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ABSTRACT 

 The G protein-coupled receptor CX3CR1 is a specific receptor for the CX3C 

chemokine fractalkine.  The aim of this study was to identify receptor elements that 

contribute independently to agonist 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 D25 and E254 located on the N-

terminal domain and third extracellular loop, respectively.  In addition, mutation of the 

uncharged polar residue Y14 in the amino terminus caused a reduction in the ligand binding 

affinity.  In contrast, the three acidic residues E13, D16 and D266 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 receptor function but not 

for binding.  Our data are consistent with a model of chemokine receptor activation 

consisting of a multistep mechanism.  Step one mediates the high affinity fractalkine binding 

involving Y14, D25 and E254.  The initial interaction then triggers the engagement of E13, 

D16 and D266, necessary for CX3CR1 activation. 

This article has not been copyedited and formatted. The final version may differ from this version.
Molecular Pharmacology Fast Forward. Published on November 29, 2005 as DOI: 10.1124/mol.105.015909

 at A
SPE

T
 Journals on M

ay 24, 2023
m

olpharm
.aspetjournals.org

D
ow

nloaded from
 

http://molpharm.aspetjournals.org/


MOL 15909 

 4

INTRODUCTION 

 Leukocyte trafficking from the circulation to sites of injury or inflammation requires 

the coordinated action of both cellular adhesion proteins and chemotactic factors.  The CX3C 

chemokine fractalkine (CX3CL1) is of particular interest because of its unique properties to 

function either as an adhesion 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 endothelium 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 ADAM 17 or ADAM10 (Tsou et al., 2001; Hundhausen et al., 2003).  

In this soluble form, fractalkine behaves like a conventional chemokine and strongly induces 

chemotaxis. 

 The functional responses to fractalkine including chemotaxis 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; Nishimura et al., 2002; Yoneda et al., 2000; Dichmann et al., 2001).  

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 fractalkine gene in mice did not 

produce an obvious phenotype but studies in appropriate animal models have implicated this 

chemokine system in several diseases including atherosclerosis, cardiac allograft rejection, 

glomerulonephritis and cerebral ischemia reperfusion injury, as well as in anti-tumor 

responses (Lesnik et al., 2003; Combadiere et al., 2003; Haskell et al., 2001; Feng et al., 

1999; Soriano et al., 2002; Lavergne et al., 2003).  Based on these studies, CX3CR1 and 
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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.  Recently, two single nucleotide polymorphisms were 

identified in the open reading frame of the CX3CR1 gene and analysis of the two receptor 

variants implicated I249 and M280 in ligand binding (Faure et al., 2000).  A somewhat larger 

body of structural as well as 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; Harrison et al., 2001; Mizoue et al., 2001).  

 In this study, we tested a panel of CX3CR1 mutants, consisting of single amino acid 

substitutions in the amino terminus and the third extracellular loop, for ligand binding 

activity and ability to induce intracellular signaling essential for functional responses.  

Results with the naturally occurring CX3CR1-T280M mutant showing that this mutation did 

not alter ligand binding but greatly impaired receptor-mediated responses including 

chemotaxis and adhesion (McDermott 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 (Monteclaro and Charo, 1997; Hebert et al., 

1993; Faure et al., 2000; McDermott et al., 2003).  Since 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 engage in electrostatic interactions 
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with the ligand.  Our study identified several key residues that differentially contribute to 

ligand binding and receptor activation. 
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MATERIALS AND METHODS 

 

Cell Culture 

 Human HEK 293T cells (American Type Culture Collection) were maintained in 

DMEM medium supplemented with 10% fetal bovine serum, 4 mM L-glutamine and 50 

µg/ml of gentamicin at 37ºC in a humidified atmosphere containing 5% CO2.  All of the cell 

culture components were purchased from Invitrogen (Carlsbad, CA). 

 

Mutagenesis 

 Human CX3CR1 cDNA was obtained by polymerase chain reaction (PCR) 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 consensus 

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, Carlsbad, CA) using the restriction sites that were included in the primers 

and the construct was sequenced.  Site-directed mutagenesis was performed by a two-step 

PCR approach using a pair of complementary primers carrying appropriate nucleotide 

substitutions (Table 1).  In the first step, each of the mutagenic primers was used in 

combination with the wild type primers to amplify the 5’- and 3’-fragments of CX3CR1 in 

separate reactions.  In the second step, the two fragments 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 sequence analysis.  The 

mutants were subcloned into pcDNA3.1 (Invitrogen) for transient transfection and into the 

retroviral vector pLXie (generous gift from Dr. Tuszynski, University of California, San 

Diego) for stable transfection. 
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Transient Transfection 

 HEK 293T cells were grown in 6-well tissue culture plates until they reached about 

50% confluence.  The cells were then transfected with wild type and mutant CX3CR1 cDNA 

subcloned into pcDNA3.1 (Invitrogen, Carlsbad, CA) using FuGENE 6 (Roche Diagnostics, 

Indianapolis, IN) according to the manufacturer's directions.  After 48 h, the cells were 

collected and used for ligand binding analyses. 

 

Stable transfection 

 For stable transfection, the full-length cDNAs 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 (GFP) and 

the 5’long terminal repeat as a promoter for transgene expression (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 infect HEK 293T cells.  Three days after infection, single cells were 

sorted by flow cytometry into wells of 96 well plates by virtue of GFP 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 Western blotting 

and flow cytometry. 

