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ABSTRACT

The G protein-coupled receptor CX3CR1 is a specific receptor
for the CX3C chemokine fractalkine (CX3CL1 according to the
new chemokine nomenclature). The aim of this study was to
identify receptor elements that contribute independently to ag-
onist binding and receptor activation. Targeted mutation of
selected acidic amino acid residues demonstrated that the
binding activity of CX3CR1 was critically dependent on the two
negatively charged residues Asp25 and Glu254 located on the
N-terminal domain and third extracellular loop, respectively. In
addition, mutation of the uncharged polar residue Tyr14 in the
amino terminus caused a reduction in the ligand binding affin-
ity. In contrast, the three acidic residues Glu13, Asp16, and

Asp266 did not contribute to ligand binding but were crucial for
receptor activation. The mutant receptors E13A, D16A, and
D266A bound fractalkine with high affinity but were unable to
induce signaling events necessary to support chemotaxis.
These acidic residues may engage in electrostatic interactions
with basic residues on fractalkine that are necessary for recep-
tor function but not for binding. Our data are consistent with a
model of chemokine receptor activation consisting of a multi-
step mechanism. Step one mediates the high-affinity fracta-
Ikine binding involving Tyr14, Asp25, and Glu254. The initial
interaction then triggers the engagement of Glu13, Asp16, and
Asp266, which are necessary for CX8CR1 activation.

Leukocyte trafficking from the circulation to sites of injury
or inflammation requires the coordinated action of both cel-
lular adhesion proteins and chemotactic factors. The CX3C
chemokine fractalkine (CX3CL1) is of particular interest be-
cause of its unique properties to function either as an adhe-
sion molecule or as a chemokine (Bazan et al., 1997; Pan et
al., 1997). Unlike other known chemokines, fractalkine is
encoded as a transmembrane protein composed of the classic
chemokine domain that is tethered to the cell surface via a
mucine-like stalk. It is expressed primarily on activated en-
dothelium and functions in this configuration as an adhesion
protein for circulating leukocytes (Fong et al., 1998; Haskell
et al., 1999). The soluble form of fractalkine is released from
the cell surface through proteolytic cleavage by ADAM17 or
ADAMI10 (Tsou et al., 2001; Hundhausen et al., 2003). In this
soluble form, fractalkine behaves like a conventional chemo-
kine and strongly induces chemotaxis.
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The functional responses to fractalkine, including chemo-
taxis and adhesion, are mediated by the G protein-coupled
receptor CX3CR1 (Imai et al., 1997). CX3CR1 is expressed
primarily on human monocytes, T cells, natural killer cells,
and dendritic cells (Imai et al., 1997; Yoneda et al., 2000;
Dichmann et al., 2001; Nishimura et al., 2002). CX3CR1 is
also expressed in astrocytes and microglia throughout the
brain and may mediate the communication with neurons, a
major source of fractalkine (Pan et al., 1997; Harrison et al.,
1998). The targeted disruption of the CX3CR1 or the fracta-
lkine gene in mice did not produce an obvious phenotype, but
studies in appropriate animal models have implicated this
chemokine system in several diseases, including atheroscle-
rosis, cardiac allograft rejection, glomerulonephritis, cerebral
ischemia reperfusion injury, and antitumor responses (Feng
et al., 1999; Haskell et al., 2001; Soriano et al., 2002; Com-
badiere et al., 2003; Lavergne et al., 2003; Lesnik et al.,
2003). Based on these studies, CX3CR1 and fractalkine have
emerged as attractive therapeutic targets for the effective
treatment of certain inflammatory diseases.

Little is known about the structural requirements for the
functional interaction between CX3CR1 and fractalkine. Two
single-nucleotide polymorphisms have been identified in the

ABBREVIATIONS: HEK, human embryonic kidney; BSA, bovine serum albumin; ERK1/2, extracellular regulated kinases 1 and 2; PD98059,

2'-amino-3'-methoxyflavone.
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open reading frame of the CX3CR1 gene, and analysis of the
two receptor variants implicated I1e249 and Met280 in ligand
binding (Faure et al., 2000). A somewhat larger body of
structural and functional information is available about the
ligand fractalkine. The solution structure has been solved,
and mutagenesis studies identified a cluster of five basic
amino acid residues in the chemokine domain of fractalkine
that are critical for binding and function (Mizoue et al., 1999,
2001; Harrison et al., 2001).

