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ABSTRACT
Most nonpeptide antagonists for CC-chemokine receptors
share a common pharmacophore with a centrally located, pos-
itively charged amine that interacts with the highly conserved
glutamic acid (Glu) located in position 6 of transmembrane helix
VII (VII:06). We present a novel CCR8 nonpeptide agonist,
8-[3- (2-methoxyphenoxy)benzyl]-1-phenethyl-1,3,8-triaza-spi-
ro[4.5]decan-4-one (LMD-009), that also contains a centrally
located, positively charged amine. LMD-009 selectively stimu-
lated CCR8 among the 20 identified human chemokine recep-
tors. It mediated chemotaxis, inositol phosphate accumulation,
and calcium release with high potencies (EC50 from 11 to 87
nM) and with efficacies similar to that of the endogenous ago-
nist CCL1, and it competed for 125I-CCL1 binding with an
affinity of 66 nM. A series of 29 mutations targeting 25 amino
acids broadly distributed in the minor and major ligand-binding
pockets of CCR8 uncovered that the binding of LMD-009 and
of four analogs [2-(1-(3-(2-methoxyphenoxy)benzyl)-4-hy-
droxypiperidin-4-yl)benzoic acid (LMD-584), N-ethyl-2-4-

methoxybenzenesulfonamide (LMD-902), N-(1-(3-(2-meth-
oxyphenoxy)benzyl)piperidin-4-yl)-2-phenyl-4-(pyrrolidin-1-
yl)butanamide (LMD-268), and N-(1-(3-(2-methoxyphen-
oxy)benzyl)piperidin-4-yl)-1,2,3,4-tetrahydro-2-oxoquinoline-4-
carboxamide (LMD-174)] included several key-residues for
nonpeptide antagonists targeting CCR1, -2, and -5. It is note-
worthy that a decrease in potency of nearly 1000-fold was
observed for all five compounds for the Ala substitution of the
anchor-point GluVII:06 (Glu286) and a gain-of-function of 19-
fold was observed for LMD-009 (but not the four other analogs)
for the Ala substitution of PheVI:16 (Phe254). These structural
hallmarks were particularly important in the generation of a
model of the molecular mechanism of action for LMD-009. In
conclusion, we present the first molecular mapping of the in-
teraction of a nonpeptide agonist with a chemokine receptor
and show that the binding pocket of LMD-009 and of analogs
overlaps considerably with the binding pockets of CC-
chemokine receptor nonpeptide antagonists in general.

Chemokine receptors belong to the superfamily of rhodop-
sin-like G protein-coupled 7TM receptors (Murphy et al.,
2000). The chemokine ligands (chemotactic cytokines) are a
family of large peptides (70–80 amino acids in length) com-
posed of around 50 members. The CC-chemokines are char-
acterized by the absence of an amino acid between the first

two of four conserved cysteines and constitute the largest
group (CCL1–28), whereas the CXC-chemokines constitute
the other major group (CXCL1–16). Two additional chemo-
kines, the XCL1 and the CX3CL1, have been described pre-
viously (Murphy et al., 2000). The chemokine system regu-
lates the development, activation, and recruitment of leuko-
cytes and plays important roles outside the immune system (for
instance, on organogenesis, angiogenesis, and carcinogenesis)
(Gerard and Rollins, 2001). CCR8 is selectively expressed on a
subset of T-helper-2 (Th2) and regulatory T cells and is up-
regulated on Th2 cells upon activation (Soler et al., 2006). Ac-
tivated Th2 cells produce the cytokines IL-4, IL-5, and IL-13,
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which are important mediators of inflammation and airway
hyper-reactivity in bronchial asthma, and CCR8 deficiency has
been shown to ameliorate lung inflammation and airway func-
tion in the mouse (Chensue et al., 2001). CCR8 also seems to
play an important role in pathologic conditions of the central
nervous system in that it is expressed on phagocytic macro-
phages and activated microglial cells in the central nervous
system, in active demyelinating multiple sclerosis, progressive
multifocal leukoencephalopathy, and in cerebral ischemic le-
sions (Trebst et al., 2003).

In contrast to many other CC and CXC-chemokine recep-
tors, which are rather promiscuous in their ligand-binding
profile, CCR8 binds only one endogenous chemokine, CCL1
(I-309), and CCL1 interacts only with this one receptor.
There are only a few additional chemokine/receptor pairs
with a similar stringency, for example CXCL12 (SDF-1)/
CXCR4 and CX3CL1 (fractalkine)/CX3CR1 (Murphy et al.,
2000). However, additional virus-encoded CC-chemokines
targeting CCR8 have been described, indicating a potential
role for CCR8 in infectious diseases. For example, the CCR8
antagonist MC148, encoded by the poxvirus Molluscum con-
tagiosum (Damon et al., 1998; Luttichau et al., 2000) and the
two CCR8 agonists, vCCL1 and vCCL2, encoded by human
herpesvirus 8 (Dairaghi et al., 1999).

Many pharmaceutical companies wish to develop chemo-
kine receptor nonpeptide antagonists because of the well
documented functions of the chemokine system in immune
system surveillance and pathological inflammatory pro-
cesses. The research in chemokine nonpeptide antagonists
has thus far resulted in �250 patent applications and nine
clinical trials (Horuk, 2003). Indeed, nonpeptide antagonists
have today been identified for the majority of chemokine
receptors. However, CCR8 differs from these in that agonists,
instead of antagonists, appear from screening efforts (i.e.,
CCR8 is agonist-prone). Thus, a micromolar nonpeptide ag-
onist, ZK 756326, has recently been described for CCR8
(Haskell et al., 2006), and vCCL2 (which in general acts like
a broad-spectrum chemokine antagonist) also activates this
receptor (Dairaghi et al., 1999). We present here a novel
high-affinity nonpeptide agonist for CCR8, LMD-009, that
acts in the nanomolar range with the same efficacy and
potency as CCL1. The structure of LMD-009 has some simi-
larities to that of ZK 756326 (Haskell et al., 2006). Both
compounds contain a central amine—as observed for many
chemokine receptor nonpeptide antagonists (Rosenkilde and
Schwartz, 2006)—and an aromatic group (biphenyl) on the
“right side”; the only difference is an ortho-methoxy group in
the terminal phenyl of LMD-009. The central amine source

differs slightly, because LMD-009 contains a spiro-ring sys-
tem with a piperidine, whereas ZK 756326 contains a piper-
azine. The greatest difference is found on the “left side, ” in
that LMD-009 contains an aromatic group (phenethylimida-
zoline-4-one) that in ZK 756326 is an ethoxyethanol (Fig. 1).
Mutational mapping of LMD-009 and a series of analogs of
this in a library of 27 mutants covering the main ligand-
binding pocket of CCR8 demonstrated that the highly con-
served Glu at position 6 in the extracellular end of TM-VII
(VII:061) (Rosenkilde and Schwartz, 2006) is essential for the
action of LMD-009. In addition, we find that aromatic resi-
dues in the binding pocket, which are believed to interact
with the nonpeptide antagonists in other chemokine recep-
tors, are also important for the binding of LMD-009.