 

Flow cytometry 

 Cells were washed twice with ice-cold PBS containing 0.1% BSA (buffer A) and 

incubated for 60 min on ice (5x105 cells in 250 µl) with rabbit anti-human CX3CR1 

This article has not been copyedited and formatted. The final version may differ from this version.
Molecular Pharmacology Fast Forward. Published on November 29, 2005 as DOI: 10.1124/mol.105.015909

 at A
SPE

T
 Journals on M

ay 24, 2023
m

olpharm
.aspetjournals.org

D
ow

nloaded from
 

http://molpharm.aspetjournals.org/


MOL 15909 

 9

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 

FITC-conjugated anti-rabbit IgG antibody (Jackson ImmunoResearch, West Grove, PA) 

for 30 minutes on ice.  After two additional washes with buffer A, the cells were analyzed 

by flow cytometry using FACSCalibur equipped with CellQuest software (Becton 

Dickinson Bioscience, 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).  Briefly, the transfected HEK 293T cells expressing wild type or mutant CX3CR1 

were harvested, washed with PBS and 2 x 106 cells were resuspended in 100 µl RPMI-1600 

containing 0.5% BSA (binding buffer).  The cells were incubated with various concentrations 

of 125I-fractalkine (2200 Ci/mmol, Perkin Elmer Life Sciences Inc., 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 radioactivity associated with the cell pellet was counted.  The 

specific binding of 125I-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 GraphPad Prism program. 

 

Chemotaxis assay 

 Chemotaxis assays were performed with stably transfected cells in 24-well Transwell 

This article has not been copyedited and formatted. The final version may differ from this version.
Molecular Pharmacology Fast Forward. Published on November 29, 2005 as DOI: 10.1124/mol.105.015909

 at A
SPE

T
 Journals on M

ay 24, 2023
m

olpharm
.aspetjournals.org

D
ow

nloaded from
 

http://molpharm.aspetjournals.org/


MOL 15909 

 10

plates (Costar) using polycarbonate membranes with 8 µm pore size (Becton Dickinson 

Labware, San Jose, CA).  Various concentrations of fractalkine (R&D Systems, Minneapolis, 

MN) were added to the lower chamber in 800 µl RPMI supplemented with 10 mM HEPES 

and 0.1% BSA (chemotaxis buffer).  The stably transfected cells were resuspended in 

chemotaxis buffer and 200 µl of the cell suspension (2 x 105 cells) were added to the upper 

chamber and incubated for 2.5 h at 37ºC under a 5% CO2 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 chemotaxis was 

determined by correction for non-specific cell migration in the absence of the chemokine. All 

experiments were performed in triplicates. 

 

Western blot analysis 

 The transfected HEK 293 cells expressing wild type or mutant CX3CR1 were grown 

in 6-well tissue culture plates to confluence and lysed in 100 µl Nupage LDS Sample Buffer 

(Invitrogen, Carlsbad, CA).  Equal amounts of proteins were resolved by electrophoresis on a 

10% SDS-PAGE gel, transferred to a PVDF membrane and probed with rabbit anti-human 

CX3CR1 polyclonal antibody directed against the second extracellular loop (ProSci, Poway, 

CA).  The specificity of the antibody was tested by pre-absorption by the peptide antigen 

(ProSci, Poway, CA).  Equal volumes of blocking peptide and anti-CX3CR1 IgG were 

incubated for 30 min at 37 °C prior to western blotting.  Immunoreactive bands were 

visualized with horseradish peroxidase-conjugated anti-rabbit IgG (Sigma-Aldrich, St. Louis, 

MO).  
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Extracellular signal-related kinases (ERK1/2) analysis 

 For ERK1/2 analysis, the stably transfected cells were grown to 70% confluence, 

serum starved for 16 h and the stimulated with 1 nM fractalkine.  The cells were lysed in 

200 µl Nupage LDS Sample Buffer (Invitrogen, Carlsbad, CA) supplemented with a protease 

inhibitor cocktail (Sigma-Aldrich, St. Louis, MO) and a phosphatase inhibitor cocktail 

(Active Motif, Carlsbad, CA).  The crude lysates were sonicated for 4 s and cleared by 

centrifugation at 13,000 x g for 15 min.  The proteins in equal amounts of cell lysates were 

resolved by electrophoresis on a 10% SDS-PAGE gel, transferred to a PVDF membrane and 

probed with rabbit anti-human phospho ERK1/2 antibody (Thr202/Tyr204) for 

phosphorylated ERK1/2 and with rabbit anti human ERK1/2 antibody for total ERK 

expression (Cell Signaling Technology, Beverly, MA). Immunoreactive bands were 

visualized with horseradish peroxidase-conjugated anti-rabbit IgG (Sigma-Aldrich, St. Louis, 

MO).  
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RESULTS 

 

Generation of transfected HEK 293T cells stably expressing wild type and mutant CX3CR1 - 

Mutagenesis analysis of fractalkine indicated that amino acid residues with positively 

charged side chains are essential for chemokine 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 domain of CX3CR1.  To test this hypothesis, we generated a series 

of CX3CR1 mutants containing single amino acid substitutions of the individual acidic amino 

acid residues in the amino terminus and the third extracellular loop (Figure 1).  Previous 

studies suggested that sulfation of tyrosine residues within the amino terminus enhances the 

function of chemokine receptors (Farzan et al., 1999; Fong et al., 2002). Therefore, Y14 

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 (Figure 

2A; Table 2).  Total expression was estimated by Western blotting and gave identical results 

(Figure 2B).  The antibody was highly specific for CX3CR1, as demonstrated by Western 

blotting using anti CX3CR1 IgG pre-absorbed by the peptide antigen (Figure 2C). 