In this study, we tested a panel of CX3CR1 mutants con-
sisting of single amino acid substitutions in the amino ter-
minus and the third extracellular loop for ligand binding
activity and ability to induce intracellular signaling essential
for functional responses. Results with the naturally occur-
ring CX3CR1-T280M mutant showing that this mutation did
not alter ligand binding but greatly impaired receptor-medi-
ated responses, including chemotaxis and adhesion (McDer-
mott et al., 2003), and our own work on CCR2 showing that
agonist binding and receptor activation occur in separate
steps (Han et al., 1999), led us to hypothesize that some
amino acid residues may differentially contribute to distinct
CX3CR1 functions. We placed our primary efforts on the
amino terminus and third extracellular loop because these
regions were implicated in receptor function by analogy with
other chemokine receptors and human genetic studies on
CX3CR1 (Hebert et al., 1993; Monteclaro and Charo, 1997;
Faure et al., 2000; McDermott et al., 2003). Because most of
the amino acid residues on fractalkine that have been shown
to contribute to binding are basic residues, we scanned the
selected receptor domains for acidic residues that may en-
gage in electrostatic interactions with the ligand. Our study
identified several key residues that differentially contribute
to ligand binding and receptor activation.

Materials and Methods

Cell Culture. Human HEK 293T cells (American Type Culture
Collection, Manassas, VA) were maintained in Dulbecco’s modified
Eagle’s medium supplemented with 10% fetal bovine serum, 4 mM
L-glutamine, and 50 pug/ml gentamicin at 37°C in a humidified at-
mosphere containing 5% CO,. All of the cell culture components were
purchased from Invitrogen (Carlsbad, CA).

Mutagenesis. Human CX3CR1 cDNA was obtained by polymer-
ase chain reaction using reverse-transcribed mRNA from THP-1
cells. The forward and reverse primers (Table 1) were designed to
amplify the open reading frame, including the untranslated consen-
sus sequence for initiation of translation, according to the published
mRNA sequence (Combadiere et al., 1995). The amplified cDNA was
cloned into the pcDNA3.1 expression vector (Invitrogen) using the
restriction sites that were included in the primers, and the construct
was sequenced. Site-directed mutagenesis was performed by a two-
step polymerase chain reaction approach using a pair of complemen-
tary primers carrying appropriate nucleotide substitutions (Table 1).
In the first step, each of the mutagenic primers was used in combi-
nation with the wild-type primers to amplify the 5’ and 3’ fragments
of CX3CR1 in separate reactions. In the second step, the two frag-
ments were annealed at the overlap generated by the complementary
mutagenic primers, and the full-length mutant was amplified with
the two wild-type primers. All mutations were confirmed by se-
quence analysis. The mutants were subcloned into pcDNA3.1 (In-
vitrogen) for transient transfection and into the retroviral vector
pLXie (a generous gift from Dr. Tuszynski, University of California,
San Diego, La Jolla, CA) for stable transfection.

Transient Transfection. HEK 293T cells were grown in six-well
tissue culture plates until they reached approximately 50% conflu-

ence. The cells were then transfected with wild-type and mutant
CX3CR1 cDNA subcloned into pcDNA3.1 (Invitrogen) using Fu-
GENE 6 (Roche Diagnostics, Indianapolis, IN) according to the man-
ufacturer’s directions. After 48 h, the cells were collected and were
used for ligand binding analyses.

Stable Transfection. For stable transfection, the full-length
c¢DNAs encoding wild-type and mutant CX3CR1 were subcloned into
the retroviral vector pLXie, which contains an internal ribosomal
entry site, the sequence of the enhanced green fluorescent protein,
and the 5'-long terminal repeat as a promoter for transgene expres-
sion (Lacroix et al., 2002). The retroviral constructs were introduced
into the AmphoPack-293 Cell Line (BD Biosciences, Mountain View,
CA) to produce retroviral particles, which were subsequently used to

TABLE 1

Sequence of primers used in site-directed mutagenesis
The mutated codons are underlined.

