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Chemokine receptors play important roles in the immune sys-
tem and are linked to several human diseases. The initial contact
of chemokines with their receptors depends on highly specified
extracellular receptor features. Here we investigate the impor-
tance of conserved extracellular disulfide bridges and aromatic
residues in extracellular loop 2 (ECL-2) for ligand binding and
activation in the chemokine receptor CCR8. We used inositol
1,4,5-trisphosphate accumulation and radioligand binding
experiments to determine the impact of receptor mutagenesis
on both chemokine and small molecule agonist and antagonist
binding and action in CCR8. We find that the seven-transmem-
brane (TM) receptor conserved disulfide bridge (7TM bridge)
linking transmembrane helix III (TMIII) and ECL-2 is crucial
for chemokine and small molecule action, whereas the chemo-
kine receptor conserved disulfide bridge between the N termi-
nus and TM VIl is needed only for chemokines. Furthermore, we
find that two distinct aromatic residues in ECL-2, Tyr'%* (Cys +
1) and Tyr'®” (Cys + 4), are crucial for binding of the CC chemo-
kines CCL1 (agonist) and MC148 (antagonist), respectively, but
not for small molecule binding. Finally, using in silico modeling,
we predict an aromatic cluster of interaction partners for Tyr'®”
in TMIV (Phe'”") and TMV (Trp'®%). We show in vitro that these
residues are crucial for the binding and action of MC148, thus
supporting their participation in an aromatic cluster with
Tyr'®”. This aromatic cluster appears to be present in a large
number of CC chemokine receptors and thereby could play a
more general role to be exploited in future drug development
targeting these receptors.

Chemokines (chemotactic cytokines) regulate the differenti-
ation, activation, and recruitment of leukocytes. They also play
important roles in several physiological mechanisms outside
the immune system such as organogenesis and angiogenesis (1,
2). With ~50 members, these cytokines exert their effects
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through chemokine receptors (23 members), which belong to
class A of the family of seven-transmembrane (7TM)> G pro-
tein-coupled receptors (3). The implications of the chemokine
system in a vast number of human diseases (3) have increased
the interest in developing potent, selective, and clinically useful
chemokine receptor antagonists.

The binding of a chemokine to its cognate receptor is initially
driven by electrostatic interactions between the overall posi-
tively charged chemokine and the negatively charged extracel-
lular surface of the receptor. Then interactions between the
chemokine N terminus and residues in the main binding pocket
of the receptor trigger receptor activation (4—6). In contrast,
small molecule ligands bind deeper in the main binding pocket
and constrain the receptors in either active or inactive conforma-
tions (7, 8). Whereas most mapping studies of small molecules
have focused on the transmembrane areas, newer studies as well as
crystal structures of class A receptors suggest that extracellular
receptor regions, in particular extracellular loop (ECL)-2, partici-
pate directly or indirectly in ligand binding (9 —14).

In class A receptors, ECL-2 is the largest and most divergent
of the extracellular loops, and crystal structures show how it
adopts very different conformations between receptor sub-
classes (10-14). A disulfide bridge between cysteine residues in
the extracellular end of transmembrane helix (TM) III and the
middle of ECL-2 is present in almost all 7TM receptors and is
thus termed the 7TM receptor conserved disulfide bridge
(denoted 7TM bridge). In addition, nearly all endogenous
chemokine receptors (except CXCR6) have another disulfide
bridge, the chemokine receptor conserved disulfide bridge
(CKR bridge), between cysteine residues in the N terminus and
in what was earlier believed to be ECL-3. However, from novel
crystal structures, it is evident that this second cysteine is
located in the top of TMVII (13, 15-17). Most recently, crystal
structures of P2Y1R and P2Y12R (Protein Data Bank codes
4XNW and 4PXZ) have been solved, indicating that the pres-
ence of this disulfide bridge is not limited to the chemokine
receptor family (18, 19).

2 The abbreviations used are: 7TM, seven-transmembrane; 7TM bridge, 7TM
receptor conserved disulfide bridge; Bip, bipyridine; CKR bridge, chemo-
kine receptor conserved disulfide bridge; ECL, extracellular loop; IP5, inosi-
tol 1,4,5-trisphosphate; Phe, phenanthroline; TM, transmembrane helix;
LMD-A, N-(5-[N-((3R,4R)-1-((S)-2-aminopropanoyl)-3-methyl-piperidine-4-
yl)sulfamoyl)naphthalene-1-yl]-2-methylbenzamide; ICM, internal coordi-
nate mechanics.
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CCRS8 is selectively expressed on regulatory T cells and a
subset of T helper 2 cells and is up-regulated on the latter upon
activation (20). Accordingly, several studies have suggested a
role for CCRS in diseases like asthma, atopic dermatitis, and
anaphylaxis (20-22). Until recently, only one endogenous
ligand, CCL1, was known to activate CCR8. However, in 2013,
CCL18 was proposed as another, less potent CCR8 ligand (23).
Additional virus-encoded CC-chemokines targeting CCR8
have been described, including the CCR8-specific antagonist
MC148, encoded by the poxvirus Molluscum contagiosum
(24, 25).

The association of CCR8 with the diseases mentioned above
has sparked the interest in CCR8 as a potential drug target. In
recent years, several CCR8 antagonists have been described,
including oxazolidinone-based (26), naphthalene-sulfona-
mide-based (27, 28), and diazaspiroundecane-based (29) antag-
onists. Furthermore, CCRS is targeted by various small mole-
cule agonists (9, 30, 31).

Here we describe the importance of certain extracellular
areas of CCR8 for the interaction with and action of both pep-
tide and non-peptide agonists and antagonists. In addition to
the two disulfide bridges, the importance of selected aromatic
amino acids located C-terminal to the conserved cysteine in
ECL-2 was also tested. Our studies suggest that ECL-2 is impor-
tant for proper chemokine-CCR8 interactions. A homology
model of CCR8 indicated the presence of an aromatic cluster of
residues involving Tyr'®” on position Cys + 4 (4 positions
C-terminal to the conserved cysteine, Cys'®®) in ECL-2 and
residues in the top of TMIV and TMV. These in silico data were
confirmed in vitro.