 

Identification of residues critical for ligand binding - To assess the effect of the various 

mutations on the binding affinity, equilibrium binding analyses were performed with the 
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established cell lines stably expressing the mutant receptors.  As shown in Figure 3, the 

acidic amino acid residues D25 located in the amino terminus and E254 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 Y14 to alanine 

also impacted ligand binding causing a significant reduction in the binding affinity compared 

with wild type CX3CR1 (Kd = 11.2 ± 2.9 nM versus Kd = 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 binding.  None of the remaining negatively charged amino acid 

residues within these receptor segments appeared to contribute to ligand binding and all other 

mutants bound fractalkine with high affinity similar to that of the wild type receptor (Figure 

3A and 3B; Table 2).  We were not able to establish cell lines stably expressing E19A and 

D270A but the analysis of the binding isotherms generated with transiently 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 

consequence of conformational changes, the acidic residues associated with ligand binding 

were mutated more conservatively to amino acid residues of similar structure.  As shown in 

Figure 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 receptor (Table 2).  These results 
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provide additional support that selected negatively charged amino acid residues on CX3CR1 

directly contribute to ligand binding. 

 

Residues involved in 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 Figure 4 and summarized in Table 2, the 

mutant receptors with a defective ligand binding capability failed to induce migration and the 

cells expressing D25A, Y14A and E254A did not respond to fractalkine and no chemotactic 

activity was observed.  These results indicated that high affinity ligand binding is essential 

for optimal receptor function.  

 Unexpectedly, the chemotactic response of cells expressing the three mutant 

receptors E13A, D16A and D266A was compromised, despite the fact that these mutants 

bound fractalkine with an affinity similar to that of the wild type receptor (Figure 4A, Table 

2).  In addition, the more conservative mutations E13Q, D16N and D266N also caused 

functional impairments affecting the chemotactic activity in transfected cells without 

changing the ligand binding affinity (Figure 4B, Table 2). These data suggested that the 

interactions responsible for high affinity ligand binding are not sufficient for receptor 

activation and the induction of functional responses may require a separate set of interactions. 

 

ERK signaling is necessary for CX3CR1-dependent chemotaxis - A recent study has 

demonstrated that fractalkine stimulates ERK1/2 in the human monocyte MonoMac6 cell line 

(Cambien et al., 2001). Consistent with this, we found that fractalkine induced ERK1/2 

phosphorylation also in human monocytic THP-1 cells as well as in HEK 293T cells 

transfected with CX3CR1.  As shown in Figure 5, fractalkine induced a rapid increase in the 
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level of phosphorylated ERK1/2 that peaked at about 15 minutes for the THP-1 cells and at 

about 5 minutes for the CX3CR1 transfected cells.  Pretreating the cells with PD98059, a 

selective inhibitor of the ERK1/2 kinase, effectively blocked ERK1/2 phosphorylation (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 CX3CR1 

transfected HEK 293T cells were pretreated with the ERK1/2 kinase inhibitor PD98059 and 

then tested for their chemotactic activity in response to fractalkine.  As shown in Figure 6, the 

treatment with PD98059 ablated the chemotactic response 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 mediators of 

chemotaxis despite displaying high affinity for fractalkine.  These results suggested that 

specific amino acid residues may be essential for CX3CR1-mediated activation of 

intracellular signaling pathways without significantly contributing 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 Figure 7A demonstrated that the 

high affinity ligand binding was essential for stimulating ERK1/2 phosphorylation.  As 

expected, 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 signaling pathway was significantly 

impaired.  The conservative mutations E13Q, D16N and D266N gave similar results (Figure 

7B).  These mutants were also ineffective in inducing a chemotactic response in the 

transfected cells despite high affinity agonist binding (Figure 4; Table 2), suggesting that 
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E13, D16 and D266 may play an important role in receptor activation but without 

contributing to the fractalkine binding.  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, increasing the 

ligand concentration did not further stimulate ERK1/2 and the phosphorylation levels were 

identical to the ones achieved with 1 nM fractalkine (see Supplemental Figure I). 
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DISCUSSION 

 A precise knowledge of the structural features regarding the interaction between a 

receptor and its ligand is fundamental to the understanding of the molecular processes crucial 

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 mechanism for 

receptor activation by chemokines.  This model involves the initial interaction between 

chemokine and receptor for high affinity binding, followed by interactions that are thought to 

be involved in stabilizing the active conformation 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; Harrison et al., 2001; Mizoue 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 

functional 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 D25 in the amino terminus of 

CX3CR1 is critical for high affinity ligand binding 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 
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be posttranslationally modified by sulfation, which confers a negative charge that may be 

relevant to chemokine receptor function (Farzan et al., 1999; Fong et al., 2002).  Consistent 

with an important role, substitution of Y14 in CX3CR1 with alanine decreased the binding 

affinity and the cells expressing the Y14A-CX3CR1 displayed defective signaling and 

chemotactic responses to fractalkine.  Interestingly, the negatively charged residues in the 

EYDD cluster do not appear 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 appear 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 

stabilization of the active receptor conformation. 