Mutant Sense Primers

CX3CR1

Sense AACAAGCTTTTCACCATGGACCAGTTCC

Antisense = ATTGGATCCTCAGAGAAGTAGCAATGC
D2A

Sense CTTAAGCTTTTCACCATGGCCCAGTTCCCTGAATCAGTG

Antisense = CACTGATTCAGGGAACTGGGCCATGGTGAAAAGCTTAAG
E6A

Sense ACCATGGACCAGTTCCCTGCATCAGTGACAGAAAACTTTG

Antisense = AAAGTTTTCTGTCACTGATGCAGGGAACTGGTCCATGGTG
E10A

Sense TCCCTGAATCAGTGACAGCAAACTTTGAGTACGATGATTTGG

Antisense = ATCATCGTACTCAAAGTTTGCTGTCACTGATTCAGGGAAC
E13A

Sense TCAGTGACAGAAAACTTTGCGTACGATGATTTGGCTGAGG

Antisense = TCAGCCAAATCATCGTACGCAAAGTTTTCTGTCACTGATTC
E13Q

Sense TCAGTGACAGAAAACTTTCAGTACGATGATTTGGCTGAGG

Antisense = TCAGCCAAATCATCGTACTGAAAGTTTTCTGTCACTGATTC
Y14A

Sense AGTGACAGAAAACTTTGAGGCCGATGATTTGGCTGAGGCC

Antisense = GCCTCAGCCAAATCATCGGCCTCAAAGTTTTCTGTCACTG
D15A

Sense ACAGAAAACTTTGAGTACGCTGATTTGGCTGAGGCCTGTT

Antisense = ACAGGCCTCAGCCAAATCAGCGTACTCAAAGTTTTCTGTC
D16A

Sense AAAACTTTGAGTACGATGCTTTGGCTGAGGCCTGTTATATTGG

Antisense = TAACAGGCCTCAGCCAAAGCATCGTACTCAAAGTTTTCTG
D16N

Sense AAAACTTTGAGTACGATAATTTGGCTGAGGCCTGTTATATTGG

Antisense = TAACAGGCCTCAGCCAAATTATCGTACTCAAAGTTTTCTG
E19A

Sense AGTACGATGATTTGGCTGCGGCCTGTTATATTGGGGAC

Antisense = TCCCCAATATAACAGGCCGCAGCCAAATCATCGTACTC
D25A

Sense GCCTGTTATATTGGGGCCATCGTGGTCTTTGGGACTG

Antisense = TCCCAAAGACCACGATGGCCCCAATATAACAGGCCTC
D25N

Sense GCCTGTTATATTGGGAACATCGTGGTCTTTGGGACTG

Antisense = TCCCAAAGACCACGATGTTCCCAATATAACAGGCCTC
E254A

Sense GTTATGATTTTCCTGGCGACGCTTAAGCTCTATGACTTC

Antisense = ATAGAGCTTAAGCGTCGCCAGGAAAATCATAACGTTGTAGG
E254Q

Sense GTTATGATTTTCCTGCAGACGCTTAAGCTCTATGACTTC

Antisense = ATAGAGCTTAAGCGTCTGCAGGAAAATCATAACGTTGTAGG
D260A

Sense ACGCTTAAGCTCTATGCCTTCTTTCCCAGTTGTGACATG

Antisense = ACAACTGGGAAAGAAGGCATAGAGCTTAAGCGTCTCCAGG
D266A

Sense TTCTTTCCCAGTTGTGCCATGAGGAAGGATCTGAGGATG

Antisense = CAGATCCTTCCTCATGGCACAACTGGGAAAGAAGTCATAG
D266Q

Sense TTCTTTCCCAGTTGTAACATGAGGAAGGATCTGAGGATG

Antisense = CAGATCCTTCCTCATGTTACAACTGGGAAAGAAGTCATAG
D270A

Sense TGTGACATGAGGAAGGCTCTGAGGCTGGCCCTCAGTGTG

Antisense = GAGGGCCAGCCTCAGAGCCTTCCTCATGTCACAACTGGG
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infect HEK 293T cells. Three days after infection, single cells were
sorted by flow cytometry into wells of 96-well plates by virtue of
green fluorescent protein expression. Individual clones were grown,
and the colonies giving rise to similar expression levels of wild-type
and mutant CX3CR1 were expanded and further analyzed by West-
ern blotting and flow cytometry.

Flow Cytometry. Cells were washed twice with ice-cold phos-
phate-buffered saline containing 0.1% BSA (buffer A) and were in-
cubated for 60 min on ice (5 X 10° cells in 250 wul) with rabbit
anti-human CX3CR1 polyclonal antibody directed against the amino
terminus or second extracellular loop (ProSci, Poway, CA). After two
washes with buffer A, the cells were incubated with fluorescein
isothiocyanate-conjugated anti-rabbit IgG antibody (Jackson Immu-
noResearch, West Grove, PA) for 30 min on ice. After two additional
washes with buffer A, the cells were analyzed by flow cytometry
using FACSCalibur equipped with CellQuest software (BD Bio-
sciences, San Jose, CA). List mode files were collected for 50,000 cells
from each sample.

Equilibrium Binding Analysis. The binding assay was carried
out essentially as described previously (Tangirala et al., 1997). In
brief, the transfected HEK 293T cells expressing wild-type or mutant
CX3CR1 were harvested and washed with phosphate-buffered sa-
line, and 2 X 108 cells were resuspended in 100 ul of RPMI 1600
medium containing 0.5% BSA (binding buffer). The cells were incu-
bated with various concentrations of 12°I-fractalkine (2200 Ci/mmol;
PerkinElmer Life and Analytical Sciences, Boston, MA) for 90 min at
room temperature with gentle shaking. To remove unbound ligand,
the cells were centrifuged through a mixture (1:1) of dioctylphthalate
and dibutylphthalate (Sigma-Aldrich, St. Louis, MO), and the radio-
activity associated with the cell pellet was counted. The specific
binding of 12°I-fractalkine was obtained by subtracting from the total
binding the nonspecific binding, determined in the presence of 100
nM unlabeled fractalkine (R&D Systems, Minneapolis, MN). All
assays were done in triplicate, and the binding data were examined
with the Prism software program (GraphPad Software Inc., San
Diego, CA).