Results

The Conserved Disulfide Bridges Are Important for Chemo-
kine-mediated Activation of CCR8 —To test the importance of
the two disulfide bridges, the 7T M receptor conserved disulfide
bridge (7TM bridge) and the chemokine receptor conserved
disulfide bridge (CKR bridge) (Fig. 1A), for ligand binding to
and activation of CCRS, each bridge was disrupted by substitut-
ing cysteine with alanine residues. Four mutants were gener-
ated: C106A and C183A, which have a disrupted 7TM bridge,
and C25A and C272A, lacking the CKR bridge. Cell surface
expression of the mutant receptors was tested by ELISA.
Mutant receptors lacking the CKR bridge (C25A and C272A)
were expressed at levels comparable with (or slightly higher
than) the WT receptor, whereas mutants lacking the 7TM
bridge (C106A and C183A) had up to 6-fold decreased surface
expression (Fig. 1B). Confocal microscopy of fluorescently
stained receptors supported the expression levels determined
by ELISA (Fig. 1, C—E). The importance of the two bridges for
chemokine-induced activation of CCR8 was then investigated
using an IP; accumulation assay. In this assay, the Ge; signal
from CCR8 was converted into a Ga,, response by co-transfect-
ing the cells with the chimeric G protein Gasggiamy, (32). This
allows measurements of the Ge; signaling of CCR8 (G inhib-
its adenylate cyclase, and the Ga; activity is measured as inhi-
bition of forskolin-induced cAMP production) into a Ge,
signal (G, activates phospholipase C, and the activity is mea-
sured as IP, accumulation) without interference with the recep-
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FIGURE 1.Importance of conserved disulfide bridges for CCR8 cell surface
expression and CCL1-induced activation. A, crystal structure of CCR5 (top
view, Protein Data Bank code 4MBS), highlighting the two disulfide bridges in
yellow. The figure was made using PyMOL software. B, surface expression of
the four mutant receptors, as tested by ELISA (n = 3-4). The data were nor-
malized to the expression level of CCR8 WT (100%, mean A,5, = 0.415 =
0.039) and empty vector (0%, mean A,s, = 0.135 *+ 0.02). C-E, representative
confocal microscopy images of COS-7 cells transiently transfected with the
indicated constructs. C, CCR8 WT and pcDNA empty vector (mock). D, C106A
and C183A. E, C25A and C272A. F and G, IP; accumulation experiments in
transiently transfected COS-7 cells that show activation with CCL1 of CCR8
mutants lacking the 7TM receptor conserved disulfide bridge (F) or the
chemokine receptor conserved disulfide bridge (G). A schematic representa-
tion of the relevant bridge is shown as an inset in each panel. The data were
normalized to CCR8 WT activation (dotted line). The average maximal WT
count (100%) was 5093 = 885 cpm, and the average empty vector count (0%)
was 639 = 136 cpm. The error bars (barely visible) represent S.E. (n = 4-5 for
the mutants and n = 33 for the WT).

tor structure but only by interference with the G protein down-
stream of the receptor.

The CCR8-specific chemokine CCL1 was not able to activate
any of the mutants (Fig. 1, F and G). To validate the approach
with co-transfection of CCR8 with the chimeric Gaygqiamy We
compared the CCL1-induced signaling of CCR8 WT measured by
this approach with the CCL1-induced inhibition of forskolin-in-
duced cAMP formation measured by cAMP levels. Similar poten-
cies were obtained in these two pathways (data not shown).

Chemokine Binding to CCR8 Is Dependent on Both Disulfide
Bridges—To investigate the mechanism responsible for the lack
of activation, the binding of CCL1 to the CCR8 mutants was
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FIGURE 2. Importance of conserved disulfide bridges for chemokine
binding to CCR8. A-D, homologous competition binding experiments in
transiently transfected COS-7 cells. Binding of '?°I-CCL1 (A and B) or '*°I-
MC148 (C and D) to CCR8 mutants with disrupted 7TM receptor conserved
bridge (A and C) or chemokine receptor conserved bridge (B and D) is shown.
The data were normalized to WT binding, which is represented by a dotted
line.In CCL1 experiments, the average maximal count for the WT (100%) was
1965 = 105 cpm, and the average count for the empty vector (0%) was 788 *+
46 cpm. In MC148 experiments, the average maximal count for the WT was
605 = 62 cpm, and the average count for the empty vector was 63 = 10 cpm.
Error bars represent S.E. (n = 3-5). Schematic representations of the relevant
bridge are shown as insets in Aand B. E, alignment using CLUSTALW 1.7 of the
sequences of the agonist CCL1 and the antagonist MC148 (25). The CC motif
in both chemokines is highlighted with a box.

tested in homologous competition binding experiments. ?°I-
CCL1 did not bind to any of the mutant receptors (Fig. 2, A and
B), explaining the lack of receptor activation. We next took
advantage of a CCR8-specific CC-chemokine antagonist, the
human poxvirus-encoded MC148, to test whether a CC-
chemokine antagonist is also dependent upon the disul-
fide bridges. Like '*’I-CCL1, no binding was observed for
1251.MC148 (Fig. 2, C and D), indicating that both bridges are
central for CC-chemokine agonist, as well as antagonist binding
to CCR8. A comparison between the amino acid sequences of
CCL1 and MC148 is given in Fig. 2E.

Small Molecule Action in CCR8 Is Dependent upon the 7TM
but Not the CKR bridge—As just seen, the lack of activation of
the mutant receptors by CCL1 could be explained by a lack of
chemokine binding. However, from those data it remains
unknown whether the chemokine binding event alone is inhib-
ited or whether the potential for receptor activation per se is
also inhibited. To investigate this, small molecule agonists were
tested for their abilities to activate the mutant receptors. We
used the metal ion chelator complexes bipyridine (Bip) and
phenanthroline (Phe) in complex with zinc and copper (ZnBip,
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CuBip, ZnPhe, and CuPhe), which have been shown to activate
CCRS8 with micromolar potencies (31, 33). These agonists bind
to deeply located residues in the main binding pocket and are
expected to be independent on extracellular receptor regions
(34, 35). The 7TM bridge was found to be important for small
molecule-mediated activation, because alanine substitution of
either Cys'%® or Cys'®? totally abolished activation, as exempli-
fied by CuPhe (Fig. 34). In contrast, receptors lacking the CKR
bridge were activated by the small molecule agonists, including
CuPhe (Fig. 3B), with WT-like potencies, and CuPhe-induced
activation was inhibited in these mutants by the highly potent
naphthalene sulfonamide-based small molecule antagonist
LMD-A (28) like in the WT receptor (Fig. 3C).

