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Abstract
Chemokine receptors are a specific class of G protein-coupled receptors (GPCRs) that control cell
migration associated with routine immune surveillance, inflammation and development. In addition
to their roles in normal physiology, these receptors and their ligands are involved in a large number
of inflammatory diseases, cancer and AIDS, making them prime therapeutic targets in the
pharmaceutical industry. Like other GPCRs, a significant obstacle in determining structures and
characterizing mechanisms of activation has been the difficulty in obtaining high levels of pure,
functional receptor. Here we describe a systematic effort to express the chemokine receptor CCR1
in mammalian cells, and to purify and reconstitute it in functional form. The highest expression levels
were obtained using an inducible HEK293 system. The receptor was purified using a combination
of N- (StrepII or Hemagglutinin) and C-terminal (His8) affinity tags. Function was assessed by ligand
binding using a novel fluorescence polarization assay with fluorescein-labeled chemokine. A strict
dependence of function on the detergent composition was observed, as solubilization of CCR1 in n-
dodecyl-β-D-maltopyranoside/cholesteryl hemisuccinate yielded functional receptor with a Kd of 21
nM for the chemokine CCL14, whereas it was non-functional in phosphocholine detergents.
Differences in function were observed despite the fact that both these detergent types maintained the
receptor in a state characterized by monomers and small oligomers, but not large aggregates. While
optimization is still warranted, yields of ~ 0.1–0.2mgs of pure functional receptor per 109 cells will
permit biophysical studies of this medically important receptor.

INTRODUCTION
GPCRs are seven-transmembrane helical receptors that form the largest family of cell-surface
signal transduction receptors. Following ligand binding at their extracellular surface, GPCRs
elicit diverse physiological responses, mediated in large part by receptor-associated
heterotrimeric G-proteins at the intracellular surface [1]. It has recently become apparent that
many GPCRs exist as homo- or heterodimers in vivo, and that this also plays a role in their
function and downstream signaling pathways [2]. The importance of GPCRs in health and
disease is highlighted by the fact that drugs that target GPCRs constitute ~30% of all known-
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marketed medicines [3,4]. However, GPCRs are notoriously difficult to express and purify in
sufficient quantities for structural and biochemical studies [5]. The reasons for these difficulties
are well reported, and include low levels of expression, cellular toxicity, post-translational
modifications that may not be faithfully reproduced in heterologous expression systems (but
may be necessary for function), and difficulties with mimicking the native membrane
environment upon reconstitution [6]. As a consequence, only a few high-resolution structures
have been published to date, despite the fact that there are ~850 GPCRs in the human genome
alone [7–13].

Chemokine receptors represent a subfamily of ~20 GPCRs that were originally identified by
their roles in immune cell trafficking. They function by binding to chemokines (chemotactic
cytokines) and activating signaling pathways that are linked to cell migration in many
processes, including lymphocyte development, cardiogenesis, development in the CNS, and
angiogenesis [Rev. in [14]]. Due to their multiple functions, it is not surprising that chemokines
and their receptors are also associated with many diseases characterized by inappropriate cell
migration and activation, ranging from auto-immune disorders (e.g. multiple sclerosis,
rheumatoid arthritis, psoriasis) to pulmonary diseases (e.g. asthma), atherosclerosis and cancer.
CCR1, the focus of this study (Figure 1) has been the target of a number of small-molecule
drug development programs to treat auto-inflammatory disorders [Rev. in [15]], and therefore
learning more about the structure and biochemistry of CCR1 is both scientifically and
medically important. However, no high-level expression systems of CCR1 have been published
and no chemokine receptor structures have been solved to date.

Here we describe a systematic study to obtain milligram quantities of CCR1 for biochemical
and biophysical studies. Mammalian expression systems represent the best chance to facilitate
correct folding of GPCRs and also faithfully reproduce post-translational modifications, and
are therefore desirable for both cell-based assays and solubilization studies. In this study, four
mammalian (HEK293) systems were tested for the expression of CCR1. Three of these systems
(FlpIn, T-REx and FlpIn/T-REx) were commercially available from Invitrogen, whilst the
fourth (inducible HEK293) was based upon published reports of high-level expression of two
other GPCRs (rhodopsin and β2-adrenergic receptor) [16,17]. The Invitrogen systems contain
either (i) the Flp recombinase (FlpIn), whereby the gene of interest is specifically integrated
into the genome at a single site behind an active promoter, (ii) tetracycline regulation (T-REx),
whereby protein expression is induced by the addition of tetracycline, or (iii) a combination of
the two (FlpIn/T-REx). FlpIn/CHO cells have been previously shown to be amenable to high-
level expression of the chemokine receptors CCR2 and CCR3 [18].