Materials and Methods
Materials. CCR1 and -2, CXCR1, -2, and -4, and CX3CR1 were

kindly provided by Timothy N. C. Wells (Serono Pharmaceuticals,
Geneva, Switzerland). CCR3, -4, -6, -9, -10, and -11 were purchased
from Origene (Rockville, MD). CXCR5 and CCR7 were kindly pro-
vided by Martin Lipp (Max Delbrück Center for Molecular Medicine,
Berlin-Buch, Germany). CXCR3 was kindly provided by Kuldeep
Neote (Pfizer, Groton, CT). XCR1 and CCR8 were kindly provided by
Hans R. Lüttichau (Copenhagen University, Copenhagen, Den-
mark). The human chemokines were purchased from PeproTech
(Rocky Hill, NJ) or from R&D Systems (Minneapolis, MN). The
promiscuous chimeric G-protein G��6qi4myr (abbreviated Gqi4myr)
was kindly provided by Evi Kostenis (7TM Pharma A/S, Hørsholm,
Denmark). [myo-3H]inositol and 125I-CCL1 were from GE Healthcare
(Chalfont St. Giles, Buckinghamshire, UK). LMD-009 was provided
by Millennium Pharmaceuticals.

Site-Directed Mutagenesis. The human CCR8 was inserted
into the pcDNA3 eukaryotic expression vector or into the FLAG-
pcDNA3.1 vector kindly provided by Kate Hansen (7TM-Pharma),
and all mutations were done by site-directed mutagenesis using the
Pfu polymerase (Stratagene, La Jolla, CA). The mutations were
verified by DNA sequencing on an ABI 310 sequencer from Applied
Biosystems (Foster City, CA).

Transfections and Tissue Culture. COS-7 cells were grown at
10% CO2 and 37°C in Dulbecco’s modified Eagle’s medium with
GlutaMAX (Invitrogen, Carlsbad, CA) adjusted with 10% fetal bo-
vine serum, 180 U/ml penicillin, and 45 �g/ml streptomycin (Pen-
Strep). Transfection of the COS-7 cells was performed by the calcium
phosphate precipitation method (Rosenkilde et al., 1999). L1.2 cells
stably expressing CCR8 (human or murine) were grown in 5% CO2

and 37°C in RPMI 1640-based medium supplemented with 10% fetal

1 In the text, we use the generic 7TM numbering system suggested by
Baldwin (1993), and later modified by Schwartz (1994), whereas we include in
the tables the nomenclature suggested by Ballesteros and Weinstein (1995).

Fig. 1. Helical wheel diagram of CCR8 together
with the structures of the two identified CCR8 re-
ceptor nonpeptide agonists, LMD-009 and ZK
756326. The circles with grey background in the
helical wheel diagram indicate mutations per-
formed in the present study. The circles with black
background indicate conserved residues within the
rhodopsin-like 7TM receptors. The structure of
LMD-009 is shown together with the structure of
the recently published CCR8 agonist ZK 756326
(Haskell et al., 2006).
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bovine serum, 180 U/ml penicillin, and 45 �g/ml streptomycin (Pen-
Strep). The density of the cell suspension was maintained around 0.7
to 1.0 million cells per milliliter. Cells were removed from the culture
after approximately 2 months and replaced with freshly thawed cells
of lower passage number.

Inositol Phosphate Accumulation. COS-7 cells were trans-
fected according to the procedure mentioned above. In brief, 6 � 106

cells were transfected with receptor or vector control cDNA (from 20
�g/flask) together with 30 �g of the promiscuous chimeric G-protein
Gqi4myr, which turns the G�i coupled signal into the G�q pathway
(phospholipase C activation measured as IP accumulation) (Koste-
nis, 2001) One day after transfection, COS-7 cells (1.5 � 104 cells/
well) were incubated for 24 h with 2 �Ci of [myo-3H]inositol in 0.4 ml
of growth medium per well. Cells were washed twice in 20 mM
HEPES, pH 7.4, supplemented with 140 mM NaCl, 5 mM KCl, 1 mM
MgSO4, 1 mM CaCl2, 10 mM glucose, and 0.05% (w/v) bovine serum
albumin and were incubated in 0.4 ml of buffer supplemented with
10 mM LiCl for 15 min. The ligands were subsequently added and
incubated for 90 min. During the antagonist test, the LMD-009
compound was given 15 min before the endogenous agonist to ensure
proper interaction of the receptors with LMD-009. Cells were ex-
tracted by addition of 1 ml of 10 mM formic acid to each well followed
by incubation on ice for 30 to 60 min. The generated [3H]inositol
phosphates were purified on AG 1-X8 anion exchange resin. Deter-
minations were made in duplicate.

Competition Binding Experiments. L1.2 cells stably express-
ing human CCR8 or murine CCR8 were split to 5 � 105/ml the day
before the binding experiments. N-Butyric acid was added into the
cell suspension (1:100 dilution) to a final concentration of 5 mM in
the late afternoon. On the next day, the cells were harvested by 5 min
of spinning (1350 rpm) and washed once with binding buffer (1�
Hanks’ balanced salt solution without phenol red, 0.1% bovine serum
albumin, 0.02% NaN3), followed by a resuspension in binding buffer
at 2 � 106 cells/ml. The L1.2-CCR8 cell suspension (50 �l) was added
into each well of the compound plate (105 cells/well) and pipetted up
and down three times to mix. The unlabeled ligands were in the
range from 0.1 nM to 100 �M, and 100 nM unlabeled CCL1 was used
as a background control. The cells were incubated with the com-
pounds for 40 min at room temperature. 125I-CCL1 (50 �l; 0.2 nM)
was added to each well and incubated at room temperature for 1 h.
100 �l of 0.33% polyethylenimine solution was added into each well
of a filter plate (GF/B), and incubated for approximately 30 min at
room temperature. The samples were harvested using a cell har-
vester (PerkinElmer Life and Analytical Sciences, Waltham MA), the
plates were washed with four wells of ice-cold assay wash buffer, the
harvester was opened, and the plate was dried under vacuum for
approximately 30 s. The filter plate was then air-dried overnight,
the plates were bottom-sealed, 500 �l of MicroScint-20 fluid
(PerkinElmer Life and Analytical Sciences) was added to each
well, the top of the plate was sealed using Topseal (PerkinElmer),
and the plate was read on a Topcounter (PerkinElmer). Determi-
nations were made in quadruplicates