 Human population genetic studies have identified two polymorphisms V249I and 

T280M in the sixth and seventh transmembrane domains of CX3CR1 as risk factors for 

coronary artery disease (McDermott et al., 2001; Moatti et al., 2001; Ghilardi et al., 2004).  

Functional analysis demonstrated that leukocytes from human subjects homozygous for 

CX3CR1-I249/M280 had a significantly decrease in the number of fractalkine binding sites 

and reduced binding affinity for fractalkine compared to wild-type CX3CR1-V249/T280 

cells (Faure et al., 2000).  However, subsequent 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-M280 homozygotes, which also carry allele I249, 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 directly with the transmembrane 

domain residues associated with these polymorphisms or whether ligand contact sites located 
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on the adjacent extracellular region were perturbed.  Furthermore, the studies with the 

CX3CR1-M280 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 that are important for distinct receptor 

functions and we extended our study to the proximal region.  Indeed, analysis of our 

substitution mutants 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 substitution greatly reduced the binding affinity and chemotactic activity.  The mutants 

D266A and D266N showed normal ligand binding affinity; however, receptor activation 

mediated by fractalkine was defective, as evidenced by the impaired 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. 

 MAPKs 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 (Roux and Blenis, 2004; Dong et al., 2002).  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 

chemotaxis is dependent on the activation of ERK1/2 signaling pathway.  In both THP-1 

cells and transfected cells, inhibition of ERK1/2 phosphorylation ablated the chemotactic 

response.  Moreover, a strong correlation exists between the level of ERK1/2 

phosphorylation and the chemotactic response 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. 
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 In summary, we identified three residues critical for ligand binding and 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. 

This article has not been copyedited and formatted. The final version may differ from this version.
Molecular Pharmacology Fast Forward. Published on November 29, 2005 as DOI: 10.1124/mol.105.015909

 at A
SPE

T
 Journals on M

ay 24, 2023
m

olpharm
.aspetjournals.org

D
ow

nloaded from
 

http://molpharm.aspetjournals.org/


MOL 15909 

 21

REFERENCES 

 

Bazan JF, Bacon K B, Hardiman G, Wang W, Soo K, Rossi D, Greaves D R, Zlotnik A 
and Schall T J (1997) A New Class of Membrane-Bound Chemokine With a CX3C 
Motif. Nature 385:640-644. 

Cambien B, Pomeranz M, Schmid-Antomarchi H, Millet M A, Breittmayer V, Rossi B 
and Schmid-Alliana A (2001) Signal Transduction Pathways Involved in Soluble 
Fractalkine-Induced Monocytic Cell Adhesion. Blood 97:2031-2037. 

Clark-Lewis I, Kim K S, Rajarathnam K, Gong J H, Dewald B, Moser B, Baggiolini M 
and Sykes B D (1995) Structure-Activity Relationships of Chemokines. J Leukoc Biol 
57:703-711. 

Combadiere C, Ahuja S K and Murphy P M (1995) Cloning, Chromosomal Localization, 
and RNA Expression of a Human Beta Chemokine Receptor-Like Gene. DNA Cell Biol 
14:673-680. 

Combadiere C, Potteaux S, Gao J L, Esposito B, Casanova S, Lee E J, Debre P, Tedgui 
A, Murphy P M and Mallat Z (2003) Decreased Atherosclerotic Lesion Formation in 
CX3CR1/Apolipoprotein E Double Knockout Mice. Circulation 107:1009-1016. 

Dichmann S, Herouy Y, Purlis D, Rheinen H, Gebicke-Harter P and Norgauer J (2001) 
Fractalkine Induces Chemotaxis and Actin Polymerization in Human Dendritic Cells. 
Inflamm Res 50:529-533. 

Dong C, Davis R J and Flavell R A (2002) MAP Kinases in the Immune Response. Annu 
Rev Immunol 20:55-72. 

Farzan M, Mirzabekov T, Kolchinsky P, Wyatt R, Cayabyab M, Gerard N P, Gerard C, 
Sodroski J and Choe H (1999) Tyrosine Sulfation of the Amino Terminus of CCR5 
Facilitates HIV-1 Entry. Cell 96:667-676. 

Faure S, Meyer L, Costagliola D, Vaneensberghe C, Genin E, Autran B, Delfraissy J F, 
McDermott D H, Murphy P M, Debre P, Theodorou I and Combadiere C (2000) Rapid 
Progression to AIDS in HIV+ Individuals With a Structural Variant of the Chemokine 
Receptor CX3CR1. Science 287:2274-2277. 

Feng L, Chen S, Garcia G E, Xia Y, Siani M A, Botti P, Wilson C B, Harrison J K and 
Bacon K B (1999) Prevention of Crescentic Glomerulonephritis by Immunoneutralization 
of the Fractalkine Receptor CX3CR1 Rapid Communication. Kidney Int 56:612-620. 

