8, [F186A]-CCR8, [Y187A]-CCR8 and [Y184A,F186A,Y187A]-CCR8 (Y-F-Y). (B,E)
Dose-response curves of endogenous ligands on wild-type (wt; dashed lines) or mutant receptors (solid lines). (B) [F187A]-CCR1 with CCL3 and
CCL5. (E) CCL1 on [Y184A]-CCR8, [F186A]-CCR8, [Y187A]-CCR8 and [Y184A,F186A,Y187A]-CCR8. (C,F) Sequences of ECL-2 in CCR1 (C) and
CCR8 (F) with the conserved Cys highlighted in grey and the included aromatic residues are highlighted in black. Adjacent are the molecular
models of CCR1 and CCR8 shown similarly to the models in Figures 5 and 7, but including the ECL-2.

559 (Figure 9C). In CCRS8, ECL-2B also formed a -sheet with
putative interaction between ECL-2B and LMD-559; however,
in contrast to CCR1, the closest interaction was identified
between Tyr'® (i+1) and the phenoxybenzyl moiety localized
in the minor binding pocket. A secondary interaction — also of
hydrophilic character — was identified between Tyr'® (i+4)
and the tetrazol moiety localized in the major binding pocket.

Discussion

In the present study, we describe a dually active ligand that,
in contrast to the structurally similar CCR8-selective agonists
(Jensen et al., 2007), activated CCR1 in addition to CCRS.
Importantly, the ligand acted differentially at the molecular
level in CCR1 and CCRS8. In both receptors, a charge-charge
interaction was formed between the positively charged qua-
ternary amine (piperidine ring) and the negatively charged
GluVIIL:06, but the rest was mirrored. Furthermore, we show
that ECL-2B played different roles in CCR1 and CCRS8. Thus,
in CCR1, it stabilized LMD-559 in the major binding pocket
and contributed to potency, whereas it mainly stabilized
LMD-559 in the minor binding pocket of CCR8 and contributed
to efficacy, but not potency — a phenomenon that inspires
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new thoughts about the molecular basis for potency as dis-
tinct from efficacy. Importantly, in our studies, several of the
mutations resulted in low surface expression (<20% of WT
expression), and as discussed previously, this may influence
ligand potency and thus complicate the interpretation of the
effects of a given mutation (Johnson et al., 1979; Black and
Leff, 1983; Bouvier et al., 1988). However, in our system, the
mutations that resulted in decreased surface expression
showed unaltered potency of either endogenous or non-
peptide ligands which thus could be a result of increased
binding affinity of the given ligand.

A wealth of crystal structures for

7TM receptors

Recently, the crystal structure of CXCR4 was presented (Wu
etal., 2010). In contrast to the other structures, TM-I in
CXCR4 is localized ‘closer’ to the pocket centre, presumably
due to the chemokine-specific disulphide bridge between Cys
residues in the N-terminus and in ECL-3. Furthermore,
CXCR4 is the first crystal structure of a receptor with a Pro in
I1:18 (like CCR1 and CCRS8), which creates a kink and thereby
changes the coordinates and rotation of the exterior half of
TM-II, resulting in position 1I:20 and II:24 pointing into the
minor binding pocket (Wu et al., 2010) (Figure 10). Analysis
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CXCR4 crystal structure compared with other available receptor crystal structures. CXCR4 (in red) is shown together with rhodopsin (orange),
fB.-adrenoceptor (ADR) (green) and adenosine Axa (A2,) receptor (blue). In all three overlays, position 11:20 is shown in sticks in order to emphasize
the different orientations of TM-Il in the different structures. The GluVII:06 (conserved in most chemokine receptors) is shown in sticks in the bridge

area between the minor and major binding pockets.

of the main binding pocket in terms of depth, extension and
division into a major and a minor binding pocket in the
different crystal structures shows the clearest division in
these two binding pockets for CXCR4, adenosine A,y and
B.-adrenoceptors (Figure S3). Based on these observations,
CXCR4 was chosen for the final modelling of LMD-559.
However, before the release of the CXCR4 crystal structure,
we used the B,-adrenoceptor as the template (Figure S4) and
importantly identified the same mirrored orientation of
LMD-559 with the same key interaction points (Figure S4).
Obviously, agonist docking into the CXCR4 crystal structure
is associated with certain inaccuracies and assumptions, as
the structure is in its inactive state, stabilized by antagonists.
Thus, the structure does not elucidate the movements of the
transmembrane segments, which are believed to follow
agonist activation. Less is known about the extracellular parts
of the activated receptor; although these highly flexible
regions are similarly believed to undergo movements upon
agonist binding (Peeters et al., 2011).