Tyr'8* (Cys + 1) in ECL-2b Is Required for CCLI-mediated
but Not Small Molecule-mediated Activation of CCR8—As
demonstrated above, the 7TM bridge is essential for chemokine
and small molecule action and thus seems to be important for
receptor activation per se. One of the cysteine residues partici-
pating in the 7TM bridge (Cys'®® in CCR8) divides ECL-2 into
two parts: ECL-2a, which is the N-terminal part, and the C-ter-
minal part ECL-2b (Fig. 4). Even though ECL-2 is the most
divergent loop in class A 7TM receptors, aromatic amino acids
are conserved in ECL-2b at position Cys + 4 in the family of
CC-chemokine receptors, where 9 of 10 receptors have an aro-
matic residue (Fig. 4). In CCRS8, aromatic residues are found at
positions Cys + 1, Cys + 3, and Cys + 4. We previously
reported that these aromatic amino acids (Tyr'®*, Phe'®, and
Tyr'®, respectively) are differentially important for the activa-
tion of CCR8 by CCL1 (9). Here, we compare those previous
findings for the CC-chemokine agonist CCL1 with new data for
the CC-chemokine antagonist MC148 and small molecule ago-
nists (metal-ion chelator complexes) and antagonist (LMD-A).

As reported previously (9), the potency of CCL1-induced
activation of CCR8 Y184A was highly impaired (Fig. 54 and
Table 1), and there was a smaller, but significant, decrease in
potency for F186A (Fig. 5B and Table 1). In contrast, CCL1 acti-
vated Y187A with WT-like potency, albeit with a marked decrease
in efficacy (Fig. 5C and Table 1). Four small molecule agonists, as
exemplified by CuPhe (Fig. 5, D—F), activated all three CCR8
mutants with WT-like potencies. The surface expression of the
mutants was ~70% of that of the WT for Y184A, ~100% of the
WT for F186A, and ~50% for Y187A (Table 1).

Tyr'8” (Cys + 4) in ECL-2b Is Central for CC-chemokine-
mediated but Not Small Molecule-mediated CCR8 Inhibition—
The two chemically different antagonists, i.e. the CC-chemo-
kine antagonist MC148 and the small molecule antagonist
LMD-A, were next tested for their abilities to inhibit CCL1-in-
duced activation in the absence of the aromatic residues. Surpris-
ingly, Tyr'®” (Cys + 4) was found to be essential for the action of
MC148, whereas this chemokine acted independently of Phe'®¢
and was only slightly affected by the lack of Tyr'®* (Fig. 6, A~C). In
contrast, LMD-A was only affected by the loss of Tyr'®’, but this
residue was not essential for its action (Fig. 6, D—F).

The Binding of CC-chemokine Agonist and Antagonist to
CCR8 Depends upon Two Distinct Aromatic Residues in
ECL-2b—The functional studies uncovered that Tyr'®** was
central for chemokine-mediated activation of CCR8 (Fig. 54)
but not for CCRS8 activation per se (because the small molecule
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FIGURE 3. Importance of disulfide bridges for small molecule agonist and antagonist actions in CCR8. IP; accumulation experiments in transiently
transfected COS-7 cells. A and B, CuPhe-induced activation of mutant receptors lacking the 7TM receptor conserved disulfide bridge (A) or the chemokine
receptor conserved disulfide bridge (B). C, effect of the small molecule antagonist LMD-A on CuPhe-induced activation of mutant receptors lacking the
chemokine receptor conserved disulfide bridge. The data were normalized to WT activation. The average maximal count for the CuPhe-induced activation of
the WT (100%) was 4042 =+ 42 cpm, and the average count for the empty vector (0%) was 882 =+ 49 cpm. The error bars represent S.E. (n = 3-5 for the mutants
and n = 20 for the WT). The molecular structure of the relevant ligand, either CuPhe (39) or LMD-A (28), is shown below each panel.
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FIGURE 4. Aromatic amino acids in the ECL-2 region of human CC-chemo-
kine receptors. Alignment of amino acid sequences of ECL-2 and flanking
regions in human CC-chemokine receptors is shown. The alignment was
made in ICM (Molsoft), and the zero end-gap global alignment algorithm was
used (58). Black background highlights 100% conservation of a single amino
acid. Gray background denotes =70% conservation of similar amino acids (in
this case Tyr, Phe, and Trp). The three aromatic amino acids just C-terminal to
the conserved cysteine in CCR8 are highlighted with black boxes. The sche-
matic illustration in the left panel illustrates the area included in the
alignment.

agonists acted independently of Tyr'®%; Fig. 5D). Tyr'®” was
found to be essential for the action of the chemokine antagonist
MC148 (Fig. 6C) and of minor importance for small molecule
antagonism (Fig. 6F). To investigate whether this differential
importance is matched by similar impairments of chemokine
binding, homologous competition binding studies were per-
formed. Indeed, the impaired action of CCL1 on Y184A was
reflected in the binding, because no specific binding was
observed of '*’I-CCL1 to Y184A (Fig. 7A). Similarly, the 12-fold
decrease in potency on F186A (Fig. 5B and Table 1) was
matched with a 4-fold decreased affinity compared with WT
(13 nm compared with 3.4 nM, p = 0.032) (Fig. 7B) and, as
expected, '*’I-CCL1 bound to Y187A with unaltered WT-like
affinity (Fig. 7C). Binding of the antagonist also reflected the
functional data, as '*’I-MC148 binding to Y187A, in marked
contrast to that of '*’I-CCL1, was totally abolished (Fig. 7F). In
contrast to the lack of '*’I-CCL1 binding to Y184A, MC148
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bound to this mutant with an affinity (IC,) of 14 nm (Fig. 7D).
That is a 22-fold shift compared with the WT affinity (0.66 nm,
p = 0.00004), and it matches the inhibitory potency (EC,,) of
4.6 nM. MC148 bound to F186A with an affinity not signifi-
cantly different from the WT (1.8 nm, p = 0.098) (Fig. 7E). Thus,
impaired chemokine binding seems to explain the lack of func-
tion for both aromatic residues in ECL-2b, with Tyr'®* (Cys +
1) being essential for CCL1 and Tyr'®” (Cys + 4) for MC148
binding.

Aromatic Side Chains Are Needed at Positions Cys + 1 and
Cys + 4 for Chemokine Actions—To test whether the hydroxyl
groups in the tyrosine residues at positions Cys + 1 and Cys +
4 have any role in chemokine interactions, both were mutated
to phenylalanine, generating Y184F and Y187F, respectively.
CCL1 (and the small molecule agonists ZnPhe and ZnBip) acti-
vated Y184F with WT-like potencies (Table 1), and there was
no significant difference between the potencies of the MC148-
mediated antagonism on this mutant compared with the WT
(EC,, of 8.4 nm compared with 14 nM, p = 0.35). Similarly,
CCL1 (and ZnPhe and ZnBip) activated Y187F with WT-like
potencies (Table 1), and there was no significant difference in
inhibition by MC148 compared with the WT (14 n™m, p = 0.99).
These data suggest that an aromatic residue, but not tyrosine
specifically, is needed at positions Cys + 1 and Cys + 4 for
chemokine actions.