Chemotaxis Experiments. The stably transfected L1.2 cells
were grown overnight at 0.7 to 1 � 106 cells/ml in fresh media. The
cells were counted and centrifuged at low speed (�1200 rpm) and
resuspended in an equal volume of warm chemotaxis buffer (RPMI
1640 medium containing 0.5% bovine serum albumin), centrifuged
again, aspirated, and re-suspended at 1.0 � 107 ells/ml in warm
chemotaxis buffer. Chemotaxis was measured using 24 Transwell
Polycarbonate 3 �m Membranes (Costar; Corning Life Sciences,
Acton, MA). The bottom wells were filled with increasing concentra-
tions of LMD-009 or CCL1 diluted in 0.6 ml of chemotaxis buffer.
Chemotaxis plates were then incubated for 4 h at 37°C in a 5%
CO2-humidified incubator. After incubation, the cells from the bot-
tom well were collected and counted manually or by a fluorescence-
activated cell sorting (FACSCalibur; BD Biosciences, San Jose, CA).
Samples were assayed in duplicate.

FLIPR-Calcium Mobilization Assay. Chinese hamster ovary/
G�16 cells stably expressing human CCR8 were plated on 384-well
plates (Falcon; BD Biosciences Discovery Labware, Bedford, MA) at
a density of 4 � 103 cells/well and cultured for 2 days at 37°C and 5%
CO2. On the third day, the cells were incubated with Fluo-3TM (5
�M) for 1 h (37°C, 5% CO2), and excess dye was removed by exten-
sively washing the cells. To measure the potency of CCR8 agonists to
induce intracellular Ca2�, plates were loaded onto a fluorometric
imaging plate reader (FLIPR2; Molecular Devices Inc., Sunnyvale,
CA). Ca2� flux was induced by adding increasing amounts of CCL1,
LMD-009, or dimethyl sulfoxide only (negative control). EC50 values
were calculated using XLfit 4.0 (IDBS, Guildford, Surrey, UK).

Surface Enzyme-Linked Immunosorbent Assay. COS-7 cells
were transiently transfected with the N-terminal FLAG-tagged vari-
ants of CCR8. The cells were washed once in TBS (50 mM Tris base
and 150 mM NaCl, pH 7.6), fixed in 4% glutaraldehyde for 15 min
after three washes in TBS and incubation in blocking solution (2%
bovine serum albumin in TBS) for 30 min at room temperature. The
cells were subsequently incubated for 2 h with anti-FLAG (M1)
antibody (2 �g/ml) in TBS supplemented with 1% bovine serum
albumin and 1 mM CaCl2 at room temperature. After three washes
in TBS with 1 mM CaCl2 the cells were incubated with goat anti-
mouse horseradish peroxidase-conjugated antibody in the same
buffer as the anti-FLAG antibody for 1 h. After three washes in TBS
supplemented with 1 mM CaCl2, the immune reactivity was revealed
by the addition of horseradish peroxidase substrate according to
manufacturer’s instructions.

Molecular Modeling. A model of the transmembrane helical
bundle of the CCR8 receptor was created using SWISS-MODEL
GPCR mode (http://swissmodel.expasy.org/cgi-bin/sm-gpcr.cgi;
Schwede et al., 2003). To explore the energy landscape of LMD-009
and find the lowest energy conformation, a simulated annealing of
LMD-009 was performed. This low-energy conformation of LMD-009
was manually docked into the binding pocket of CCR8 using the
mutational study results. LMD-009 and the residues in close prox-
imity of the ligand were subsequently minimized while ensuring that
the initial conformation of the receptor or LMD-009 was not changed
considerably.

Calculations. IC50 and EC50 values were determined by nonlin-
ear regression by using Prism software (version 3.0; GraphPad Soft-
ware, San Diego). Ki was calculated using the formula Ki � IC50-[L],
where [L] represents the concentration of applied radioligand.

Results
Identification of a Potent Nonpeptide CCR8 Recep-

tor Agonist. In an effort to identify specific nonpeptide an-
tagonists for CCR8, we identified an efficacious and potent
CCR8 agonist, LMD-009 (Fig. 1). Comparison of the struc-
ture of LMD-009 with the recently disclosed CCR8 agonist
ZK 756326 from Berlex Biosciences (Haskell et al., 2006)
revealed structural similarity. However, LMD-009 activated
human CCR8 with approximately 20-fold higher potency. In
transiently transfected COS-7 cells expressing the human
CCR8 receptor, we measured the ability of LMD-009 to stim-
ulate inositol phosphate accumulation. This assay is based
upon a cotransfection with the promiscuous Gqi4myr [a chi-
meric G�-subunit that is identified as a G�i subunit by the
7TM receptor but transduces a G�q signal upon activation
(Kostenis, 2001)]. Under these experimental settings, we ob-
served a potency of LMD-009 that was rather similar to that
of CCL1 [EC50 of 11 and 8.7 nM, respectively (Fig. 2A)].
Given that the artificial signaling experiments described
above were dependent upon the presence of a chimeric pro-
miscuous G-protein, we decided in addition to use more nat-
ural signaling pathways in other cell lines (i.e., lymphocyte

Nonpeptide Agonist and Antagonists Interact with GluVII:06 329



cell-line L1.2). We therefore tested the ability of LMD-009 to
mediate calcium release in Chinese hamster ovary cells and
to induce cell migration in the lymphocyte L1.2 cells. Consis-
tent with the data observed from the IP accumulation assay
(Fig. 2A), we observed the same efficacy for LMD-009 and
CCL1 in the calcium release experiments (Fig. 2B) and in the
chemotaxis experiments (Fig. 2C)—i.e., LMD-009 is a full
agonist. In the calcium release experiments, we observed a
potency (EC50) of 87 � 17 nM and a Hill coefficient of 1.39 �
0.15 for LMD-009 (Fig. 2B).

Many nonpeptide antagonists in the chemokine system act
as allosteric ligands with respect to showing low affinity in
competition binding experiments (see, for instance, Watson
et al., 2005; Rosenkilde and Schwartz, 2006). However, in
stably transfected L1.2 cells, we observed an affinity (Ki) of
66 nM for LMD-009 and a complete displacement of all spe-
cifically bound 125I-CCL1 (Fig. 2D). That is, the observed
binding affinity for LMD-009 is comparable with its potency
(Fig. 2).