Chemotaxis Assay. Chemotaxis assays were performed with sta-
bly transfected cells in 24-well Transwell plates (Costar, Acton, MA)
using polycarbonate membranes with 8 um pore size (Becton Dick-
inson Labware, San Jose, CA). Various concentrations of fractalkine
(R&D Systems) were added to the lower chamber in 800 ul of RPMI
medium supplemented with 10 mM HEPES and 0.1% BSA (chemo-
taxis buffer). The stably transfected cells were resuspended in che-
motaxis buffer, and 200 ul of the cell suspension (2 X 10° cells) was
added to the upper chamber and incubated for 2.5 h at 37°C under a
5% CO, atmosphere. The cells that migrated to the lower chamber
were collected by centrifugation stained with 0.04% trypan blue and
counted under a microscope. The specific, fractalkine-induced che-
motaxis was determined by correction for nonspecific cell migration
in the absence of the chemokine. All experiments were performed in
triplicate.

Western Blot Analysis. The transfected HEK 293T cells express-
ing wild-type or mutant CX3CR1 were grown in six-well tissue
culture plates to confluence and were lysed in 100 ul of NuPAGE
LDS sample buffer (Invitrogen). Equal amounts of protein were
resolved by electrophoresis on a 10% SDS-polyacrylamide gel elec-
trophoresis gel, transferred to a polyvinylidene difluoride mem-
brane, and probed with rabbit anti-human CX3CR1 polyclonal anti-
body directed against the second extracellular loop (ProSci). The
specificity of the antibody was tested by preabsorption by the peptide
antigen (ProSci). Equal volumes of blocking peptide and anti-
CX3CR1 IgG were incubated for 30 min at 37°C before Western
blotting. Immunoreactive bands were visualized with horseradish
peroxidase-conjugated anti-rabbit IgG (Sigma-Aldrich).

Extracellular Signal-Related Kinases Analysis. For analysis
extracellular signal-related kinases 1 and 2 (ERK1/2), the stably
transfected cells were grown to 70% confluence, serum-starved for
16 h, and then stimulated with 1 nM fractalkine. The cells were lysed
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in 200 ul of NuPAGE LDS sample buffer (Invitrogen) supplemented
with a protease inhibitor cocktail (Sigma-Aldrich) and a phosphatase
inhibitor cocktail (Active Motif, Carlsbad, CA). The crude lysates
were sonicated for 4 s and were cleared by centrifugation at 13,000g
for 15 min. The proteins in equal amounts of cell lysates were
resolved by electrophoresis on a 10% SDS-polyacrylamide gel elec-
trophoresis gel, transferred to a polyvinylidene difluoride mem-
brane, and probed with rabbit anti-human phospho-ERK1/2 anti-
body (Thr202/Tyr204) for phosphorylated ERK1/2 and with rabbit
anti-human ERK1/2 antibody for total ERK expression (Cell Signal-
ing Technology Inc., Beverly, MA). Immunoreactive bands were vi-
sualized with horseradish peroxidase-conjugated anti-rabbit IgG
(Sigma-Aldrich).

Results

Generation of Transfected HEK 293T Cells Stably
Expressing Wild-Type and Mutant CX3CR1. Mutagene-
sis analysis of fractalkine indicated that amino acid residues
with positively charged side chains are essential for chemo-
kine function (Harrison et al., 2001; Mizoue et al., 2001). It is
plausible that these residues interact with negatively
charged counterparts located within the ligand binding do-
main of CX3CR1. To test this hypothesis, we generated a
series of CX3CR1 mutants containing single amino acid sub-
stitutions of the individual acidic amino acid residues in the
amino terminus and the third extracellular loop (Fig. 1).
Previous studies suggested that sulfation of tyrosine residues
within the amino terminus enhances the function of chemo-
kine receptors (Farzan et al., 1999; Fong et al., 2002). There-
fore, Tyrl4 within the EYDD cluster of acidic amino acid
residues was included in our analysis. These residues were
mutated individually to alanine, and the mutant receptors
were ectopically expressed in stably transfected HEK 293T
cells. To reduce the potential of conformational changes as a
contributing factor to the observed effects of the mutation,
the aspartic and glutamic amino acid residues that were
identified in the initial experiments to be critical for ligand
binding and receptor activation were more conservatively
mutated to asparagine and glutamine, respectively. Surface
expression was analyzed by flow cytometry and showed that
the expression levels of the wild-type and various mutant
receptors were similar (Fig. 2A and Table 2). Total expression
was estimated by Western blotting and gave identical results
(Fig. 2B). The antibody was highly specific for CX3CR1, as
demonstrated by Western blotting using anti CX3CR1 IgG
preabsorbed by the peptide antigen (Fig. 2C).