Aromatic Residues in TMIV and TMV Play a Role in Ligand
Interactions with CCR8 —To gain a better understanding of the
molecular environment of the aromatic residues in ECL-2b, we
constructed a dynamic homology model of CCR8 based on the
crystal structure of CCR5 (16) (Fig. 84). Our model predicts
that aromatic amino acids at positions 4.63/IV:23 and 5.34/V:
—01 (Phe'”! and Trp'®* in CCRS, respectively) participate in
direct stacking interactions with Tyr'®, thereby forming an
aromatic cluster (Fig. 84) (note that we use the nomenclature
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FIGURE 5. Importance of selected aromatic amino acids in extracellular loop 2 for chemokine- and small molecule-induced activation of CCRS. IP,
accumulation experiments in transiently transfected COS-7 cells are shown. A-F, CCL1-induced (A-C) or CuPhe-induced (D-F) activation of CCR8 mutants
Y184A (A and D), F186A (Band E), or Y187A (C and F). The data were normalized to WT activation (shown with a dotted line). The average maximal count for the
CCL1-induced activation of the WT (100%) was 4151 = 1705 cpm, and the average count for the empty vector (0%) was 1247 = 335 cpm. For the CuPhe-
induced activation, the average maximal count for the WT was 4527 = 153 cpm, and the average count for the empty vector was 867 = 198 cpm. The error bars
represent S.E. (n = 3-4 for the mutants and n = 20-28 for the WT). In A-C, vertical dotted lines indicate the approximate ECs,, values.

proposed by Ballesteros and Weinstein (36) followed by the
numbering according to Baldwin and Schwartz (37, 38)). We
speculated that the important role of Tyr'®” in ligand interac-
tions could depend upon its participation in this cluster. To test
this, we mutated Phe'”* and Trp'®* to alanine. The F171A
mutant was expressed on the cell surface at 76 = 5% of WT level
and the W194A mutant at 13 = 4% of the WT level (Fig. 8,
B-D).

The F171A mutation did not seem to affect the potency of
CCL1 (EC,, of 0.29 nm compared with 0.40 nm, p = 0.57) (Fig.
9A). However, the antagonistic effect of MC148 (which is highly
dependent on Tyr'®’; Fig. 6C) was inhibited in this mutant (Fig.
9B). In the W194A mutant, neither CCL1 (Fig. 9C) nor the
small molecule ZnPhe (Fig. 9D) were able to activate the recep-
tor. For that reason, it was not possible to test the antagonistic
action of MC148 in this mutant. Supporting the functional
data, it was found that CCL1, but not MC148, bound to the
F171A mutant (Fig. 9, E and F). Regarding the W194A mutant,
although the difference in cpm values of CCL1 binding in the
absence and presence of competing ligand failed to reach sig-
nificance (893 = 230 cpm compared with 394 = 66 cpm, p =
0.07; Fig. 9E), this ligand may still bind to the mutant receptor.
In contrast, there was no difference between the binding of
MC148 to the W194 A mutant in the absence compared with in
the presence of competing ligand (144 *= 18 cpm compared
with 131 = 19 cpm, p = 0.31; Fig. 9F), suggesting that MC148 is
not able to bind to W194A. In conclusion, Phe'”! and Trp'®*
seem to be required for both binding and action of MC148 in
CCRS. On the other hand, both Phe'”* and Trp*°* appear dis-
pensable for the binding of CCL1 to CCRS, although Trp*®* was
required for activation by CCL1 (and by small molecule
agonist).
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Discussion

In this paper, we study the role of extracellular receptor
regions in CCR8. Because most chemokines mainly interact
with extracellular receptor parts, it is important to understand
the molecular requirements for chemokine binding and
actions, knowledge that in turn will improve the design of novel
drugs targeting chemokine receptors. We find that although
the 7TM bridge between TMIII and ECL-2 is crucial for binding
and action of chemokine and small molecule ligands to and on
CCRS, the CKR bridge between the N terminus and TMVII is
mainly important for binding of chemokines. In addition, the
binding of two different chemokines, CCL1 and MC148,
depends upon distinct single aromatic residues in ECL-2:
Tyr'®* and Tyr'®, respectively. Homology modeling suggests
that Tyr'®” is part of an aromatic cluster between ECL-2 and
Phe'”! and Trp'®* in TMIV and TMYV, respectively, which we
confirm by mutational analyses.

Importance of Conserved Disulfide Bridges for Ligand Binding
and Receptor Activation—The 7TM bridge was found to be
crucial for both binding and activation by all tested ligands
(Figs. 1-3). In addition, the surface expression of the two 7TM
bridge mutants was markedly reduced (Fig. 1, B and D); how-
ever, it was not reduced enough to explain the totally abolished
ligand binding. In contrast, whereas the CKR bridge was found
to be essential for chemokine binding and activation, it was
dispensable for activation by small molecules (Figs. 1-3). This
suggests that the CKR bridge is mainly important for ensuring
correct folding of the extracellular receptor parts, which are
involved in the initial binding of chemokine ligands, whereas
the 7TM bridge may have a more fundamental function. Our
findings confirm a recent in silico study of CCR8, which pre-
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dicts the involvement of the 7TM bridge in binding of both