LMD-009 Activates Only CCR8 Among Human Che-
mokine Receptors. All the generally accepted human CC,
CXC, XC, and CX3C receptors were screened to probe the
specificity of the LMD-009 compound. Thus, by measuring IP
accumulation in transiently transfected COS-7 cells (cotrans-
fected with Gqi4myr as above), we observed that the high
potency of LMD-009 for human CCR8 was in fact highly
selective, in that we did not observe any high-potency acti-
vation for any of the 17 tested endogenous chemokine recep-
tors. In fact, we did not observe any activation by LMD-009 at
concentrations up to 1 �M for CCR2–10, CXCR1–6, and
CX3CR1, whereas CCR1 and XCR1 were activated to a slight
degree at 1 �M. For all tested receptors, the effect of the
endogenous ligand is shown as a positive control (Fig. 3). We
also included CCR11 in our test and observed no activation
by LMD-009, yet because no agonist has been identified for
this receptor, we excluded it from Fig. 3. The recently deor-
phanized CXCR7 receptor (previously called RDC-1) was also
tested; again, no activation by LMD-009 was observed. Yet
because we could detect no activation with the proposed
endogenous ligands for CXCR7 (CXCL11 and CXCL12), we
have also excluded this receptor from Fig. 3. Interspecies
variations in activity of nonpeptide ligands are critical for the
valid analysis of these compounds in animal models. In par-
ticular, the activity of compounds on the murine homologs is
important because of the many murine models of inflamma-
tion. We therefore tested the activity of LMD-009 in L1.2
cells stably expressing mouse CCR8 and observed a dose-
dependent activation with the same efficacy as TCA-3 (the

murine homolog of CCL1), albeit with an 8.5- and 15-fold
lower potency [i.e., EC50 values of 740 and 580 nM for cal-
cium release and chemotaxis, respectively (data not shown)].
A similar interspecies difference was found for the recently
published ZK 756326, which acted with a 10-fold lower po-
tency on murine CCR8 than on human CCR8 (Haskell et al.,
2006). Greater species selectivity (�100-fold between rodent
and nonrodent receptors) has been observed for other CC and
CXC-receptor nonpeptide compounds such as the CCR1 an-
tagonist BX471 (Horuk et al., 2001).

Molecular Interaction of LMD-009 with CCR8. Glu-
VII:06 is an anchor point also for nonpeptide agonists. Non-
peptide antagonists against CC-chemokine receptors usually
share a common pharmacophore with a rather centrally lo-
cated, positively charged amine (Rosenkilde and Schwartz,
2006; Seibert et al., 2006). This amine has been shown to
interact with a highly conserved Glu in the extracellular end
of TM-VII (in position VII:06), whereas the flanking groups
have been shown to interact with conserved aromatic resi-
dues, as well as other residues specific for each chemokine
receptor (Mirzadegan et al., 2000; Castonguay et al., 2003;
Tsamis et al., 2003; de Mendonça et al., 2005; Maeda et al.,
2006; Seibert et al., 2006). Thus, all CC-chemokine receptor
nonpeptide antagonists with characterized binding modes
interact with GluVII:06 [except for the recently characterized
binding pocket of BX471 in CCR1 (Vaidehi et al., 2006)] in
addition to aromatic residues in the major binding pocket
(composed of TM-III, TM-IV, TM-V, TM-VI, and TM-VII) and
in the minor binding pocket (composed of TM-I, TM-II, TM-
III, and TM-VII) (Fig. 1) (Mirzadegan et al., 2000; Caston-
guay et al., 2003; Tsamis et al., 2003; de Mendonça et al.,
2005; Maeda et al., 2006; Seibert et al., 2006). Like most
chemokine receptor nonpeptide ligands, LMD-009 contains a
positively charged amine (the piperidine-ring of the spiro
system). We therefore tested the ability of LMD-009 to acti-
vate a mutant form of CCR8 in which GluVII:06 was substi-
tuted by Ala (E286A). In this mutation LMD-009 displayed a
nearly 1000-fold decreased potency (Table 1, Fig. 4), whereas
the endogenous chemokine CCL1 was unaffected. Thus, the
nonpeptide agonist LMD-009 resembles the majority of CC-
chemokine nonpeptide antagonists in requiring interaction
with GluVII:06.

Position VII:06 is located in the passage between the major
and minor binding pockets (Fig. 1). In this interface region
between TM-III and TM-VII, we mutated three other resi-
dues in TM-VII: 1) HisVII:03 (His283), located almost one
helical turn above GluVII:06 facing toward the minor binding
pocket; 2) SerVII:09 (Ser289), located almost one helical turn

Fig. 2. LMD-009 activates CCR8 with high potency and efficacy and completely displaces 125I-CCL1 with high affinity. A, the inositol phosphates (IP)
accumulation experiments were performed in transiently transfected COS-7 cells. Dose-response curves with LMD-009 (�) and CCL1 (F). B and C,
the calcium release experiments and the competition binding experiments were performed in stably transfected L1.2 cells. (n � 3–63).
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below GluVII:06 facing toward the major binding pocket; and
3) PheVII:10 (Phe290), located one helical turn below Glu-
VII:06 (Fig. 1). We were surprised to find that, despite the
close proximity to GluVII:06, Ala substitutions at these three
positions had no impact on the binding of LMD-009 or CCL1
(Table 1). In TM-III, ValIII:04 (Val109) is located in close
proximity to GluVII:06, yet we observed no change in the
potency of LMD-009 or CCL1 upon substitution of ValIII:04
to Ala (Table 1).

Aromatic Residues in Both the Minor and the Major
Ligand-Binding Pockets Are Important for the Action
of LMD-009. Several aromatic residues located at positions
in the minor and major ligand-binding pocket, which previ-
ously have been described as “hits” (i.e., residues of impor-
tance) for nonpeptide antagonist targeting the CCR1, CCR2,
and CCR5 receptors, were also identified as “hits” for the
nonpeptide CCR8 agonist. Thus, in the minor binding pocket,

the Ala substitution of TyrI:07 (Tyr42) resulted in a 15-fold
decrease in potency for LMD-009, whereas CCL1 was unaf-
fected (Table 1). Likewise, Ala substitution of PheII:17
(Phe88) resulted in a 10-fold decrease in potency for LMD-
009, again with no effect on CCL1 (Table 1). In contrast,
PheII:13 (Phe84), one helical turn below PheII:17, had no
impact on the interaction of LMD-009 or CCL1 with CCR8
(Table 1). The Gln residue at position II:20 (Gln81) is unique
for CCR8 among chemokine receptors (85% of endogenous
chemokine receptors have a Trp in this position). We substi-
tuted Gln with Trp (Q91W) to induce steric hindrance and to
make CCR8 more similar to the other CC-chemokine recep-
tors. In contrast to the dependence for a Trp in position II:20
observed for CCR5 nonpeptide antagonists (Maeda et al.,
2006; Seibert et al., 2006), we observed that both LMD-009
and CCL1 required a small and nonaromatic residue at this
position. Thus, the potencies of LMD-009 and CCL1 were
decreased by 10- and 7.9-fold, respectively, for the Q91W
substitution (Table 1, Fig. 6). Not all aromatic residues in
this minor pocket were important for the binding of LMD-
009, because we observed an unchanged high potency for
LMD-009 and for CCL1 for the Phe III:07 (Phe112)-to-Ala and
the PheIII:18 (Phe123)-to-Ala substitutions. These positions
both face more toward TM-II than toward the minor binding
pocket and are both located relatively deep, which could
explain the lack of involvement.