Identification of Residues Critical for Ligand Bind-
ing. To assess the effect of the various mutations on the
binding affinity, equilibrium binding analyses were per-
formed with the established cell lines stably expressing the
mutant receptors. As shown in Fig. 3, the acidic amino acid
residues Asp25 located in the amino terminus and Glu254 in
the third extracellular loop are critical for fractalkine binding
and substitution of either residue with alanine abolished the
ligand binding capability. In addition, the mutation of Tyr14
to alanine also impacted ligand binding, causing a significant
reduction in the binding affinity compared with wild-type
CX3CR1 (K4 = 11.2 = 2.9 versus 1.9 = 0.5 nM, respectively).
These results indicate that both the N-terminal domain and
the third extracellular loop are involved in the ligand bind-
ing. None of the remaining negatively charged amino acid
residues within these receptor segments seemed to contrib-
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Fig. 1. Structural diagram and partial amino acid se-
quence of CX3CR1. @, amino acid residues; O, residues
substituted by alanine. The sequences of the extracellular
amino terminus and third extracellular loop are shown
with the mutated residues underlined. The numbers spec-
ify the positions of the various amino acid residues in the
protein. The transmembrane domains are illustrated by
the cylindrical arrangements of the amino acids.
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ute to ligand binding, and all other mutants bound fracta-
lkine with high affinity similar to that of the wild-type re-
ceptor (Fig. 3, A and B, and Table 2). We were not able to
establish cell lines stably expressing E19A and D270A, but
the analysis of the binding isotherms generated with tran-
siently transfected HEK 293T cells demonstrated that these
residues were not involved in fractalkine binding (Table 2).

To confirm that the reduction in ligand binding affinity
seen with the alanine mutant receptors is a direct result of
the removal of negative charges rather than an indirect con-
sequence of conformational changes, the acidic residues as-
sociated with ligand binding were mutated more conserva-
tively to amino acid residues of similar structure. As shown
in Fig. 3C and Table 2, the binding affinities of the resulting
mutant receptors D25N and E254Q were greatly diminished.
Despite the fact that these mutants retained some binding
ability, qualitatively, the mutations had a significant impact
on the ligand binding affinity. As expected from the alanine
mutations, the binding affinities of E13Q, D16N, and D266N
remained unchanged and were similar to the wild-type re-
ceptor (Table 2). These results provide additional support
that selected negatively charged amino acid residues on
CX3CR1 directly contribute to ligand binding.

Residues Involved in the Stimulation of Receptor-
Mediated Cellular Responses but Not Ligand Binding.
The primary function of chemokine receptors is to mediate
cell migration in response to stimulation. To examine
whether the mutations perturbed this receptor function, we
performed chemotaxis assays. As shown in Fig. 4 and sum-
marized in Table 2, the mutant receptors with a defective
ligand binding capability failed to induce migration. The cells
expressing D25A, Y14A, and E254A did not respond to frac-

TABLE 2

Expression and functional responses of wild-type and mutant receptors
in transfected HEK 293T cells

The binding affinity was calculated from the binding isotherms obtained with stably
transfected cells. Results are expressed as means * S.D. of three independent
experiments. Selected isotherms are shown in Fig. 3. The surface expression was
determined by flow cytometry on three individual clones. The representative data
are shown in Fig. 2. The expression levels of the mutant receptors were normalized
to that of the wild-type receptor (100%). Results are expressed as means = S.D. of
three independent experiments. The binding data for E19A and D270A were ob-
tained with transiently transfected cells. Chemotactic activities shown are the mi-
gratory rates to 1 nM fractalkine and were calculated from Fig. 4. All activities were
normalized to that induced by the wild-type receptor (100%).

Mutant Af]g;?g;?%{d) Expression Chemotaxis A CE}EE}» on
nM % %
CX3CR1 1.9 05 100.0 = 15.2 100 + 35 +
D2A 1.5 0.0 995+ 7.6 139 + 23 +
E6A 23*05 107.3 = 0.7 95 + 51 +
E10A 1.7 0.3 104.7 = 11.3 97 £ 45 +
E13A 20+05 101.6 = 12.9 31+ 33 -
E13Q 1.6 £0.3 98.8 = 8.6 24 £ 18 -
Y14A 11.2 + 29 103.4 = 13.1 21 = 24 -
D15A 20+04 974 =93 117 = 18 +
D16A 21+04 99.2 = 9.5 11 = 29 -
D16N 1.6 0.3 94.5 = 10.2 33 =17 -
E19A 20+x04 N.D. N.D. N.D
D25A N.B 96.9 = 6.2 8+8 -
D25N 159 0.2 97.3 £ 11.3 25 £ 11 -
E254A N.B 90.5 = 12.6 5*8 -
E254Q 23.7+0.3 91.8 = 144 31+ 10 -
D260A 1.9 £0.3 99.2 = 16.3 99 * 44 +
D266A 1.8 +0.4 101.4 = 16.0 43 = 30 -
D266N 1.8 £0.3 1034 = 7.4 36 £8 -
D270A 19+ 0.6 N.D. N.D. N.D

N.D., not determined; N.B., no binding.
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talkine, and no chemotactic activity was observed. These
results indicated that high-affinity ligand binding is essen-
tial for optimal receptor function.