s
%’2 § El % 24uZ%mmo peptide and non-peptide ligands (39). Each bridge has been
§ 5 § . shown to be required for chemokine binding to other chemo-
5 ] qé)'“ g Sl kine receptors, including CCR5 (40), CXCR2 (41), and CXCR1
22 2 g # §8 carnon (42). In CCR6, on the other hand, only the 7TM bridge was
5 & |5 &l=Lualaw essential for chemokine binding (43). However, in these studies,
p2a |? =| Sggsak small molecule-induced activation (and thereby the ability of
s —E 3 | mememn the mutant receptors to be activated independently of chemo-
%';:5 < b kine binding) was not tested. We recently reported that the
L‘;E < S 2| 231mnas disulfide bridges play different roles in the receptors CCR1 and
gé Es o . CCR5 (44). In CCR1, the 7TM bridge was found to be essential
ER :‘o; § Jlinagzag for activation with both chemokine and small molecule ligands,
"::%% + N ] men o whereas the CKR bridge was not required for small molecule-
888 4| 555338 mediated activation. However, in contrast to our findings for
;in § % 'QZ +é g g g ;‘ g g g CCR8 and to studies of other receptors, high affinity chemokine
.g e i E B ppsns binding to CCR1 was retained after breaking either bridge. For
£ % 2 < o CCR5, chemokine binding and activation depended on both
o) $S P ameome bridges, whereas activation with small molecules was indepen-
% § < S = %‘ dent on either bridge. Thereby, the three closely related recep-
ER _ZU gl 28 22 tors CCR1, CCR5, and CCRS have very different dependences
é B gpg E § few o o}rll theltwo 1brid%les(de)spite an overlap in small molecule and
5EZE|E| B Torn «e chemokine ligands (31).
@E £ E © w| 83 1Y Roles of Aromatic Amino Acids in ECL-2—In CC-chemokine
% 54 2 ‘ﬁ IR receptors, aromatic residues are conserved in ECL-2 at position
€25 2 3 “895 98 Cys + 4 (Fig. 4B). Regarding the class A 7TM receptor family as
E E E § 2| 7Y gpee awhole, the degree of conservation of aromatic residues at posi-
S5k 2| wemown tion Cys + 4is not accurately determined because of alignment
3 gf; f; < % uncertainties in ECL-2. However, when looking at the currently
é %ii S SE| onwunoo available crystal structures of class A 7TM receptors, 11 of 20
£38 % . Uo o human receptors (including two chemokine receptors) have an
28588 Yl iswommn aromatic residue in position Cys + 4. In 9 of those 11 receptors,
g@f‘gg S z:f::: the aromatic residue is positioned in the interface between
:g 5 E é 5;‘ -==33g TMIV and TMV with the aromatic ring pointing down into the
—g 3 E% Hight ool main binding pocket (Fig. 104). Furthermore, in several of the
TER g Ol FIFIII class A crystal structures, aromatic residues in ECL-2 are pre-
ﬁ 5 § gg i dicted to interact directly with the bound ligands (10-12, 45).
§ 55) g g5 : ceoer In CCR8 we observed that two of the three aromatic residues in
o g ig;ﬂ 2 E‘ ECL-2b were crucial for chemokine binding, because CCL1
ERE % = |&% 2% 33 depended on Tyr'®* (Cys + 1), and Tyr'®” (Cys + 4) was essen-
< = 255 |al 8- tial for MC148 (9) (Fig. 7). In a study of CCR1, the phenylala-
£ 252 E o I nine in position Cys + 4 was found to be important for the
'_g 38 § g w|l 22 58 activation of the receptor by both chemokine and small mole-
5 3ene lenn TE cule agonists (9). Furthermore, alanine mutation of the tyrosine
8% Snm glT 8% 8s in position Cys + 1 in CXCR1 resulted in markedly reduced
5 & _é _% § 2| YY€7Y¢8 binding of its chemokine ligand CXCLS8 (42). Together with the
Y § §§\é N =T present study, these findings confirm the predicted involve-
g z:T; g 2l s ment of aromatic residues in ECL-2 in ligand binding and
5 % Ei S‘é) E.?:E o5 B8 oS receptor activation. Furthermore, our study confirms the pre-
2 =5 B 9| "mo=daoS diction by the aforementioned in silico study that Tyr'®* is
T = g % < 5 J :3.308% involved in ligand interactions in CCR8 (39).
. £50 % o M| emeves Presence of an Aromatic Cluster in the Top of the Ligand
E % é 2E u E § 5 § E § Binding Pocket in Chemokine Receptors—No crystal structure is
& % gé éﬂ H| g A available of CCRS, but crystal structures are present of the two
Y5 E 114 1 §§§§§§ g = human chemokine receptors CCR5 (16) and CXCR4 (13, 17)
e _§ Zﬁg Bl §§ and of the viral chemokine receptor US28 (47). Homology mod-
o '% £ % 2 % e SIHISE % 3 eling can be a useful tool to obtain tertiary structural informa-
.;n' % %53 39 2 3 g E E s E E ::L tion for receptors for which crystal structures are not available.
<Ao< From our homology model of CCRS8, we predicted that Tyr'®”
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FIGURE 6. Importance of selected aromatic amino acids in extracellular loop 2 for chemokine- and small molecule-mediated antagonism on CCRS. IP,
accumulation experiments in transiently transfected COS-7 cells are shown. A-F, MC148-mediated (A-C) or LMD-A-mediated (D-F) antagonism of CCL1-
induced activation of CCR8 mutants Y184A (Aand D), F186A (Band E), or Y187A (Cand F). WT activation isillustrated with a dotted line. The data were normalized
to WT activation. The average maximal count for the CCL1-induced activation of the WT (100%) was 4151 = 1705 cpm, and the average count for the empty
vector (0%) was 1247 = 335 cpm. For the CuPhe-induced activation, the average maximal count for the WT was 4527 =+ 153 cpm, and the average count for the

empty vector was 867 = 198 cpm. The error bars represent S.E. (n = 3 for the

mutants and n = 4-7 for the WT).
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FIGURE 7. Dependence of CC-chemokine binding on selected aromatic residues in extracellular loop 2 of CCR8. A-f, homologous competition binding
using '#°I-CCL1 (A-C) and '?*I-MC148 (D-F) in transiently transfected COS-7 cells expressing Y184A (A and D), F186A (Band E), or Y187A (Cand F). The data were
normalized to WT binding, which is illustrated with a dotted line. In '2°I-CCL1 binding experiments, the maximal average value for the WT receptor was 1970 +
103 cpm, and the average count for the empty vector was 625 = 109 cpm. In '2°I-MC148 binding experiments, the maximal average value for the WT receptor
was 463 = 127 cpm, and the average count for the empty vector was 31 = 10 cpm. The error bars represent S.E. (n = 3-9).