In the major binding pocket, we found that the highly
conserved TyrIII:08 (Tyr113) was essential for the action of
LMD-009 in that a decrease in potency of nearly 1000-fold
was observed for the Y113A substitution and that CCL1 was
affected by this mutation with a 37-fold decrease in potency
(Table 1, Fig. 5). This was not surprising, because this posi-
tion is involved in the action of most CCR1, -2, and -5 non-
peptide antagonists as well (see Discussion). TM-VI contains
two highly conserved aromatic residues: TrpVI:13 (Trp251)—
part of the conserved “CWLP”-motif (Schwartz et al., 2006)—
and PheVI:16 (Phe254). We found that the TrpVI:13 was
replaceable for the high potency of both LMD-009 and CCL1
based on two different substitutions —W251A and W251Q
(Table 1, Figs. 5 and 6). The W251Q substitution was created
because some chemokine receptors (CCR6, -7, -9, -11, and
CXCR6) have a Gln instead of the otherwise highly conserved
Trp in this position (see Discussion). The PheVI:16, which is
located one helical turn above TrpVI:13, revealed a highly
surprising phenotype upon substitution to Ala (F254A), with
a 19-fold improvement of LMD-009 potency combined with
an increase in the efficacy for the nonpeptide agonist relative
to the endogenous CCL1 chemokine (Fig. 5). Thus, LMD-009
acted as a superagonist on the [F254A] mutant form of CCR8.
In contrast, CCL1 displayed a 13-fold decrease in potency.
One and two helical turns above PheVI:16, we substituted
the LeuVI:20 (Leu258) and SerVI:24 (Ser262) with Ala
—L258A and S262A, respectively. Both of these residues –
like TrpVI:13 and PheVI:16 – face toward the major binding
pocket. However, we did not observe any changes in the
potency and efficacy of LMD-009 and CCL1 for the L258A
and S262A mutations (Table 1, Fig. 6). Thus, in the major
binding pocket only, TyrIII:08 was a classic mutational hit
for the LMD-009–mediated activation of CCR8. But the al-
most 20-fold gain of function with respect to potency for
LMD-009 observed upon Ala substitution of PheVI:16 indi-
cates a close proximity of part of the nonpeptide to this

Fig. 3. Only LMD-009 activates CCR8 among all human chemokine
receptors. The IP accumulation experiments were performed in tran-
siently transfected COS-7 cells. Dose-response curves for LMD-009 (�)
and of the positive controls (f) selected among the possible endogenous
chemokine agonists. (n � 3–63).
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position in CCR8. Both of these mutations impaired the
action of CCL1 to the same extent.

Residues in TM-III, TM-IV, and TM-V Facing into the
Major Binding Pocket. Most of these residues are more
polar and nonaromatic, except for TyrIII:09 (Tyr114) and
TyrIV:24 (Tyr172). A Tyr in position III:09 is also found in
CCR1, where it was recently shown to be important for the
binding of the nonpeptide antagonist BX471 (Vaidehi et al.,
2006). However, we observed only a minor decrease in the
potency of LMD-009 (3.9-fold) for the TyrIII:09 to Ala substi-
tution, whereas the potency of CCL1 was decreased 15-fold
(Table 1). Position IV:24 has been shown to be involved in the
binding of aplaviroc to CCR5 (Maeda et al., 2006); however,
we observed no change in the potency of LMD-009 or CCL1
for the Ala substitution in this position (Table 1). SerIII:05
(Ser110) was changed to Ala, His, and Trp, and whereas the
Ala substitution resulted in a slight increase (5–7-fold) in the
potency of LMD-009 as well as CCL1, the steric hindrance
approach severely impaired the activation by both agonists
(Table 1). A basic residue is found in position V:01 in 50% of
all chemokine receptors, and in CCR5, LysV:01 (Lys195) has
been shown to be important for the binding of aplaviroc
(Maeda et al., 2006). This was not the case in CCR8, in that
we observed no change in the potency of LMD-009 or CCL1
for the corresponding LysV:01 to Ala substitution (Table 1,
Fig. 6). Because the tertiary structure of the extracellular
end of TM-V is uncertain (Javitch et al., 2002; Rosenkilde et
al., 2006), we mutated a couple of residues presumably lo-
cated in the adjacent part of extracellular loop 2, Lys193

(position V:-02) and the Trp194 (in position V:-01). These
substitutions had no effect on the potency of LMD-009,
whereas CCL1 was impaired with a 15-fold decrease in po-
tency for the W194A substitution (Table 1). Position V:12
contains a Gly in almost all chemokine receptors; however,
substitution with Ala at this position (Gly206) had no effect on
the potency of LMD-009, whereas the potency of CCL1 was
impaired by 7.7-fold. In contrast, a substitution with Trp in a
steric hindrance approach totally abolished receptor activa-
tion by both agonists (Table 1), despite measurable receptor
surface expression (Fig. 9B).

Binding Mode for Different LMD Compounds. Be-
sides the LMD-009 compound, we included in the current
study a series of four analogs that all differed from LMD-009
with regard to the left side. Thus, they all contained the
methoxyphenoxybenzyl (right side) and the centrally located

positively charged piperidine. The left sides were either rel-
atively short with a benzoic acid (LMD-584) or a methoxy-
benzenesulfonamide (LMD-902) or amide-elongated with ei-
ther a phenyl-4-(pyrrolidin-1-yl)butanamide (LMD-268) or a
oxoquinoline-4-carboxamide (LMD-174) (Fig. 7). The four
compounds were all probed to the same generated CCR8
mutation library as for LMD-009 using the same functional
assay with stimulation of IP accumulation. It is noteworthy
that only a very few mutations turned out to affect the

Fig. 4. GluVII:06 is an anchor-point for LMD-009. The IP accumulation
experiments were performed in transiently transfected COS-7 cells. A,
dose-response curves for CCL1 on CCR8 wt (�) and E286A (f), where
100% equals the maximal stimulation of CCL1 on CCR8 wt. B, dose-
response curves for LMD-009 on CCR8 wt (E) and E286A (F), where
100% equals the maximal stimulation of CCL1 on each receptor. (n �
3–63).