Fong AM, Alam S M, Imai T, Haribabu B and Patel D D (2002) CX3CR1 Tyrosine 
Sulfation Enhances Fractalkine-Induced Cell Adhesion. J Biol Chem 277:19418-19423. 

This article has not been copyedited and formatted. The final version may differ from this version.
Molecular Pharmacology Fast Forward. Published on November 29, 2005 as DOI: 10.1124/mol.105.015909

 at A
SPE

T
 Journals on M

ay 24, 2023
m

olpharm
.aspetjournals.org

D
ow

nloaded from
 

http://molpharm.aspetjournals.org/


MOL 15909 

 22

Fong AM, Robinson L A, Steeber D A, Tedder T F, Yoshie O, Imai T and Patel D D 
(1998) Fractalkine and CX3CR1 Mediate a Novel Mechanism of Leukocyte Capture, 
Firm Adhesion, and Activation Under Physiologic Flow. J Exp Med 188:1413-1419. 

Ghilardi G, Biondi M L, Turri O, Guagnellini E and Scorza R (2004) Internal Carotid 
Artery Occlusive Disease and Polymorphisms of Fractalkine Receptor CX3CR1: a 
Genetic Risk Factor. Stroke 35:1276-1279. 

Han KH, Green SR, Tangirala RK, Tanaka S and Quehenberger O (1999) Role of the 
first extracellular loop in the functional activation of CCR2. The first extracellular loop 
contains distinct domains necessary for both agonist binding and transmembrane 
signaling. J Biol Chem 274:32055-32062. 

Harrison JK, Fong A M, Swain P A, Chen S, Yu Y R, Salafranca M N, Greenleaf W B, 
Imai T and Patel D D (2001) Mutational Analysis of the Fractalkine Chemokine Domain. 
Basic Amino Acid Residues Differentially Contribute to CX3CR1 Binding, Signaling, 
and Cell Adhesion. J Biol Chem 276:21632-21641. 

Harrison JK, Jiang Y, Chen S, Xia Y, Maciejewski D, McNamara R K, Streit W J, 
Salafranca M N, Adhikari S, Thompson D A, Botti P, Bacon K B and Feng L (1998) 
Role for Neuronally Derived Fractalkine in Mediating Interactions Between Neurons and 
CX3CR1-Expressing Microglia. Proc Natl Acad Sci U S A 95:10896-10901. 

Haskell CA, Cleary M D and Charo I F (1999) Molecular Uncoupling of Fractalkine-
Mediated Cell Adhesion and Signal Transduction. Rapid Flow Arrest of CX3CR1-
Expressing Cells Is Independent of G-Protein Activation. J Biol Chem 274:10053-10058. 

Haskell CA, Hancock W W, Salant D J, Gao W, Csizmadia V, Peters W, Faia K, Fituri 
O, Rottman J B and Charo I F (2001) Targeted Deletion of CX(3)CR1 Reveals a Role for 
Fractalkine in Cardiac Allograft Rejection. J Clin Invest 108:679-688. 

Hebert CA, Chuntharapai A, Smith M, Colby T, Kim J and Horuk R (1993) Partial 
Functional Mapping of the Human Interleukin-8 Type A Receptor. Identification of a 
Major Ligand Binding Domain. J Biol Chem 268:18549-18553. 

Hundhausen C, Misztela D, Berkhout T A, Broadway N, Saftig P, Reiss K, Hartmann D, 
Fahrenholz F, Postina R, Matthews V, Kallen K J, Rose-John S and Ludwig A (2003) 
The Disintegrin-Like Metalloproteinase ADAM10 Is Involved in Constitutive Cleavage 
of CX3CL1 (Fractalkine) and Regulates CX3CL1-Mediated Cell-Cell Adhesion. Blood 
102:1186-1195. 

Imai T, Hieshima K, Haskell C, Baba M, Nagira M, Nishimura M, Kakizaki M, Takagi S, 
Nomiyama H, Schall T J and Yoshie O (1997) Identification and Molecular 
Characterization of Fractalkine Receptor CX3CR1, Which Mediates Both Leukocyte 
Migration and Adhesion. Cell 91:521-530. 

This article has not been copyedited and formatted. The final version may differ from this version.
Molecular Pharmacology Fast Forward. Published on November 29, 2005 as DOI: 10.1124/mol.105.015909

 at A
SPE

T
 Journals on M

ay 24, 2023
m

olpharm
.aspetjournals.org

D
ow

nloaded from
 

http://molpharm.aspetjournals.org/


MOL 15909 

 23

Lacroix S, Chang L, Rose-John S and Tuszynski M H (2002) Delivery of Hyper-
Interleukin-6 to the Injured Spinal Cord Increases Neutrophil and Macrophage Infiltration 
and Inhibits Axonal Growth. J Comp Neurol 454:213-228. 

Lavergne E, Combadiere B, Bonduelle O, Iga M, Gao J L, Maho M, Boissonnas A, 
Murphy P M, Debre P and Combadiere C (2003) Fractalkine Mediates Natural Killer-
Dependent Antitumor Responses in Vivo. Cancer Res 63:7468-7474. 

Lesnik P, Haskell C A and Charo I F (2003) Decreased Atherosclerosis in CX3CR1-/- 
Mice Reveals a Role for Fractalkine in Atherogenesis. J Clin Invest 111:333-340. 