General binding pattern of small molecule
ligands in chemokine receptors

LMD-559 shares a similar pharmacophore with previously
described non-peptide antagonists targeting CC-chemokine
receptors in having an elongated structure with a more or less
centrally located positively charged amine and flanking aro-
matic residues (Rosenkilde and Schwartz, 2006; Jensen and
Rosenkilde, 2009). The conserved GluVII:06 serves as a cor-
responding perfect match, as described here for LMD-559 in
CCR1 and CCRS, for the previously described CCR8-selective
compounds (Jensen et al., 2007), UCB-35625 in CCR1 (de
Mendonca et al., 2005) and several compounds targeting
CCR2 and CCRS (Mirzadegan et al., 2000; Berkhout et al.,
2003; Castonguay et al., 2003; Maeda et al., 2006). In contrast

to the characteristic promiscuity amongst most chemokines,
non-peptides are usually more selective (Rosenkilde and
Schwartz, 2006; Wells et al., 2006). Exceptions however, are
TAK-779 (CCR2, CCRS and CXCR3 antagonist) (Baba et al.,
1999; Gao etal., 2003) and UCB-35625 (dual-active CCR1
and CCR3 antagonist) (Sabroe et al., 2000). Despite the exist-
ence of other dually specific small molecules, the observed
mirrored binding mode in the present study has not been
observed before.

Small molecule ligands for CCR1 —
overlapping molecular interaction for agonists
and antagonists

Intriguingly, the binding mode identified here for the small
molecule agonist in CCR1 and CCR8 overlap considerably
with those of small molecule antagonists in CC-chemokine
receptors, such as BX471 and UCB-35625 in CCR1 (de Men-
donca et al., 2005; Vaidehi et al., 2006), the spiropiperidines
RS-50404393 and -102895, the Teijin compound and TAK-
779 in CCR2 (Mirzadegan et al., 2000; Berkhout et al., 2003)
and aplaviroc, TAK-779 and a series of pyrrolidine and acyclic
compounds in CCRS (Castonguay et al., 2003; Maeda et al.,
2006). This is not surprising given the similar pharmacoph-
ores. It is however interesting, that despite roughly overlap-
ping binding sites, these compounds display opposite
pharmacology (being agonists and antagonist, respectively). In
turn, this indicates that the key anchor points for different
ligand classes may very well overlap, and that the final effi-
cacy depends on the final conformational constraining of a
certain receptor population (Schwartz and Rosenkilde, 1996).
Recently, a different class of small molecule agonists for CCR1
was presented, acting as dual allosteric agonists that
enhanced the binding of CCL3, but not CCLS (Jensen et al.,
2008). Binding of LMD-559 partly overlapped with these
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compounds, as it also anchored to GluVII:06. However,
despite the partial overlap of binding sites for LMD-559 and
CCLS in, for instance, TM-II, -VI and -VII of CCR1, LMD-559
displaced CCLS5 with very low affinity in competition
binding, suggesting an overall allosteric binding mode of
LMD-559.

Importance of TM-II for small molecule
binding in CCR1, but not in CCRS8

The majority of studies concerning 7TM receptor activation
have focused on the major binding pocket as many residues
facing this pocket are essential for the activation process.
Nevertheless, the minor binding pocket — illustrated in Fig-
ure 83 — and in particular TM-II also plays a role for these
processes in several cases (Benned-Jensen and Rosenkilde,
2009; Rosenkilde etal., 2010). In CCR2 and CCRS for
instance, mutations in the TXP motif influence ligand-
induced, as well as constitutive activity (Govaerts et al., 2001;
Arias et al., 2003). Moreover, a study from 1994 indicated an
essential role of TM-II for the interchange between different
receptor conformations, as Ala substitutions of residues
facing the minor binding pocket resulted in a conformational
constraining of the NK; receptor (Rosenkilde et al., 1994). In
the present study, we observed that residues in the top of
TM-II in CCR1 (Trpll:20 and LyslIl:24) were important for
LMD-559, but not CCL3, indicating a direct interaction with
LMD-559, as supported by the modelling studies. The
impaired activity upon substituting Proll:18 to Ala in CCR1,
thereby straightening TM-II, also supported this.

Position 11:20 — a ligand-binding and activity
switch in 7TM receptors

Position II:20 is located superficial to the Pro in TM-II and is,
directly or indirectly, involved in ligand binding and consti-
tutive activity in several 7TM receptors (Benned-Jensen and
Rosenkilde, 2009; Rosenkilde et al., 2010). In brief, a residue
of either aromatic or aliphatic nature is found in this position
(Mirzadegan et al., 2003). Thus, 85% of chemokine receptors,
inclusive of CCR1, but not CCR8, contain a Trp in II:20,
compared with ~9% of non-chemokine class A receptors.
Importantly, earlier findings in CCR2 and CCRS suggest a
direct interaction with hydrophobic parts of various non-
peptide antagonists with the indole ring in TrpIl:20 (Tsamis
et al., 2003; Maeda et al., 2006; Hall et al., 2009) in accor-
dance with our findings in CCR1. Recently, a more indirect
role of I11:20 was presented for the orphan Epstein-Barr virus-
induced receptor 2 (EBI2 or GPR183), as a positive charge in
this position was necessary for maintaining high constitutive
activity (Benned-Jensen and Rosenkilde, 2008; 2009).