Fig. 5. CCL1 and LMD-009 depend upon certain aromatic residues in
CCR8. The IP-accumulation experiments were performed in transiently
transfected COS-7 cells. A selection of aromatic residues mutated into Ala
is presented. CCL1: wt, �; mutated receptors, f; LMD-009: wt, E; mu-
tated receptors, F. A and B, mutation of TyrIII:08 to Ala (Y113A). C and
D, mutation of TyrIII:09 to Ala (Y114A). E and F, mutation of TrpVI:13
to Ala (W251A). G and H, mutation of PheVI:16 to Ala (F254A). I and J,
mutation of PheVII:10 to Ala (F290A). The curves for CCL1 (A, C, E, G,
I) are all normalized to the basal and maximum IP accumulation on wt
receptor, whereas the curves for LMD-009 (B, D, F, H, J) are all normal-
ized to the basal and maximum CCL1 induced IP accumulation on each
receptor. (n � 3–63).
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nonpeptides differently (Fig. 7, Table 2). Thus, none of four
analogs differed from LMD-009 with respect to receptor rec-
ognition in the minor binding pocket because they were all
affected by the same mutations [i.e., Y42A (4.6- to 19-fold

decrease in potency), F88A (3.1- to 14-fold decrease in po-
tency), and Q91W (6.7- to 18-fold decrease in potency)]. In
contrast, the mutations in the major binding pocket affected
the compounds with a remarkable and more diverse pattern

Fig. 6. Residues identified through mutagenesis to be important for the action of CCL1 and LMD-009 shown in a helical wheel diagram of the CCR8
receptor. The background colors indicate the magnitude of the effect of the mutation on the action of CCL1 (left) and LMD-009 (right). Grey background
indicates �5-fold decrease in potency; yellow, 5- to 25-fold decrease; orange, 25- to 100-fold decrease, red, �100-fold decrease in potency. Green
background indicates �5-fold increase in potency. The actual potencies are shown in Table 1.

Fig. 7. Residues identified through
mutagenesis to be important for the
action of LMD-584, LMD-268, LMD-
902, and LMD-174 shown in a helical
wheel diagram of the CCR8 receptor.
The background colors indicate the
magnitude of the effect of the muta-
tion on the action of LMD-584 , LMD-
902, LMD-268, and LMD-174 . Grey
background indicates �5-fold de-
crease in potency; yellow, 5- to 25-fold
decrease; orange, 25- to 100-fold de-
crease; red, �100-fold decrease in po-
tency. Green background indicates
�5-fold increase in potency. The ac-
tual potencies are shown in Table 2.
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compared with LMD-009, although the dependence for
TyrIII:08 was high, similar to that for LMD-009. Thus, the
improved potency for LMD-009 in the PheVI:16 substitution
to Ala (F254A) was not identified for any of the analogs,
because the potencies of LMD-584 and LMD-902 were 9.7-
and 5.5-fold impaired, respectively, whereas the two amide-
elongated compounds were unaffected. The TyrIII:09-to-Ala
substitution did not affect LMD-009 (Table 1); however, we
observed impairment of all four analogs for Y114A. Thus, the
potencies of LMD-584 and of LMD-902 were 15- and 13-fold
impaired, whereas the potencies of the two amide-elongated
compounds were even more impaired (64- and 31-fold de-
crease in potency for LMD-268 and LMD-009; Fig. 7). Two of
the four compounds (LMD-584 and LMD-902) were also im-
paired by the Ala substitution of LeuVI:20, with a 12- and
7.2-fold decrease in potency; in addition, LMD-584 was af-
fected by the SerVII.09 substitution to Ala with a 7.4-fold
impaired potency. Thus, all these differences in the impact of
the mutations in the major binding pocket clearly indicated

that the left side of the compounds was located in this part of
the main binding pocket and that the right side is located in
the minor binding pocket with the GluVII:06/piperidine in-
teraction as bridge.

Molecular Modeling of the Interaction of LMD-009
with CCR8. A model of the transmembrane helices of CCR8
was created based on an alignment with the bovine rhodop-
sin crystal structure (Palczewski et al., 2000). It is notewor-
thy that the residues identified by mutagenesis studies as
being important for CCR8 activation by LMD-009 (Figs. 4–6
and Table 1) were all located at the same level in the receptor
(Fig. 8A). A simulated annealing of LMD-009 was performed
to explore the energy landscape of LMD-009 and to find the
lowest energy conformation (data not shown). This low-en-
ergy conformation of LMD-009 was manually docked into the
binding pocket in CCR8 identified by the mutagenesis stud-
ies using the presumed interaction of the positively charged
amine with the negatively charged carboxylic group of Glu-
VII:06 as a major docking point. LMD-009 and the residues

Fig. 8. Molecular model of the interaction of LMD-009 with the transmembrane helical bundle of the CCR8 receptor. The CCR8 model was built over
the X-ray structure of bovine rhodopsin, and a low-energy conformation of LMD-009 was generated by simulated annealing (see text for details). A,
side view of the helical bundle—shown in blue solid ribbons—of the CCR8 receptor with the residues identified by mutagenesis as presumed
interaction points for LMD-009 (Fig. 5, Table 1) shown in stick models and where the ribbons for TM-VI and -VII have been removed in front for better
view of the binding site. B, top view from the extracellular side of the model shown in A. C, top view of the CCR8 model with the electrostatic surface
displayed (negative charge in red and positive charge in blue) where LMD-009—shown in stick model—has been docked into its presumed binding
site. The electrostatic surfaces of the binding pocket is dominated by the negative charge of GluVII:06, which interacts with the positive charged
nitrogen of the piperidine ring of LMD-009. The position of the side chains of the presumed contact residues are indicated by yellow labels. D, top view
similar to that shown in C of a model of the F254A-CCR8 construct, which demonstrated a 19-fold gain of function for LMD-009. It is proposed that
the phenethyl ring of the left side of LMD-009 as shown is able to insert into the pocket generated between TM-VI and TM-VII through the PheVI:16
to Ala substitution and that this improved fit could be responsible for the gain of function with respect to LMD-009 potency observed in the
F254A-CCR8 construct.
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near it were subsequently minimized while ensuring that the
initial conformation of the receptor and LMD-009 was not
changed considerably. Using this approach, LMD-009 could
be positioned to make potential interactions with all the
identified contact residues (Fig. 8) The methoxyphenoxyben-
zyl group (in the right side of LMD-009; Fig. 1) was posi-
tioned into the minor binding pocket (i.e., between TM-I,
TM-II, TM-III, and TM-VII), with the two benzene rings
having favorable hydrophobic interactions with TyrI:07 and
PheII:17, respectively (Fig. 8C). The aromatic phenethylimi-
dazoline-4-one (the left side of LMD-009) was placed in the
major binding pocket (between TM-III, TM-VI, and TM-VIII)
near Tyr III:08. The major gain of LMD-009 function for the
PheVI:16 to Ala (F254A) mutation was further explored by
construction of a computer model of the helical bundle of the
F254A-CCR8 receptor (Fig. 8D). Using a similar docking
approach as presented above—but allowing for further rota-
tion of the phenethyl group at the left side of LMD-009—it
was possible to dock this side-chain moiety of the nonpeptide
agonist into the small, deep cavity, which was created be-
tween TM-VI and VII by the PheVI:16 to Ala mutation in the
receptor (Fig. 8D). This “improved fit” docking of LMD-009
could potentially represent the structural basis for the ob-
served gain-of-function for this compound in the PheVI:16-
to-Ala mutation (Fig. 5H).