McDermott DH, Fong A M, Yang Q, Sechler J M, Cupples L A, Merrell M N, Wilson P 
W, D'Agostino R B, O'Donnell C J, Patel D D and Murphy P M (2003) Chemokine 
Receptor Mutant CX3CR1-M280 Has Impaired Adhesive Function and Correlates With 
Protection From Cardiovascular Disease in Humans. J Clin Invest 111:1241-1250. 

McDermott DH, Halcox J P, Schenke W H, Waclawiw M A, Merrell M N, Epstein N, 
Quyyumi A A and Murphy P M (2001) Association Between Polymorphism in the 
Chemokine Receptor CX3CR1 and Coronary Vascular Endothelial Dysfunction and 
Atherosclerosis. Circ Res 89:401-407. 

Mizoue LS, Bazan J F, Johnson E C and Handel T M (1999) Solution Structure and 
Dynamics of the CX3C Chemokine Domain of Fractalkine and Its Interaction With an N-
Terminal Fragment of CX3CR1. Biochemistry 38:1402-1414. 

Mizoue LS, Sullivan S K, King D S, Kledal T N, Schwartz T W, Bacon K B and Handel 
T M (2001) Molecular Determinants of Receptor Binding and Signaling by the CX3C 
Chemokine Fractalkine. J Biol Chem 276:33906-33914. 

Moatti D, Faure S, Fumeron F, Amara M, Seknadji P, McDermott D H, Debre P, Aumont 
M C, Murphy P M, de P D and Combadiere C (2001) Polymorphism in the Fractalkine 
Receptor CX3CR1 As a Genetic Risk Factor for Coronary Artery Disease. Blood 
97:1925-1928. 

Monteclaro FS and Charo I F (1997) The Amino-Terminal Domain of CCR2 Is Both 
Necessary and Sufficient for High Affinity Binding of Monocyte Chemoattractant Protein 
1. Receptor Activation by a Pseudo-Tethered Ligand. J Biol Chem 272:23186-23190. 

Nishimura M, Umehara H, Nakayama T, Yoneda O, Hieshima K, Kakizaki M, Dohmae 
N, Yoshie O and Imai T (2002) Dual Functions of Fractalkine/CX3C Ligand 1 in 
Trafficking of Perforin+/Granzyme B+ Cytotoxic Effector Lymphocytes That Are 
Defined by CX3CR1 Expression. J Immunol 168:6173-6180. 

Pan Y, Lloyd C, Zhou H, Dolich S, Deeds J, Gonzalo J A, Vath J, Gosselin M, Ma J, 
Dussault B, Woolf E, Alperin G, Culpepper J, Gutierrez-Ramos J C and Gearing D 
(1997) Neurotactin, a Membrane-Anchored Chemokine Upregulated in Brain 
Inflammation. Nature 387:611-617. 

This article has not been copyedited and formatted. The final version may differ from this version.
Molecular Pharmacology Fast Forward. Published on November 29, 2005 as DOI: 10.1124/mol.105.015909

 at A
SPE

T
 Journals on M

ay 24, 2023
m

olpharm
.aspetjournals.org

D
ow

nloaded from
 

http://molpharm.aspetjournals.org/


MOL 15909 

 24

Roux PP and Blenis J (2004) ERK and P38 MAPK-Activated Protein Kinases: a Family 
of Protein Kinases With Diverse Biological Functions. Microbiol Mol Biol Rev 68:320-
344. 

Soriano SG, Amaravadi L S, Wang Y F, Zhou H, Yu G X, Tonra J R, Fairchild-Huntress 
V, Fang Q, Dunmore J H, Huszar D and Pan Y (2002) Mice Deficient in Fractalkine Are 
Less Susceptible to Cerebral Ischemia-Reperfusion Injury. J Neuroimmunol 125:59-65. 

Tangirala RK, Murao K and Quehenberger O (1997) Regulation of Expression of the 
Human Monocyte Chemotactic Protein-1 Receptor (HCCR2) by Cytokines. J Biol Chem 
272:8050-8056. 

Tsou CL, Haskell C A and Charo I F (2001) Tumor Necrosis Factor-Alpha-Converting 
Enzyme Mediates the Inducible Cleavage of Fractalkine. J Biol Chem 276:44622-44626. 

Wells TN, Power C A, Lusti-Narasimhan M, Hoogewerf A J, Cooke R M, Chung C W, 
Peitsch M C and Proudfoot A E (1996) Selectivity and Antagonism of Chemokine 
Receptors. J Leukoc Biol 59:53-60. 

Yoneda O, Imai T, Goda S, Inoue H, Yamauchi A, Okazaki T, Imai H, Yoshie O, Bloom 
E T, Domae N and Umehara H (2000) Fractalkine-Mediated Endothelial Cell Injury by 
NK Cells. J Immunol 164:4055-4062. 
 
 

This article has not been copyedited and formatted. The final version may differ from this version.
Molecular Pharmacology Fast Forward. Published on November 29, 2005 as DOI: 10.1124/mol.105.015909

 at A
SPE

T
 Journals on M

ay 24, 2023
m

olpharm
.aspetjournals.org

D
ow

nloaded from
 

http://molpharm.aspetjournals.org/


MOL 15909 

 25

FOOTNOTES 
 
This work was supported by the National Institutes of Health Grant HL56989 (La Jolla 
Specialized Center of Research in Molecular Medicine and Atherosclerosis). 