interacts with aromatic residues at positions 4.63/IV:23 and
5.34/V:—01 in the flanking TM domains (Fig. 84), which we
confirmed by in vitro mutagenesis studies (Fig. 9). Interestingly,
aromatic residues are overrepresented at these positions in the
family of CC-chemokine receptors (Fig. 4). At position 4.63/IV:
23, an aromatic residue is found in all 10 receptors and at posi-
tion 5.34/V:—01, 7 of 10 receptors have a tryptophan, and 1
receptor has a phenylalanine. For class A 7TM receptors in
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general, the degree of structural conservation in these positions
is not clear, because the large variation in helix lengths makes
an alignment of these regions close to ECL-2 too hypothetical.
When comparing our CCR8 homology model with the available
crystal structures of chemokine receptors, we see that in both
CCR5 and CXCR4, the aromatic residue in position Cys + 4
participates in stacking interactions with aromatic residues at
positions 4.63/1V:23 and 5.34/V:—01. These residues form aro-
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FIGURE 8. Involvement of aromatic residues in the top of transmembrane helices IV and V in a putative aromatic cluster in CCR8. A, structural
conservation of the aromatic residues at the TMIV/TMV interface in the CC-chemokine receptor subfamily. The CCR5-based homology model of CCR8 (blue) was
superimposed onto the high resolution crystal structure of CCR5 (green; Protein Data Bank code 4MBS). Important side chains are shown as stick representa-
tions. The van der Waals surface is shown for aromatic ring systems of conserved residues. The amino acid conservation of the extracellular sides of TMIV/TMV
and ECL-2 is shown as sequence logo for the human CC receptor subfamily (CCR1-10). The logo displays the frequencies of amino acids on each position as the
relative heights of letters, along with the degree of sequence conservation as the total height of a stack of letters, measured in bits of information. Secondary
structure elements are shown as white boxes (a-helix) and gray arrows (B-sheet). Two of the positions where aromatic residues are conserved, 4.63 (Phe'”" in
CCR8) and 5.34 (Trp'?*in CCR8), are highlighted with black boxes. The figure was made using ICM (59). B-D, surface expression of aromatic amino acid mutants
F171Aand W194A. B, ELISA on COS-7 cells transiently transfected with each mutant receptor (n = 7-11). The surface expression is shown as a percentage of WT
receptor surface expression (100%, average A,s, = 0.214 = 0.02). The average empty vector value (0%) was 0.168 = 0.021. C and D, representative confocal
microscopy pictures of COS-7 cells transiently transfected with F171A (C) or W194A (D).
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FIGURE 9. Role of selected aromatic amino acids in the transmembrane
regions flanking extracellular loop 2 in receptor activation and binding
in CCR8. A-D, IP; accumulation experiments in transiently transfected COS-7
cells.A,CCL1-induced activation of F171A. B, MC148-mediated antagonism of
CCL1-induced activation of F171A. C and D, CCL1-induced (C) or ZnPhe-in-
duced (D) activation of W194A. The data were normalized to WT values (4, C,
and D) or to own values (B). WT graphs are shown as dotted lines for compar-
ison. For CCL1-mediated activation, the average maximal WT value was
1268 *= 99 cpm. For ZnPhe-mediated activation, the average maximal WT
value was 655 = 64 cpm. In B, the maximal value of CCL1-mediated activation
of F171A, which was 849 = 44 cpm, was used for the normalization. Error bars
represent S.E., n = 6-7, except for CCL1 on the WT, where n = 33. Eand F,
homologous competition binding assays in transiently transfected COS-7
cells. The cpm values for the binding of '2°I-CCL1 (E) or '**I-MC148 (F) to CCR8
WT, F171A, and W194A are given. Binding in the presence (+) or absence (—)
of 100 nm competing cold ligand (CCL1 in Eand MC148 in F) is shown for all
receptor constructs (n = 4-5). An asterisk denotes a statistically significant
(p < 0.05) difference. ns means that there is no statistically significant
difference.

matic clusters very similar to the one in our model (Fig. 10, B
and C). Likewise as in our model, the aromatic residue at posi-
tion 5.37/V:03 in CCR5 also participates in the cluster but with-
out interacting directly with the residue in Cys + 4. In CXCR4,
an aromatic residue at position 5.38/V:04 plays this role. The
viral chemokine receptor US28, which binds CX3C-chemo-
kines as well as CC-chemokines (48 —50), has aromatic residues
both at position Cys + 4 and at position 5.34/V:—01, but it lacks
an aromatic residue at position 4.63/IV:23 and does not have a
tightly packed aromatic cluster like the other receptors (Fig.
10D). The overrepresentation of aromatic residues in ECL-2
and TMIV and TMYV suggests that an aromatic cluster could be
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present throughout the family of endogenous CC-chemokine
receptors.

Role of the Aromatic Cluster in Ligand Interactions and
Receptor Activation—In class A receptors, the 7TM bridge
forces ECL-2 into a conformation where it is bent toward the
receptor core, forming a “lid” over the main ligand binding
pocket. This ECL-2 lid has been proposed to control the acti-
vation state of the receptor, possibly by assuming different con-
formations in ligand-bound and ligand-free states (51-53). The
important role of the aromatic cluster between ECL-2 and
TMIV and TMYV in ligand interactions in CCRS, reported in
this study, suggests that this cluster accounts for at least some of
the roles of ECL-2 in ligand interactions and receptor activation
in chemokine receptors (and putatively other receptor fami-
lies). It is interesting that the binding of MC148, but not of
CCL1, is found to be highly dependent on all three aromatic
residues of this cluster (Figs. 7, C and F, and 9, E and F), sug-
gesting that the cluster may have ligand-specific roles.

Other aromatic clusters have been reported to play impor-
tant roles in chemokine receptor activation, including a cluster
between TMII and TMIII in CCR5 (54) and an aromatic zipper
composed of residues in TMIIL, TMVI, and TMVII in CXCR3
(55). Whether the aromatic cluster identified in this study con-
tributes to keeping ECL-2 in a “locked” state, which supports a
certain receptor conformation, requires further investigation.
However, it is noteworthy that US28, which does not have this
aromatic cluster, is a constitutively active receptor (56, 57).

In summary, we here demonstrate the importance of extra-
cellular domains, and in particular ECL-2, for ligand interac-
tions and receptor activation in CCR8. We demonstrate that
different single aromatic residues in ECL-2 are required for
binding of the chemokines CCL1 and MC148 and suggest the
presence of an aromatic cluster between ECL-2 and TM
domains IV and V of importance for ligand interactions and
receptor activation in chemokine receptors in general. This
study suggests that treatments could be developed that selec-
tively target the binding of a specific chemokine to a chemokine
receptor. Furthermore, it opens up for new studies of the aro-
matic cluster in other chemokine receptors, with the potential
to give valuable information about the mechanism of chemo-
kine receptor activation. This is expected to lead to the devel-
opment of new drugs targeting this family of receptors.