The HEK293 system features three main advantages over common mammalian expression
systems. Firstly, like the Invitrogen T-REx system, protein expression can be regulated by the
presence of tetracycline. This means that cells can be grown to near-confluence before
induction, which can be advantageous for the expression of toxic proteins. Secondly, a
glycosylation deficient cell line is available, which lacks N-acetylglucosaminyltransferase I
(GNTI) activity. GNTI− cells are unable to synthesize complex glycans, thereby making it
possible to produce more uniformly glycosylated proteins for crystallographic studies [19].
Finally, although this property was not fully utilized in this study, this HEK293 cell line can
also be grown in suspension, making it considerably easier and cheaper to scale-up expression
to larger volumes. CCR1 was successfully expressed in HEK293 cells, purified and
functionally reconstituted into a mixed artificial lipid/detergent system. High affinity binding
of CCR1 to CCL14 was inhibited in a dose-dependent manner by the small-molecule specific
CCR1 antagonist BX-471 [20].
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MATERIALS AND METHODS
Materials

Flp-In, Flp-In/T-REx and T-REx HEK293 cells, their corresponding vectors (pcDNA5/FRT,
pcDNA5/FRT/TO and pcDNA4/TO respectively) and the helper vector pOG44 were
purchased from Invitrogen (Carlsbad, CA). HEK293 cells containing pcDNA6/TR and the
pACMV-TetO vector were generous gifts from H.G. Khorana (MIT, Cambridge, MA). 125I-
CCL3 was obtained from Perkin Elmer (Waltham, MA) and wild-type CCL3 from R&D
Systems (Minneapolis, MN). Codon-optimized CCR1 and CCR5 were purchased from
GenScript (Piscataway, NJ) and detergents obtained from Anatrace (Maumee, OH). Unless
stated otherwise, all tissue culture reagents were from Invitrogen.

Cloning of expression plasmids
Nucleotides encoding HA (Hemagglutinin), His8 and/or StrepII (IBA, Germany) tags were
cloned onto the N- and/or C-termini of human CCR1, CCR2, CCR3 and CCR5 constructs (see
Supplementary Figure S1 for DNA sequences). The resulting protein sequences were as
follows: StrepII-CCRx-His8 (MASWSHPQFEKGA-CCRx-HHHHHHHH), HA-CCRx-His8
(MYPYDVPDYAGPG-CCRx-HHHHHHHH) and CCRx-StrepII (CCRx-PSAWSHPQFEK),
where x corresponds to the identity of the receptor. Receptor constructs were cloned into the
appropriate mammalian vectors containing an extended Kozak sequence
(GCCGCCGCCACCATG) (initiator Met underlined).

Transfections and generation of stable cell lines
Prior to transfection, HEK293 cell lines were grown at 37°C, 5% CO2 in Dulbecco’s Modified
Eagle Medium (DMEM)+Glutamax, supplemented with 10% tetracycline-screened fetal
bovine serum (FBS) (Hyclone, Logan, UT) and the appropriate drugs (5μg/mL Blasticidin for
HEK239s and T-REx 293 cells, 5μg/mL Blasticidin + 100μg/mL Zeocin for Flp-In/T-REx 293
cells and 100μg/mL Zeocin for Flp-In 293 cells). Vectors were transfected into all systems
using Fugene 6 (Roche, Indianapolis, IN) according to manufacturer instructions and pOG44
was co-transfected at ratios ranging from 2:1 to 1:2 pOG44:pcDNA5 (w/w) in the Flp-In
systems. After recovery, transformed cells were selected by their ability to grow in the presence
of 100μg/mL Hygromycin B (Flp-In), 5μg/mL Blasticidin + 100μg/mL Hygromycin B (Flp-
In-T-REx), 5μg/mL Blasticidin + 200μg/mL Zeocin (T-Rex) or 5μg/mL Blasticidin + 700μg/
mL Geneticin (HEK293). Stable cell lines were obtained in 2–4 weeks. A combination of FACS
sorting (FACS Aria, BD Biosciences) and single colony selection by limiting dilution were
used to select for the highest expressing cells.