This article has not been copyedited and formatted. The final version may differ from this version.
Molecular Pharmacology Fast Forward. Published on November 29, 2005 as DOI: 10.1124/mol.105.015909

 at A
SPE

T
 Journals on M

ay 24, 2023
m

olpharm
.aspetjournals.org

D
ow

nloaded from
 

http://molpharm.aspetjournals.org/


MOL 15909 

 26

FIGURE LEGENDS 
 

Figure 1.  Structural diagram and partial amino acid sequence of CX3CR1.  The solid 

circles represent the amino acid residues and the open circles indicate the residues substituted 

by alanine.  The sequences of the extracellular amino terminus and third extracellular loop 

are shown with the mutated residues underlined.  The numbers specify the positions of the 

various amino acid residues in the protein.  The transmembrane domains are illustrated by the 

cylindrical arrangements of the amino acids. 

 

Figure 2.  Expression of wild type and mutant CX3CR1 in transfected HEK 293T cells.  

A, HEK 293T cells stably transfected with wild type CX3CR1 and various mutants were 

tested for surface expression by flow cytometry.  The surface expression was determined on 

intact cells using anti-human CX3CR1 IgG directed against the second extracellular loop and 

FITC-conjugated secondary antibody (shaded areas).  Non-transfected HEK 293T cells are 

used as a negative control (fine lines).  B, Total expression.  The total expression of wild type 

and mutant CX3CR1 was determined by Western blotting.  C, The specificity of the antibody 

for CX3CR1 was tested by Western blotting using anti-CX3CR1 IgG that was pre-absorbed 

by blocking peptide antigen.  Lane A, control transfected HEK 293T cells blotted with anti-

CX3CR1 IgG; lane B, CX3CR1 transfected HEK 293T cells blotted with anti-CX3CR1 IgG; 

lane C, CX3CR1 transfected HEK 293T cells blotted with anti-CX3CR1 IgG pre-absorbed 

by the peptide immunogen. 

 

Figure 3.  Ligand binding analysis of the wild type and mutant receptors.  A, Fractalkine 

binding to stably transfected HEK 293T cells expressing wild type CX3CR1 ( ) and the 

receptors with mutations in the amino terminus E13A ( ), Y14A ( ), D16A (▼) and D25A 
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(▲).  Non-transfected HEK 293T cells were used as a negative control ( ).  B, Fractalkine 

binding to transfected HEK 293T cells expressing the wild type CX3CR1 ( ) and the 

receptors with mutations in the third extracellular loop E254A (▲) and D266A (▼).  Non-

transfected HEK 293T cells (293T) were used as a negative control ( ).  C, Fractalkine 

binding to transfected HEK 293T cells expressing the wild type CX3CR1 ( ) and the 

receptors with more conservative mutations D25N (▲) and E254Q (▼).  Non-transfected 

HEK 293T cells (293T) were used as a negative control ( ).  Shown is the specific 125I-

fractalkine binding after subtraction from the total binding the nonspecific 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. 

 

Figure 4.  Effect of the mutations on the chemotactic activity.  The chemotactic activities 

of HEK 293T cells stably transfected with wild type CX3CR1 (dashed lines) and mutant 

CX3CR1 (solid lines) were examined in transwell assays at the indicated fractalkine 

concentrations.  Nonspecific migration was determined with non-transfected HEK 293T cells 

(293T).  The tracing of the chemotactic response mediated by the wild type receptor is 

included in each panel for better comparison.  A, Mutants with alanine substitution. B, 

Mutants with the corresponding amide substitution.  The data shown are the mean ± S.D. of 

three independent experiments.  The significance of the differences between wild type and 

mutant CX3CR1 was calculated for each concentration point using the unpaired Student’s t 

test.  **, p<0.01; *, p<0.05; #, p<0.1. 
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Figure 5.  Time course of MAPK 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 of time periods.  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).  Representative Western blots from three 

experiments are shown. 

 

Figure 6.  CX3CR1-mediated chemotaxis involves 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 µM PD98059, a specific inhibitor of the direct upstream kinase of ERK1/2.  The 

chemotactic activity of the untreated cells ( ) and PD98059-treated cells (▲) was determined 

as described in Materials and Methods.  The chemotactic response is expressed as the percent 

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 significance of the 

differences between the untreated and PD98059-treated cells was calculated for each 

fractalkine concentration using the unpaired Student’s t test.  **, p<0.01; *, p<0.05; #, p<0.1. 

 

Figure 7.  Effect of CX3CR1 mutations on ERK1/2 phosphorylation.  Stably transfected 

HEK 293T cells expressing the various mutants were stimulated for 5 min with 1 nM 

fractalkine (FKN).  Controls without fractalkine 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. 
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Table 1. Sequence of primers used in site-directed mutagenesis. 
 