Experimental Procedures

Materials—Human CCL1 was purchased from Peprotech
(Rocky Hill, NJ). The plasmid encoding the viral ligand MC148
was kindly provided by Hans Littichau (University of Copen-
hagen, Copenhagen, Denmark), and the protein was expressed
and purified as described below. [***I]CCL1 (100T Bq-mmol ')
was either purchased from PerkinElmer or prepared in house.
[*?*I]MC148 (~100T Bg'mmol ') was prepared in house.
Small molecule agonists were purchased from Sigma-Aldrich,
and LMD-A was kindly provided by Roland Kolbeck, Millen-
nium Pharmaceuticals (Cambridge, MA). The human ccr8 WT
¢DNA was kindly provided by Tim Wells (Serono Pharmaceu-
tical Research Institute, Geneva, Switzerland). myo-[*H]Inosi-
tol (PT6-271) was purchased from Amersham Biosciences,
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CXCR4 (30DU)
CCR5 (4MBS)
Histamine H1 (3RZE)
M2 Muscarinic Acetylcholine (3UON)
M3 Muscarinic Acetylcholine (4DAJ)
Delta Opioid (4N6H)
Kappa Opioid (4DJH)
Mu Opioid (4DKL)

’ NOFQ Opioid (4EA3)
Ox2 Orexin (4S0V)  gerotonin 1D Beta (4IAR)
Serotonin 2B (41B4)
B1 Adrenergic (4VT4)  Neurotensin (4GRV)
B2 Adrenergic (2RH1)  P2y12 (4PXZ)
Rhodopsin (1U19) PAR-1 (3VW7)
Dopamine D3 (3PBL)  GPR40 (4PHU)

ECL-2

FIGURE 10. Structure of the TMIV/TMV aromatic interface in available crystal structures of class A 7TM receptors. A, structural arrangement of the
aromatic amino acid at position Cys + 4 (in red) in nine crystal structures of class A 7TM receptors. The conserved cysteine is shown in yellow. The names of the
nine receptors are listed in the top list to the right. The receptors written below in italics either do not have an aromatic residue in Cys + 4 (10 receptors) or their
aromatic residue is differently arranged (GPR40 and rhodopsin). B, the human receptor CCR5 (Protein Data Bank code 4MBS). C, the human receptor CXCR4
(Protein Data Bank code 4RWS). D, the cytomegalovirus receptor US28 (Protein Data Bank code 4XT1). Important side chains are shown as stick representation.
The van der Waals surface is shown for aromatic ring systems of selected receptor residues. A was made in PyMOL, and B-D were made using ICM (59).

and the chimeric G protein Gagqamy, Was kindly provided by
Evi Kostenis (University of Bonn, Bonn, Germany).

Site-directed Mutagenesis—Mutations were generated with
the PCR overlap extension technique with human ccr8 WT as
template, using the Pfu polymerase (Stratagene, Santa Clara,
CA). The constructs were cloned into the eukaryotic expression
vector pcDNA3.1, and the mutations were verified by DNA
sequencing.

Tissue Culture—COS-7 cells (LGC/ATCC, Teddington,
Middlesex, UK) were grown at 37 °C and 10% CO, in Dulbec-
co’s modified Eagle’s medium with GlutaMAX (Gibco; cat. no.
21885-025) supplemented with 10% FBS, 180 ug'ml™" penicil-
lin and 45 ug-ml ™! streptomycin.

Purification of MCI148 —Expression and purification of
MC148 was performed as previously described (25); COS-7
cells were transfected as described above and kept in serum-
free medium, which was collected 24, 48, and 56 h post-trans-
fection and adjusted to pH 4.5. It was centrifuged at 1500 X g for
20 min at room temperature, and the supernatant was filtered
through a 0.22-um filter and diluted 1:1 with sterilized water.
The samples were loaded onto cation SP-Sepharose fast flow
columns (Pharmacia Biotech), which were washed with 50 mm
acetate buffer, pH 4.5. The protein was eluted with 2 M NaCl in
the same buffer. The eluate was made 0.2% in TFA, filtered, and
loaded on a C8 column (Vydac) for reverse phase HPLC. The
protein was eluted from the C8 column with 0.1% TFA in water
on a gradient of acetonitrile. The purity of MC148 was assessed
by mass spectrometry and N-terminal sequencing on an ABI
494 protein sequencer (PerkinElmer).

Inositol Phosphate Assay—COS-7 cells were transfected by
the calcium phosphate precipitation method (60) as described
previously (28). For 75-cm? flasks, plasmid DNA was mixed
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with 30 ul of 2 mm CaCl, and TE buffer (10 mm Tris-HCI, 1 mm
EDTA, pH 7.4) to a final volume of 240 ul. An equal volume of
2X HBS buffer (280 mm NaCl, 50 mm HEPES, 1.5 mMm
Na,HPO,, pH 7.2) was added, and the mixture was incubated at
room temperature for 45 min, before it was added to the cells
with 150 ul of 2 mg'ml™" chloroquine in 5 ml of cell culture
medium. After 5h at 37 °C, the medium was replaced with fresh
medium. In this assay, the cells were co-transfected with the
chimeric G protein Gapggiamy» Which turns the signal from
Gay-coupled receptors into a Ga, response (61). Using this
approach, the activity of a Gey-coupled receptor (like endoge-
nous chemokine receptors) can be measured with a read-out
for Ga, activity—in this case phosphatidylinositol bisphos-
phate turnover—without alterations in the intracellular recep-
tor regions (61). In other words, this is a method where a signal
transduction pathway is “directed” in a certain manner (G to
Ga,) without interference with the receptor structure, but only
by interference with the G protein downstream of the receptor.