Expression tests
HEK293 cells were grown to ~70–80% confluency and induced with 1–2μg/mL doxycycline
and 10mM sodium butyrate (Sigma) for 24 hrs. Cells were harvested by incubation with PBS
containing 0.5mM EDTA and washed with PBS/0.5% bovine serum albumin (BSA). For cell-
surface expression tests, non-specific binding was blocked by incubating the cells with IgG
(Sigma) for 15 mins at 4°C before addition of anti-CCRx-PE antibody (R&D Systems) for 45
mins. Cells were washed and analyzed by flow cytometry (FACS Scan, BD Biosciences), using
FlowJo software or in a plate reader format using a SpectraMax M5 plate reader (MDS
Analytical Technologies). In all cases un-transfected or un-induced cells were used as controls.
For fluorescence microscopy assays, cells were harvested and spun down using a cytofuge
(Statspin, Westwood, MA), fixed using formaldehyde and antibodies added as above. For
large-scale expression tests, HEK293 cells were induced as above in cellSTACK chambers
(Corning, NY), or in spinner flasks, as described previously [17]. Cells were harvested, washed
and flash frozen in the presence of protease inhibitors (Roche). To determine the rates of CCR1
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degradation, CCR1 expression was induced as above. After 24 hours the induction media was
replaced with DMEM/5% BSA in the presence or absence of 100μg/mL cycloheximide for
various times. Upon harvesting, cells were lysed in the following buffer: 20mM Tris, pH 8.0,
150mM NaCl, 2mM EDTA, 1% IGEPAL and protease inhibitors (Roche). Samples were run
on SDS-PAGE gels and visualized using western blotting with an anti-CCR1 antibody (ABR,
Golden, CO).

Radioligand binding and calcium mobilization assays
Binding assays were performed using SPA (scintillation proximity assay) technology (GE
Healthcare, Piscataway, NJ) as previously described [21]. Briefly, 2×104 cells per well were
harvested, rinsed with PBS and re-suspended in buffer containing 0.2mg of WGA-PVT-SPA
beads, 0.05nM 125I-CCL3 and increasing concentrations of unlabeled competitor. Each data
point was assayed in quadruplicate using a Microbeta (Perkin Elmer) and data are presented
as a percentage of counts obtained in the absence of competing ligand. Calcium flux assays
were performed using a FLIPR Calcium 4 assay kit (Molecular Devices), using 1.3×105 cells
per well in a 96-well assay format. Chemokine-dependent increases in cytosolic Ca2+ were
measured using a FlexStation 3 microplate reader (Molecular Devices).

Expression and purification of chemokines
CCL7 and CCL14 (full length (1–74) and active (9–74) variants) were expressed using a
ubiquitin (ub) fusion system as previously described [22]. His6-ub-chemokine constructs were
purified using a combination of Ni-affinity and reverse phase C18 HPLC chromatography
(Crown et al, in preparation). Labeled variants were obtained by the addition of a C-terminal
cysteine using Quikchange (Stratagene, LA Jolla, CA), followed by purification and
derivatization using Alexa Fluor 488/647-maleimide or fluorescein-5-maleimide (Invitrogen)
(Allen and Handel, in preparation). Masses and purities were confirmed using electrospray
mass spectrometry.

Purification of CCR1
Cells expressing CCR1 were resuspended in buffer A (50mM Tris, pH7.4, 0.5M NaCl, 10%
(v/v) glycerol) and disrupted using an Emulsiflex (Avestin, Ottawa, Canada) (2 runs, 1000psi).
Cell debris was removed by centrifugation (5000g, 5mins, 4°C). Membranes were pelleted by
ultracentrifugation (125,000g, 1hr, 4°C), resuspended in buffer A containing one of the
following detergents or detergent/lipid combinations: 2% n-octyl-β-D-glucopyranoside (OG),
0.2% n-decyl-β-D-glucopyranoside (DG), 2% 5-cyclohexyl-1-pentyl-β-D-maltoside
(Cymal-5), 1% 7-cyclohexyl-1-heptyl-β-D-maltoside (Cymal-7), 1% n-
dodecylphosphocholine (FC-12), 1% n-tetradecylphosphocholine (FC-14), 1% n-
hexadecylphosphocholine (FC-16), 2% 5-cyclohexyl-1-2-pentylphosphocholine
(Cyclofos-5), 2% n-decyl-β-D-maltopyranoside (DM), 1% n-dodecyl-β-D-maltopyranoside
(DDM), 1% n-tetradecyl-β-D-maltopyranoside (TDM), 1% DDM + 0.2% cholesteryl
hemisuccinate (CHS), 1% DDM + 0.02% CHS or 2% OG + 0.02% CHS. After detergent/lipid
addition, membranes were gently homogenized using a Dounce homogenizer and incubated
on a shaking platform for 2 hrs at 4°C. After a second ultracentrifugation step, the supernatant
containing solubilized CCR1 was loaded onto a Ni-Sepharose column (GE Healthcare),
washed and eluted using 250mM imidazole. Fractions were pooled and flash frozen in liquid
N2 before being placed at −80°C. For further purification, samples were diluted to decrease
the concentration of NaCl, and mixed in batch with either Streptavidin (IBA) or anti-HA
(Roche) affinity resins. In both cases the buffer used (buffer B) was as follows: 50mM Tris,
pH7.4, 0.1–0.15M NaCl, 10% glycerol, 1mM EDTA + detergents. Columns were poured and
washed with >5 column volumes (cv) of buffer B before eluting CCR1. Due to relatively weak
affinity between CCR1 and Streptavidin resin, the solution was incubated at 4°C for 30 mins
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before pouring the column. StrepII tagged CCR1 was eluted by the addition of 4cv of buffer
B containing 2.5mM desthiobiotin. HA-tagged CCR1 was eluted by 3 consecutive rounds of
incubation with 2cv of buffer B containing 0.5M NaCl and 2mg/mL HA peptide (GenScript)
at 25°C/37°C for 15 minutes before elution. The elevated temperature was necessary to elute
all CCR1 from the column. In both cases, samples were pooled and flash frozen. For gel
filtration, samples were concentrated to 100uL and loaded onto a Superdex 200 gel filtration
column with a 24mL bed volume (GE Healthcare). All procedures except for those stated were
undertaken at 4°C and protease inhibitor tablets (Roche) were used throughout.