Receptor Expression versus Receptor Activity.
Among the 29 mutations, we observed huge changes in basal
and/or agonist-stimulated activity for some (Table 1, Fig. 9A).
Thus, although some mutations resulted in large increases in
basal (or agonist stimulated) activity, other resulted in the
opposite. We therefore decided to N-terminally FLAG-tag a
selection of these receptors chosen among the mutations with
changed activity levels compared with CCR8 wt to determine
receptor expression based on a surface ELISA (Fig. 9B).
Mutations in four aromatic residues resulted in the largest
increase in basal activity, with the Ala substitution of Phe-
VII:10 (F290A) resulting in the highest constitutive activity,
followed by the Ala substitution of TyrIV:24 (Y172A), the
Ala/Gln substitutions of TrpVI:13 (W251A/Q), and the Ala
substitution of PheII:13 (F84A). It is noteworthy that these
increases were not followed by corresponding increases in the
receptor expression levels (Fig. 9B). In contrast, the de-
creases in basal and agonist-stimulated activity for His/Trp

substitution of SerIII:05 and of Ala/Trp substitution of
GlyV:12 were in fact correlated with a remarkably lower
surface expression. Among these four mutations, we could
measure only the efficacy for G206A, because the agonist
potencies for the three other mutations were decreased to an
extent that prevented saturation (no plateau was reached in
the dose-response curves; Table 1).

LMD-009 Is Not an Antagonist for Other Human Che-
mokine Receptors. Because of the similarities in the phar-
macophore of LMD-009 to many CC-chemokine receptor an-
tagonists (Mirzadegan et al., 2000; Castonguay et al., 2003;
Tsamis et al., 2003; de Mendonça et al., 2005; Maeda et al.,
2006; Rosenkilde and Schwartz, 2006; Seibert et al., 2006;
Seibert et al., 2006) as described above, it was tempting to
believe that LMD-009 would in fact act as an antagonist for
other CC-chemokine (or maybe even CXC-chemokine) recep-
tors. We therefore repeated the activity screen of LMD-009,
this time as antagonist. Thus, the different receptors were
activated with submaximal concentrations (from 40–80%
stimulation) of the different respective endogenous chemo-
kines, and the putative antagonistic properties of LMD-009
were tested with the results that none of the receptors were
inhibited by LMD-009 (Fig. 10).

Discussion
In the present study, we identify a highly potent and se-

lective CCR8 nonpeptide agonist, LMD-009, and describe its
molecular interaction with CCR8 by combining receptor mu-
tagenesis with studies of different chemical analogs of LMD-
009. This is, to our knowledge, the first time the molecular
interaction of a nonpeptide agonist with a chemokine recep-
tor has been described. It is noteworthy that we show that
the action of LMD-009 (and of the four analogs) depend upon
several broadly distributed residues in common with known
CC-chemokine receptor antagonists (e.g., the highly con-
served GluVII:06 in the passage between the major and mi-
nor binding pocket, the TyrIII:08 in the major binding pocket,
and the TyrI:07 and PheII:17 in the minor binding pocket).

Chemokine Receptor Interaction of Nonpeptide An-
tagonists versus Nonpeptide Agonists. From a structural
point of view, the majority of small molecule nonpeptide
ligands for CC-chemokine receptors are relatively elongated

Fig. 9. Receptor activation and receptor
expression levels. A, basal receptor activity
measured by IP accumulation for all CCR8
mutations, adapted from Table 1. The mu-
tations depicted in black columns were
chosen for FLAG-tagging followed by sur-
face expression determination (ELISA). B,
the ELISA was performed in transiently
transfected COS-7 cells using the same
transfection method as for the activity
measurements in (A); 100% equals the spe-
cific expression of wt CCR8. (n � 3).
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structures characterized by one (or two) positively charged
nitrogen atom(s) located more or less centrally in the mole-
cule (Rosenkilde and Schwartz, 2006). Nonpeptide antago-
nists following this simplified “pharmacophore model” have
almost all been shown to interact with the GluVII:06 via the
positively charged nitrogen (Rosenkilde and Schwartz, 2006).
However, an elegant study in CCR1 showed that the nonpep-
tide antagonist, BX471, was not dependent upon GluVII:06
but instead interacted with aromatic residues on each side of
it, TyrI:07, TyrII:20 and TyrIII:09 (Vaidehi et al., 2006).
GluVII:06 is conserved among chemokine receptors (found in
16 of 21 receptors) and occurs very rarely in nonchemokine
receptors (Rosenkilde and Schwartz, 2006). In the present
study, we describe how the nonpeptide agonist LMD-009 is
dependent upon GluVII:06 in CCR8, presumably through a
direct interaction of the spiro-ring with the piperidine and

that the right side of the LMD-009 molecule interacts with
residues in the minor binding pocket (i.e., TyrI:07 and PheII:
17, both located at the same level in the helices as VII:06)
(Fig. 8A). The requirement for TyrI:07 has been described for
several other nonpeptide antagonists targeting CCR1 and
CCR5 (Tsamis et al., 2003; Seibert et al., 2006; Vaidehi et al.,
2006). Thus, molecular modeling of CCR5 has suggested that
TyrI:07 (Tyr37) and TrpII:20 (Trp86) constitute a large area of
the small molecule interface as being in close proximity to the
carboxyl group of GluVII:06 (Seibert et al., 2006).