Involvement of the extracellular parts in
ligand binding — influence on potency

and/or efficacy

In general, receptor N-termini and to a variable degree extra-
cellular loops are important for chemokine binding (Allen
et al., 2007). In contrast, small molecule ligands for chemok-
ine receptors bind more deeply in an allosteric binding mode
(Wells et al., 2006; Allen et al., 2007). X-ray structures of at
least three receptors indicate that ECL-2 participates directly
in ligand binding (Figure S5) through aromatic residues
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located in the vicinity of the conserved Cys residue, in ECL-
2B. These aromatic residues are also conserved in chemokine
receptors, and our finding is thus in good agreement with
previous observations. The effect on efficacy, but not potency
of LMD-559 in CCR8, combined with the observation that
ECL-2B mainly interacts with LMD-559 in the minor binding
pocket in CCR8 indicates that this part of the main binding
pocket may be more important for conformational constrain-
ing and maintenance of active receptor conformations
(factors that contribute to ligand efficacy), than for constitut-
ing the binding site of LMD-559 (contributing to ligand
potency). This is indeed supported by the rather superficial
localization of LMD-559 in the minor binding pocket of CCRS.
In other words, that the minor binding pocket and the sta-
bilization by ECL-2B in CCRS8 is important for ligand efficacy,
whereas the potency (determined by the actual binding site)
depends more upon ligand interaction in the major binding
pocket. These observations clearly expand and diversify our
knowledge about the impact of ECL-2 for proper receptor
function.

In summary, we describe a dually active potent com-
pound that interacts differently with homologous receptors —
a finding that may have considerable importance for drug
discovery as it illustrates the complexity of ligand interaction
and the phenomenon of bitopic ligands. The suggested mir-
rored or reversed binding mode in CCR1 and CCRS is par-
ticularly relevant for the development of small molecules
against chemokine receptors. The observed differential role of
ECL-2B for ligand potency and efficacy increases the influ-
ence of the extracellular regions on ligand binding and recep-
tor activity — a field that will become increasingly relevant
with the improved X-ray structures of these regions.
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Supporting information

Additional Supporting Information may be found in the
online version of this article:

Figure S1 Screening for agonist activity of LMD-559 among
endogenous chemokine receptors. IP; accumulation experi-
ments performed in transiently transfected COS-7 cells.
Dose-response curves for LMD-559 and a positive control
selected amongst the possible endogenous agonists for all
human chemokine receptors (except for CCR1 and CCRS,
which are depicted in Figure 1). In addition, CCR11 was
excluded, although no activation was observed for the non-
peptide compound, as no endogenous ligand exists for this
receptor (n = 3).

Figure S2 Screening for antagonism by LMD-559 amongst
endogenous chemokine receptors. IP;-accumulation experi-
ments performed in transiently transfected COS-7 cells. The
test for antagonism was performed by stimulation of each
receptor with 10 nM of the depicted endogenous ligand.
Dose-response curves for LMD-559 and a positive control are
shown for the same receptors as in Figure S1 (n = 3).
Figure S3 Comparison of the minor binding pocket. The
depth and expansion of the ligand-binding pocket is com-
pared in four available crystal structures: CXCR4, Rhodopsin,
B.-adrenoceptor (ADR) and adenosine A, receptor. The top
panel shows the receptors from the extracellular side, whereas
the lower panel illustrates the receptors from the side as
viewed from TM-VI and -VII, with the corresponding ligands

shown in green sticks (It1t, retinal, carazolol and ZM241385
respectively). The binding pockets are illustrated with trans-
parent space filling, and the minor binding pocket is high-
lighted with stippled lines.

Figure $S4 LMD-559 modelling using the B,-adrenoceptor
(ADR) as template. The molecular modelling of LMD-559 in
CCRS8 (A,B) and in CCR1 (C,D) is presented as seen from
above (A,C) and in a side view corresponding to the view
from TM. The mirrored orientation of LMD-559 is apparent
also in the modelling based on 2-ADR as template. Notice-
able, the same key residues are identified as using CXCR4 as
template and again corresponding to the residues identified
by the mutational analyses. Importantly, the different roles of
ECL-2B in the two receptors are confirmed. Thus, where it, in
CCR1, seems to contribute directly to the binding site of
LMD-559, it has a more indirect conformational constraining
role in CCR8. This is indeed also apparent from the modelling
based on f,-adrenoceptor (B,D).

Figure S5 Extracellular view of small molecule binding in
different receptors. The top panel display small molecule
ligand binding in three different chemokine receptors (all
based on the crystal structure of CXCR4). From the left:
LMD-559 binding in CCRS, the mirrored binding of LMD-
559 in CCR1 and It-1t in CXCR4. The lower panel displays
three crystal structures solved when interacting with the
small molecule ligands: retinal in Rhodopsin, carazolol in the
B.-adrenoceptor (ADR) and ZM241385 in the adenosine A,y
receptor. The group of structural water molecules that fill up
the minor binding pocket in the A,, receptor (Jaakola et al.,
2008) is depicted in red sticks.

Please note: Wiley-Blackwell are not responsible for the
content or functionality of any supporting materials supplied
by the authors. Any queries (other than missing material)
should be directed to the corresponding author for the article.

British Journal of Pharmacology (2012) 166 258-275 275



	bph_1771 258..275