Coomassie and western blotting
Protein samples containing CCR1 were mixed with gel loading buffer and separated on 12%
Tris Glycine gels according to standard protocols. Following electrophoresis, gels were either
stained using Coomassie Blue, or transferred to nitrocellulose membranes for
immunodetection. Antibodies used were as follows: anti-StrepII (IBA), anti-His (R&D
Systems), anti-HA (Roche), anti-CCR1 (ABR, Golden, CO), anti-mouse IgG-HRP (Promega,
Madison, WI), anti rat IgG-HRP (Chemicon, Billerica, MA) and anti-goat IgG-HRP
(Calbiochem, Gibbstown, NJ). Blots were developed using a chemiluminescence detection kit
(GE Healthcare) and His and StrepII tag protein ladders were used to aid in molecular weight
determination. CCR1 samples were quantified by comparing to BSA standards on Coomassie
gels using ImageQuant (GE Healthcare).

Fluorescence anisotropy assays
5–10nM CCL7/CCL14-fluorescein was incubated with increasing concentrations of CCR1 at
25°C for 10 minutes, before measuring fluorescence anisotropy (FA) using a SpectraMax M5
plate reader. Final buffer conditions were as follows: 10mM Tris, pH7.4, 0.1M NaCl, 2% (v/
v) glycerol + detergents. For competition assays, 0.17μM CCR1 was incubated with CCL14-
fluorescein in the presence of increasing concentrations of the CCR1 inhibitor BX-471 [23].
Experiments were undertaken in quadruplicate and data was normalized to FA in the absence
of CCR1. KD values were determined using Origin 7 (Microcal, Northampton, MA). To
demonstrate stability of CCR1 over time, 0.3μM samples were incubated for various times at
4°C, 25°C or 37°C before diluting 5-fold and measuring FA as above. Control samples
containing no CCR1 were also included and values were plotted as a percentage of initial
anisotropy.

RESULTS
Expression of chemokine receptors in different cell lines

Four different HEK293 mammalian expression systems were studied to identify the best
expressing system for CCR1 (Figure 2a). Overall, the presence of N-terminal and/or C-terminal
affinity tags designed to aid purification had little effect upon the surface expression levels of
CCR1, but the actual levels varied depending upon the vector/cell line used. Of the systems
tested, the inducible pACMV-TetO/HEK293 vector/cell system developed by Khorana et al
for the high level expression of rhodopsin showed the highest levels of CCR1 cell surface
expression [17]. The average level of expression observed in unsorted HEK293 cell
populations following transfection was about 2-fold higher than the other HEK293 cell lines,
and >5-fold higher than that of the highest expressing insect cell/vector combination tested.
HEK293 cells also expressed a number of other chemokine receptors (Figure 2b), indicating
general applicability, and in all cases, expression results were consistent regardless of whether
a fluorescence plate reader assay or flow cytometry was used (Figure 2b versus Figure S2). In
addition to higher expression levels, HEK293 cells had some over advantages over the other
systems used, including faster growth rates, higher viability than the other cells tested, the
ability to sort for the highest expressing cells, (which was not possible for Flp-In variants, as
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all transfected Flp-In cells should be identical), and the ability to grow the cells in suspension.
For these reasons the HEK293 system was used for all further experiments.