The chemotactic response of cells expressing the three
mutant receptors E13A, D16A, and D266A was unexpectedly
compromised, despite the fact that these mutants bound
fractalkine with an affinity similar to that of the wild-type
receptor (Fig. 4A and Table 2). In addition, the more conser-

E13A
CX3CR1
D16A

D25A
293T

'25|_Fractalkine bound (cpm) >

T 1

0 10 20 30 40 50
Fractalkine (nM)

o)

CX3CR1
D266A

E254A
2837

'25|_Fractalkine bound (cpm)

C
£ [
o CX3CR1
h=]
c
=3
o
L0
@
=
=
I
® 293T
-y
o

0 10 20 30 40 50
Fractalkine (nM)

Fig. 3. Ligand binding analysis of the wild-type and mutant receptors. A,
fractalkine binding to stably transfected HEK 293T cells expressing
wild-type CX3CR1 (M) and the receptors with mutations in the amino
terminus E13A (¢), Y14A (O), D16A (V¥), and D25A (A). Nontransfected
HEK 293T cells were used as a negative control (@). B, fractalkine
binding to transfected HEK 293T cells expressing the wild-type CX3CR1
(M) and the receptors with mutations in the third extracellular loop
E254A (A) and D266A (V). Nontransfected HEK 293T cells (293T) were
used as a negative control (®). C, fractalkine binding to transfected HEK
293T cells expressing the wild-type CX3CR1 (M) and the receptors with
more conservative mutations D25N (A) and E254Q (V). Nontransfected
HEK 293T cells (293T) were used as a negative control (®). Shown is the
specific **I-fractalkine binding after subtraction of the nonspecific bind-
ing from the total binding, determined in the presence of a 100-fold excess
of unlabeled fractalkine. The affinities were calculated from the binding
isotherms and are shown in Table 2. The data shown are the mean = S.D.
of three independent experiments.
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vative mutations E13Q, D16N, and D266N also caused func-
tional impairments affecting the chemotactic activity in
transfected cells without changing the ligand binding affinity
(Fig. 4B and Table 2). These data suggested that the inter-
actions responsible for high-affinity ligand binding are not
sufficient for receptor activation, and the induction of func-
tional responses may require a separate set of interactions.

ERK Signaling Is Necessary for CX3CR1-Dependent
Chemotaxis. A recent study has demonstrated that fracta-
lkine stimulates ERK1/2 in the human monocyte MonoMac6
cell line (Cambien et al., 2001). Consistent with this, we
found that fractalkine also induced ERK1/2 phosphorylation
in human monocytic THP-1 cells and in HEK 293T cells
transfected with CX3CR1. As shown in Fig. 5, fractalkine
induced a rapid increase in the level of phosphorylated
ERK1/2 that peaked at approximately 15 min for the THP-1
cells and at approximately 5 min for the CX3CR1-transfected
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Fig. 4. Effect of the mutations on the chemotactic activity. The chemo-
tactic activities of HEK 293T cells stably transfected with wild type
CX3CR1 (broken lines) and mutant CX3CR1 (solid lines) were examined
in Transwell assays at the indicated fractalkine concentrations. Nonspe-
cific migration was determined with nontransfected HEK 293T cells
(293T). The tracing of the chemotactic response mediated by the wild-
type receptor is included in each for better comparison. A, mutants with
alanine substitution. B, mutants with the corresponding amide substitu-
tion. The data shown are the mean * S.D. of three independent experi-
ments. The significance of the differences between wild-type and mutant
CX3CR1 was calculated for each concentration point using the unpaired
Student’s ¢ test. #*, p < 0.01; *, p < 0.05; #, p < 0.1.

cells. Pretreating the cells with PD98059, a selective inhibi-
tor of the ERK1/2 kinase, effectively blocked ERK1/2 phos-
phorylation (data not shown).

We next examined the potential involvement of ERK1/2
signaling in chemotaxis induced by endogenous or ectopically
expressed CX3CR1. THP-1 monocytes or CX3CRI1-trans-
fected HEK 293T cells were pretreated with the ERK1/2
kinase inhibitor PD98059 and then tested for their chemo-
tactic activity in response to fractalkine. As shown in Fig. 6,
the treatment with PD98059 ablated the chemotactic re-
sponse in both cell types, suggesting that CX3CR1-dependent
chemotaxis requires ERK1/2 signaling.