 

 
Mutant Sense primers* Antisense primers* 

CX3CR1 AACAAGCTTTTCACCATGGACCAGTTCC ATTGGATCCTCAGAGAAGTAGCAATGC 

D2A CTTAAGCTTTTCACCATGGCCCAGTTCCCTGAATCAGTG CACTGATTCAGGGAACTGGGCCATGGTGAAAAGCTTAAG 

E6A ACCATGGACCAGTTCCCTGCATCAGTGACAGAAAACTTTG AAAGTTTTCTGTCACTGATGCAGGGAACTGGTCCATGGTG 

E10A TCCCTGAATCAGTGACAGCAAACTTTGAGTACGATGATTTGG ATCATCGTACTCAAAGTTTGCTGTCACTGATTCAGGGAAC 

E13A TCAGTGACAGAAAACTTTGCGTACGATGATTTGGCTGAGG TCAGCCAAATCATCGTACGCAAAGTTTTCTGTCACTGATTC 

E13Q TCAGTGACAGAAAACTTTCAGTACGATGATTTGGCTGAGG TCAGCCAAATCATCGTACTGAAAGTTTTCTGTCACTGATTC 

Y14A AGTGACAGAAAACTTTGAGGCCGATGATTTGGCTGAGGCC GCCTCAGCCAAATCATCGGCCTCAAAGTTTTCTGTCACTG 

D15A ACAGAAAACTTTGAGTACGCTGATTTGGCTGAGGCCTGTT ACAGGCCTCAGCCAAATCAGCGTACTCAAAGTTTTCTGTC 

D16A AAAACTTTGAGTACGATGCTTTGGCTGAGGCCTGTTATATTGG TAACAGGCCTCAGCCAAAGCATCGTACTCAAAGTTTTCTG 

D16N AAAACTTTGAGTACGATAATTTGGCTGAGGCCTGTTATATTGG TAACAGGCCTCAGCCAAATTATCGTACTCAAAGTTTTCTG 

E19A AGTACGATGATTTGGCTGCGGCCTGTTATATTGGGGAC TCCCCAATATAACAGGCCGCAGCCAAATCATCGTACTC 

D25A GCCTGTTATATTGGGGCCATCGTGGTCTTTGGGACTG TCCCAAAGACCACGATGGCCCCAATATAACAGGCCTC 

D25N GCCTGTTATATTGGGAACATCGTGGTCTTTGGGACTG TCCCAAAGACCACGATGTTCCCAATATAACAGGCCTC 

E254A GTTATGATTTTCCTGGCGACGCTTAAGCTCTATGACTTC ATAGAGCTTAAGCGTCGCCAGGAAAATCATAACGTTGTAGG 

E254Q GTTATGATTTTCCTGCAGACGCTTAAGCTCTATGACTTC ATAGAGCTTAAGCGTCTGCAGGAAAATCATAACGTTGTAGG 

D260A ACGCTTAAGCTCTATGCCTTCTTTCCCAGTTGTGACATG ACAACTGGGAAAGAAGGCATAGAGCTTAAGCGTCTCCAGG 

D266A TTCTTTCCCAGTTGTGCCATGAGGAAGGATCTGAGGATG CAGATCCTTCCTCATGGCACAACTGGGAAAGAAGTCATAG 

D266Q TTCTTTCCCAGTTGTAACATGAGGAAGGATCTGAGGATG CAGATCCTTCCTCATGTTACAACTGGGAAAGAAGTCATAG 

D270A TGTGACATGAGGAAGGCTCTGAGGCTGGCCCTCAGTGTG GAGGGCCAGCCTCAGAGCCTTCCTCATGTCACAACTGGG 

 
* The mutated codons are underlined. 
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Table 2. Expression and functional responses of wild and mutant receptors in 
 transfected HEK 293T cells 
 

Mutant Binding affinity* 
Kd (nM) 

Expression** 
(% of wild type) 

Chemotaxis┼ 
(% of wild type) 

ERK 
activation

CX3CR1 1.9±0.5 100.0±15.2 100±35 + 

D2A 1.5±0.0  99.5±7.6 139±23 + 

E6A 2.3±0.5  107.3±0.7 95±51 + 

E10A 1.7±0.3 104.7±11.3 97±45 + 

E13A 2.0±0.5 101.6±12.9 31±33 – 

E13Q 1.6±0.3 98.8±8.6 24±18 – 

Y14A 11.2±2.9 103.4±13.1 21±24 – 

D15A 2.0±0.4 97.4±9.3 117±18 + 

D16A 2.1±0.4 99.2±9.5 11±29 – 

D16N 1.6±0.3 94.5±10.2 33±17 – 

E19A¶ 2.0±0.4 ND ND ND 

D25A NB 96.9±6.2 8±8 – 

D25N 15.9±0.2 97.3±11.3 25±11  

E254A NB 90.5±12.6 5±8 – 

E254Q 23.7±0.3 91.8±14.4 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±0.3 103.4±7.4 36±8 – 

D270A¶ 1.9±0.6 ND ND ND 

 
*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.  NB=no binding.  Selected isotherms are shown in Figure 3. 

**The surface expression was determined by flow cytometry on three individual clones. The 
representative data are shown in Figure 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.  ND=not determined. 

¶The binding data for E19A and D270A were obtained with transiently transfected cells. 
┼Chemotactic activities shown are the migratory rates to 1 nM fractalkine and were 
calculated from Figure 4.  All activities were normalized to that induced by the wild type 
receptor (100%). 
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