The left side of LMD-009 is suggested to be in close prox-
imity to and dependent upon TyrIII:08 in the major binding
pocket as described for almost all characterized CC-chemo-
kine receptor antagonists (Berkhout et al., 2003; Castonguay
et al., 2003; de Mendonça et al., 2005; Maeda et al., 2006;
Vaidehi et al., 2006) and position III:08—in the form of an
Asp—is also a key-interaction point for the monoamines
(Schwartz et al., 2006). The orientation of LMD-009 was
mainly provided by studying the four analogs, LMD-584,
LMD-902, LMD-268, and LMD-174, with variation in the left
side compared with LMD-009, because they all reacted very
differently from LMD-009 to mutations in the major binding
pocket. Most notable are the effects of the mutations in
PheVI:16 and TyrIII:09. Thus, in contrast to the 23-fold in-
crease in the potency of LMD-009 for the substitution of
PheVI:17 to Ala, we observed a 5- to 10-fold decrease for
LMD-584 and LMD-902, whereas LMD-268 and LMD-174
were unaffected, and in contrast to LMD-009, all analogs
depended on TyrIII:09; the two “elongated” amide-containing
compounds were most affected (�25-fold decrease in potency
for LMD-268 and LMD-174). The identified impact of
PheVI:16 supports the notion that movement of TM-VI is
important for receptor activation (Farrens et al., 1996;
Schwartz et al., 2006). We suggest that the F254A mutation
allows LMD-009 to reach deeper down into the pocket formed
between TM-VI and TM-VII, thereby making an inward
movement of TM-VI less restricted and favoring the active
conformation of CCR8 (Schwartz et al., 2006). In contrast,
LMD-584 and LMD-902 are directly dependent on PheVI:16,
whereas the two “elongated” amide-containing LMD-268 and
LMD-174 seem to be located more toward the pocket formed
by TM-III and TM-IV, with no interference or interaction
with Phe VI:16.

TrpVI:13 is highly conserved among rhodopsin-like 7TM
receptors (71% contain Trp, 90% contain Trp, Phe, or Tyr)
and is central for the activation mechanism in certain recep-
tors (Shi et al., 2002; Schwartz et al., 2006). In CCR8, we
observed no change in the agonist potencies upon mutating
this residue, which, together with the fact that 6 of 21 che-
mokine receptors contain a Gln instead of the Trp, suggests
that TrpVI:13 may not have the same impact on receptor
activation as that observed in receptor families with smaller
ligands (e.g., monoamines and ghrelin). This could be due to
the large size (70–80 amino acids) and proposed superficial
receptor interaction of the chemokines.

Chemokine Receptor Interaction with Peptide (Che-
mokine) versus Nonpeptide Agonist. Much effort has
been made to describe the molecular mechanism of action of
endogenous chemokines with their cognate receptors (Jarna-
gin et al., 1999; Schwarz and Wells, 2002). The three-dimen-
sional structure of chemokines is well described, and the N
terminus (before the two first conserved cysteines) is essen-

Fig. 10. LMD-009 is not an antagonist for any human chemokine recep-
tor. The IP accumulation experiments were performed in transiently
transfected COS-7 cells. Dose-response curves for LMD-009 (�) and of the
positive controls (f) selected among the possible endogenous chemokine
agonists. The receptors were stimulated with the selected endogenous
agonist at sub-maximal concentrations, aiming at 40 to 80% stimulation,
for the antagonist test (n � 3).
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tial for receptor interaction (Hemmerich et al., 1999; Schwarz
and Wells, 2002). However, the molecular interaction with
the receptor is not yet known in detail. One prevailing model
suggests that the chemokine N terminus docks into the re-
ceptor, whereas the core of the chemokine interacts with
residues in the extracellular loops (Schwarz and Wells,
2002). Among the 29 mutations, we identified only two with
selective importance for CCL1: W194A and G206A, located in
the top and middle of TM-V, respectively. These positions,
which are located in top of TM-V at the interface to the major
binding pocket, fit with the putative docking of the N termi-
nus of CCL1 into the major binding pocket.

Agonist-Prone 7TM Receptors. For the majority of 7TM
receptors, high-throughput screening results in the identifi-
cation of nonpeptide antagonists. Yet for a small fraction,
nonpeptide agonists rather than antagonists appear. Some of
these agonist-prone receptors display high constitutive activ-
ity (e.g., the ghrelin and melanocortin receptors), whereas
others are more silent (e.g., somatostatin receptors)
(Schwartz et al., 2006). The agonist-prone nature and the
constitutive activity in these receptors are presumably deter-
mined by specific structural features in the receptors al-
though these have not been identified yet. However, it is very
likely that the mobility of TM-VI plays an important role as
described in the global toggle switch model (Schwartz et al.,
2006). CCR8 is an agonist-prone receptor, as judged by the
discovery of nonpeptide agonists (LMD compounds and ZK
756326) and by the agonistic nature of the other vice antag-
onistic HHV8-encoded vCCL2 (Dairaghi et al., 1999). The
agonist-prone nature of CCR8 was also supported by the
observation that some of the mutations in the major binding
pocket (especially Y172A and W251A/Q) and in the minor
binding pocket (F84A and F290A) increased the basal signal-
ing, independently of the surface expression (Table 1, Fig. 9).
The impact of these mutations in the major binding pocket
(and of F290A) is in good agreement with the global toggle
switch model (Farrens et al., 1996; Schwartz et al., 2006),
and the involvement of TM-II (F84A) in receptor activation
has also been described previously for CC-chemokine recep-
tors (Govaerts et al., 2001).

What Makes an Agonist an Agonist. In 7TM receptors
the binding sites for small molecule ligands—agonists as well
as antagonists—have repeatedly been located in the main
ligand-binding pocket between the extracellular ends of the
transmembrane helices (Schwartz et al., 2006). Yet, despite
the fact that various differences have been described between
agonists and antagonists in specific cases, the general molec-
ular mechanism, which for some compounds leads to agonism
and for others—even rather structurally similar com-
pounds—leads to antagonism, has remained unclear. How-
ever, in the CXCR3 receptor, we have recently shown that
small and simple compounds—bipyridine or phenanth-
rolene—could be turned into a highly efficacious agonist by
ensuring that it, through an anchoring, silent metal-ion site,
is tethered at a position corresponding to the binding site for
�2-adrenergic agonists (i.e., between TM-III, TM-IV, and
TM-V) (Rosenkilde et al., 2007). All together, these efficient
nonpeptide agonists (in, for instance, CXCR3 and CCR8) are
important tools for the elucidation of the mechanism of re-
ceptor activation, a prerequisite for rational design of effi-
cient nonpeptide antagonists for 7TM receptors.

In the present study, we found that the small-molecule

agonist LMD-009, like small-molecule antagonists in chemo-
kine receptors in general, uses GluVII:06 as a major anchor
point to interact with mainly aromatic key residues on each
side (i.e., in the minor and major ligand-binding pockets,
respectively). LMD-009 seems to bind relatively superficially
in the pocket (Fig. 8A). Such a binding mode is in agreement
with recent observations in the ghrelin receptor, where small
peptide-based agonists also interact superficially in the cor-
responding area of the receptor, whereas compounds in
which minor modification in the ligands allows for a deeper
anchorage in the binding pocket are antagonists (Holst et al.,
2006). It will therefore be extremely interesting to map the
receptor binding sites of the recently published CCR8 small-
molecule antagonists (Ghosh et al., 2006) in the near future.
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