Effect of the CX3CR1 Mutations on Activation of the
ERK Signaling Pathway. As shown above, the mutant
receptors E13A, D16A, and D266A were ineffective media-
tors of chemotaxis despite displaying a high affinity for frac-
talkine. These results suggested that specific amino acid
residues may be essential for CX3CR1-mediated activation of
intracellular signaling pathways without significantly con-
tributing to ligand binding. To examine this hypothesis, we
analyzed the various mutant receptors for their ability to
stimulate ERK1/2 phosphorylation. The result shown in Fig.
7A demonstrated that the high-affinity ligand binding was
essential for stimulating ERK1/2 phosphorylation. As ex-
pected, the low-affinity mutants Y14A, D25A, and E254A
were unable to induce ERK1/2 phosphorylation. In contrast,
the mutants E13A, D16A, and D266A bound fractalkine with
high affinity; however, the ability to activate the ERK sig-
naling pathway was significantly impaired. The conservative
mutations E13Q, D16N, and D266N gave similar results
(Fig. 7B). These mutants were also ineffective in inducing a
chemotactic response in the transfected cells despite high-
affinity agonist binding (Fig. 4 and Table 2), suggesting that
E13, D16, and D266 may play an important role in receptor
activation but without contributing to the fractalkine bind-
ing. The data shown above were obtained after stimulation of
the various mutant receptors with 1 nM fractalkine. To test
whether higher receptor occupancy would augment ERK1/2
phosphorylation, specifically by the low-affinity mutants, we
increased the fractalkine concentration to 10 nM. However,

A

— e ——— = = P-ERK1/2

-_—— a— T-ERK1/2
0 5 15 30 60 90 120 min
B

——————— | ERK1/2
0 5 10 15 20 30 45 min

Fig. 5. Time course of mitogen-activated protein kinase phosphorylation
stimulated by fractalkine. Serum-starved THP-1 cells (A) or HEK 293T
cells stably transfected with CX3CR1 (B) were stimulated with 1 nM
fractalkine for the indicated time periods. Equal amounts of cell lysates
were subjected to immunoblotting with antibodies against phosphory-
lated ERK1/2 (P-ERK1/2) and total ERK1/2 (T-ERK1/2). Representative
Western blots from three experiments are shown.
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increasing the ligand concentration did not further stimulate
ERK1/2, and the phosphorylation levels were identical with
the ones achieved with 1 nM fractalkine (Supplemental
Fig. S1).

Discussion

A precise knowledge of the structural features regarding
the interaction between a receptor and its ligand is funda-
mental to the understanding of the molecular processes cru-
cial to receptor function. A major goal of the current study
was aimed at identifying specific amino acid residues in the
N-terminal domain and third extracellular loop of CX3CR1
that are critical for ligand binding and receptor activation.
We have tested a series of CX3CR1 mutants for functional
responses and found that acidic amino acid residues on the
N-terminal domain and third extracellular loop of CX3CR1
differentially contribute to fractalkine binding and receptor
activation. Our results are consistent with a two-step mech-
anism for receptor activation by chemokines. This model
involves the initial interaction between chemokine and re-
ceptor for high-affinity binding, followed by interactions that
are believed to be involved in stabilizing the active confor-
mation of the receptor (Clark-Lewis et al., 1995; Wells et al.,
1996; Han et al., 1999).

Structural analysis of fractalkine implicated positively
charged amino acid residues in the chemokine function
(Mizoue et al., 1999, 2001; Harrison et al.,, 2001). These
findings strongly suggest that these residues interact with
negatively charged counterparts on the receptor and that
these interactions are essential for ligand binding and func-
tional activation of CX3CR1. Several studies have implicated
the N-terminal domain of chemokine receptors in agonist
binding. In the present study, we identified four amino acid
residues in the amino terminus of CX3CR1 that may engage
in electrostatic interactions with the ligand fractalkine. The
results show that the acidic residue Asp25 in the amino
terminus of CX3CRL1 is critical for high-affinity ligand bind-
ing, and alanine substitution of this residue significantly
impaired ligand binding and the chemotactic function. Like
other chemokine receptors, CX3CR1 contains within its N-
terminal domain a tyrosine residue adjacent to negatively
charged amino acids to form the EYDD acidic cluster. This
tyrosine residue can be post-translationally modified by sul-
fation, which confers a negative charge that may be relevant
to chemokine receptor function (Farzan et al., 1999; Fong et
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al., 2002). Consistent with an important role, substitution of
Y14 in CX3CR1 with alanine decreased the binding affinity,
and the cells expressing Y14A-CX3CR1 displayed defective
signaling and chemotactic responses to fractalkine. The neg-
atively charged residues in the EYDD cluster do not seem to
be involved in the primary interaction with fractalkine, and
the mutant receptors E13A/Q, D15A, and D16A/N displayed
a ligand binding affinity similar to that of the wild-type
receptor. Although not critical for binding, E13 and D16 seem
to be crucial for receptor function, and substitution of these
residues severely impairs the chemotactic response of the
transfected cells. These residues may play a role in the sta-
bilization of the active receptor conformation.