For a 75-cm? flask, 10 ug of receptor DNA and 15 ug of
Gapgqiamyr Was used. The generated inositol trisphosphate was
measured using one of two strategies, which have been shown
to give the same results, as described before (31). Using the first
strategy, cells were seeded in 24-well plates (1.5:10° cells per
well) 1 day after transfection and incubated with 7.5 uCi of
myo-[*H]inositol in 0.3 ml of growth medium for 24 h. After
two washes with PBS, ligands were added in 0.2 ml of Hank’s
balanced salt solution (Invitrogen) supplemented with 10 mm
LiCl, and the cells were incubated at 37 °C for 90 min. When
used, antagonists were added 10 min prior to the agonists. After
medium removal, the cells were extracted by adding 1 ml of 10
mM formic acid to each well and incubating on ice for 30— 60
min. The generated [>H]inositol phosphate was purified on an
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AG 1-X8 anion exchange resin from Bio-Rad. Multipurpose
liquid scintillation mixture (Gold Star, Triskem-International,
Bruz, France) was added, and radiation was counted in a Beck-
man Coulter counter LS6500 (Beckman Coulter Danmark ApS
c/o OptiNordic ApS, Copenhagen, Denmark). Using the sec-
ond measurement strategy, the cells were seeded in 96-well
plates (3.5 X 10* cells/well) and incubated with 25 uCi of myo-
[*H]inositol/ml growth medium in 100 ul for 24 h. The cells
were then incubated with ligands and extracted as described
above, only with different volumes: 100 ul of ligand solution
with LiCl and 50 ul of formic acid. 20 ul of the extract was
transferred to a 96-well plate and mixed with 80 ul of a 1:8
dilution of YSi poly-D-lysine coated scintillation proximity
assay beads (PerkinElmer) in water. The plates were agitated for
at least 30 min and centrifuged (5 min, 400 X g). Scintillation
was determined using a Packard Top Count NXT™™ scintilla-
tion counter (PerkinElmer). Determinations were made in
duplicate. Unspecific activity was defined as the activity in
mock-transfected cells. GraphPad prism software was used,
and the EC,, values were calculated by non-linear regression,
according to Equation 1, where y is the measured activity, x is
the concentration of ligand, and N is the average background
activity (the activity in mock-transfected cells).

(T-N)

y = N + 1+ -Iolog(Ecso—x)

(Eq. 1)

Homologous Competition Binding Assay—CQOS-7 cells were
transfected using the calcium phosphate transfection protocol,
as described above. 20 ug of receptor DNA was used for a
75-cm? flask. The following day, the transfected cells were
seeded in culture plates. The assay was performed as described
earlier (28). The number of cells seeded per well was deter-
mined from the apparent efficiencies of receptor expression
and aimed at obtaining 5-10% specific binding of the radioli-
gand (1 X 10* to 15 X 10* cells/well). Two days after transfec-
tion, the cells were incubated with 10—15 pm labeled ligand and
different concentrations of unlabeled ligand, in 0.2 ml of 50 mm
HEPES buffer (pH 7.4, supplemented with 1 mm CaCl,, 5 mm
MgCl, and 0.5% (w/v) BSA) at 4°C for 3 h. The cells were
washed twice in the same buffer supplemented with 0.5 M NaCl,
lysed, and the radiation was counted using a Wallac gamma
counter. Determinations were made in duplicate. The data
were analyzed using GraphPad prism software. The program
calculated IC,, values using non-linear regression according to
Equation 2. In this case, x is the concentration of labeled ligand,
and the other factors are as described for Equation 1. According
to the equation by Cheng and Prusoff (62) (Equation 3), in a
homologous competition binding experiment where the con-
centration of labeled ligand is only a small fraction of the IC,
value (<3%), K, =~ IC,,, and the affinity can therefore be
expressed as an IC, value.

(T—=N)
y= N+ 1+ -Iolog(x)—log(leo) (Eq.2)
Ky =1Cso — x (Eq.3)
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Cell Surface Expression by ELISA—COS-7 cells were trans-
fected with N-terminally FLAG-tagged ccr8 constructs using
one of two procedures: the calcium phosphate precipitation
procedure or the Lipofectamine procedure. Using the calcium
phosphate transfection protocol (used for the aromatic amino
acid mutants in parallel with CCR8 WT), the cells were trans-
fected as described above with 10 ug of receptor DNA for a
25-cm? flask and the following day were seeded out, 3.5 X 10*
cells/well, in 96-well plates. Using the Lipofectamine protocol
(used for the disulfide bridge mutants in parallel with CCR8
WT), the cells were transfected directly in the wells using
Lipofectamine (Invitrogen), according to the manufacturer’s
instructions. The following day, the assay was performed as
described earlier (9). The cells were washed in TBS buffer (50
mw Tris-base, 150 mm NaCl, 1 mm CaCl,, pH 7.6) and fixed for
10 min in 150 ul of 4% formaldehyde. Then cells were washed
three times, blocked in TBS with 2% BSA for 30 min, and incu-
bated for 90 min with 2 ug'ml™"' mouse M1 anti-FLAG anti-
body (Sigma) in TBS with 2% BSA. Following three washes with
TBS, the cells were incubated for 1 h with horseradish peroxi-
dase-conjugated goat anti-mouse IgG antibody (Pierce) diluted
1:1000 in TBS containing 2% BSA. After three washes, the assay
was developed by addition of horseradish peroxidase substrate,
according to the manufacturer’s recommendations.

Confocal Microscopy—CQOS-7 cells were transfected with
N-terminally FLAG-tagged ccr8 constructs using the calcium
phosphate transfection protocol, as described above. 10 ug of
receptor DNA was used for a 25-cm? flask. 24 h later, the trans-
fected cells were seeded on 12-mm round coverslips, 7.0 X 10*
cells/coverslip. Next day, the cells were fixed in 4% paraformal-
dehyde for 15 min, washed three times with TBS, and then
blocked in TBS with 2% BSA for 30 min. The cells were then
incubated with 2 ug'ml ' mouse M1 anti-FLAG antibody
(Sigma) in TBS with 2% BSA for 90 min at room temperature.
Following three washes with TBS, the cells were then incubated
for 1 h with goat anti-mouse Alexa Fluor 568-conjugated IgG
antibody (Invitrogen, Molecular Probes), diluted 1:500 in TBS
with 2% BSA. The cells were washed three times, and the slides
were mounted. Pictures were taken with a Zeiss LSM-780 laser
scanning confocal microscope using a 63X oil NA 1.40
objective.

Molecular Modeling—Homology modeling of CCR8 was per-
formed using “Internal Coordinate Mechanics” (Molsoft, San
Diego, CA). The structure of the closely related hCCR5 recep-
tor (Protein Data Bank code 4MBS; 41% sequence identity to
hCCRS), solved to 2.7 A resolution, was obtained from the
RCSB Protein Data Bank, and used as template. Crystallization
water and co-crystallized molecules were deleted, and the
structure was converted to an ICM object, thereby assigning
protein atom types, optimizing hydrogens and His, Pro, Asn,
Gly, and Cys side chain conformations. The receptor model was
subjected to 300 steps of Cartesian minimization and 200 steps
of global side chain minimization to yield a structure in a low
energy conformation. Alignments were based on the zero end-
gap global alignment algorithm (63). Sequence logos were gen-
erated using WebLogo 3 (46, 64). Sequences of the human CC
receptor family were obtained from UniProt.
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Statistical Analysis—Statistical analysis was performed in
Excel. Analysis of significance was carried out using the
unpaired two-tailed ¢ test. A p value of less than 0.05 was con-
sidered statistically significant.
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