Human population genetic studies have identified two
polymorphisms, V2491 and T280M, in the sixth and seventh
transmembrane domains of CX3CR1 as risk factors for cor-
onary artery disease (McDermott et al., 2001; Moatti et al.,
2001; Ghilardi et al., 2004). Functional analysis demon-
strated that leukocytes from human subjects homozygous for
CX3CR1-I1e249/Met280 had a significant decrease in the
number of fractalkine binding sites and reduced binding
affinity for fractalkine compared with wild-type CX3CR1-
Val249/Thr280 cells (Faure et al., 2000). However, subse-
quent studies with transfected cells showed that the T280M
mutation by itself did not change the binding affinity but
reduced the kinetics of fractalkine binding (McDermott et al.,
2003). The same group also showed that leukocytes from
CX3CR1-Met280 homozygotes, which also carry allele 11249,
have defective chemotactic responses to soluble fractalkine,
and it was concluded that the T280M mutation causes an
impairment of receptor function.

It remains unclear whether fractalkine can interact di-
rectly with the transmembrane domain residues associated
with these polymorphisms or whether ligand contact sites
located on the adjacent extracellular region were perturbed.
Furthermore, the studies with the CX3CR1-Met280 mutant
showing defective receptor function but intact fractalkine
binding suggest that this residue may contribute to receptor
activation independently of binding. We hypothesized that
additional residues may exist which are important for dis-
tinct receptor functions, and we extended our study to the
proximal region. Indeed, analysis of our substitution mu-
tants identified two acidic amino acid residues in the third
extracellular loop that may be critical for receptor function.
The residue E254 is important for ligand binding, and sub-

Fig. 6. CX3CR1l-mediated chemotaxis in-

volves the ERK1/2 signaling pathway. THP-1
* cells (A) or HEK 293T cells stably transfected
with CX3CR1 (B) were treated for 2 h with 25
M PD98059, a specific inhibitor of the direct
upstream kinase of ERK1/2. The chemotactic
activity of the untreated cells (M) and
PD98059-treated cells (A) was determined as
described under Materials and Methods. The
chemotactic response is expressed as the per-
centage of cells added to the upper chamber
that migrated to the lower chamber of the
Transwell. Data shown are the mean = S.D.
of three independent experiments. The signif-
icance of the differences between the un-
treated and PD98059-treated cells was calcu-
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stitution greatly reduced the binding affinity and chemotac-
tic activity. The mutants D266A and D266N showed normal
ligand binding affinity; however, receptor activation medi-
ated by fractalkine was defective, as evidenced by the im-
paired ability to induce the chemotaxis of the transfected
cells. Together, these data implicate the amino terminus and
third extracellular loop of CX3CR1 in both ligand binding
and receptor activation.

Mitogen-activated protein kinases participate in diverse
biological functions, and several studies have indicated that
this family of kinases is involved in many aspects of innate
and adaptive immune responses (Dong et al., 2002; Roux and
Blenis, 2004). Fractalkine has been shown to induce ERK1/2
phosphorylation in monocytic cell lines, but the functional
implications of this remained untested (Cambien et al.,
2001). Our data demonstrate that fractalkine-mediated che-
motaxis is dependent on the activation of ERK1/2 signaling
pathway. In both THP-1 cells and transfected cells, inhibition
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Fig. 7. Effect of CX3CR1 mutations on ERK1/2 phosphorylation. Stably
transfected HEK 293T cells expressing the various mutants were stim-
ulated for 5 min with 1 nM fractalkine (FKN). Controls without fracta-
lkine stimulation were included. Equal amounts of cell lysates were
subjected to immunoblotting with antibodies against phosphorylated
ERK1/2 (P-ERK1/2) and total ERK1/2 (T-ERK1/2). A, mutants with the
alanine substitution. B, mutants with corresponding amide substitution.
Representative Western blots of three experiments are shown.

of ERK1/2 phosphorylation ablated the chemotactic re-
sponse. Moreover, a strong correlation exists between the
level of ERK1/2 phosphorylation and the chemotactic re-
sponse of the various mutants. The observation that the
E13A/Q, D16A/N, and D266A/N mutant receptors do not
support ERK1/2 phosphorylation despite displaying a high
affinity for fractalkine is a further confirmation that these
residues may be involved in receptor activation leading to
functional intracellular signaling but not in ligand binding.
In summary, we identified three residues critical for ligand
binding and an additional three residues that are essential
for receptor activation without contributing to the agonist
binding affinity. Our results are consistent with a two-step
mechanism for receptor function, which dissociates ligand
binding from receptor activation. Each step involves distinct
amino acid residues and separate sets of interactions. The
precise knowledge of the structural elements critical for
CX3CR1 activation may form the basis for a rational design
of small molecular weight therapeutics targeting receptor
function in the treatment of inflammatory diseases.
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