Cell surface expression levels of CCR1 and CCR5 variants synthesized using optimal codons
for mammalian cells were similar to those observed for the wild-type (non-codon optimized)
versions (Figure S3a). This observation remained the same regardless of whether pools of cells,
or sorted cells containing only the highest expressing populations were tested (results not
shown), indicating that with the present receptor constructs, codon optimization does not make
a major difference to expression levels in this system, whether the expression levels are low
or high.

Localization and functional analyses of CCR1 at the cell surface
Cell surface expression was confirmed using immunofluorescence staining, which indicated
that CCR1 is located both on the cell surface as well as intracellularly, co-localizing with cis
and trans Golgi proteins (Figure 3). However, a significant fraction of the protein was present
at the cell surface, in stark contrast to the non-signaling chemokine receptor D6, which is
constitutively recycled and is almost all intracellular in HEK293 cells [24,25].

Radiolabeled competition and calcium mobilization assays were undertaken to determine the
effects of over-expression and the presence of affinity tags at the N- and/or C-termini upon the
activity of CCR1. All constructs tested were as functional as wild-type CCR1 (IC50 for
displacement of 125I-CCL3 by CCL3 =0.9nM and EC50 values for calcium mobilization by
CCL14 and CCL7 were 2nM and 8nM respectively) (Figure 4). These values are comparable
to those previously published [26–28], and indicate that both chemokine binding on the
extracellular surface and G-protein coupling on the intracellular surface are not hindered by
over-expression, or by the presence of affinity tags. In addition, chemokine variants with C-
terminal Alexa-Fluor 647 moieties behaved identically to wild type variants, with respect to
their ability to bind to CCR1 and induce a transient calcium flux. Consistent with previous
studies [26], N-terminal truncation of residues 1–8 from CCL14 is necessary for high affinity
binding and signaling of CCR1 through this chemokine ligand (Figure 4b), as the EC50 for
calcium flux by full length CCL14 was >1μM.

Solubilization and purification of CCR1
Biophysical studies of chemokine receptors require the protein to be solubilized into artificial
detergent/lipid systems, such as micelles, bicelles, vesicles or nanodiscs. However, this is a
challenging problem and few studies to date have shown successful reconstitution of
chemokine receptors in non-native systems. Due to their relative simplicity and successful use
in the solubilization and purification of other native GPCRs, this study focused upon micelles.
Micelles are also generally required for initial solubilization of membrane proteins before
insertion into bicelles, vesicles or lipid cubic phases [29,30]. Twelve different detergent/lipid
combinations were tested side-by-side in order to identify the best micellar system for
reconstitution of CCR1 (see Table 1 for summary of results). Of those tested, nine were able
to solubilize CCR1 to varying extents, as assayed by Coomassie staining and western blotting
of SDS-PAGE gels of partially purified protein (Figure 5a and b and Table 1, column 3). Not
surprisingly, the detergents also varied in their ability to solubilize other contaminating proteins
(Figure 5a). Further purification using an HA column or StrepII column of CCR1 constructs
in DDM/cholesteryl hemisuccinate (CHS) micelles (lane 8 in Figure 5a/b) yielded pure protein
on Coomassie-stained gels (Figure 5c). The yield of the N-terminally HA tagged variant was
greater than that of the StrepII tagged variant, mainly because of tighter binding of the HA-
tagged variant to the column. In the case of the StrepII tagged variant, ~40% of the protein was
lost in the flow-through of the column, whilst only ~10% was lost for the HA-tagged variant.
The average yield of purified CCR1 was 0.1–0.2mg per 109 cells, which equates to 1.4–
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2.8×106 purified receptors/cell. CCR1 contains a number of putative N-linked and O-linked
glycosylation sites (Figure 1), but preliminary studies indicate that it is not glycosylated in this
system (Hamel and Handel, unpublished observations). None of the three alkyl glucoside
detergents tested, including octyl glucoside, were able to solubilize CCR1 (lane 1, Figure 5a/
b). This is despite the fact that these detergents have been successfully used in the reconstitution
of other G-protein coupled receptors, including rhodopsin [31]. In all three cases, western blots
after incubation and ultracentrifugation in the presence of these detergents showed the presence
of CCR1 in the pellet, confirming that the protein was not degraded, but was insoluble (data
not shown).

While it is becoming more apparent that oligomerization of many GPCRs, including
chemokine receptors, is important in vivo [32], aggregation upon solubilization makes
biophysical studies much more complex to analyze in vitro. As the oligomeric state of CCR1
in these micelle systems is unknown and cannot be determined easily using SDS-PAGE gels,
CCR1 purified in nine different micelle systems was subjected to size exclusion
chromatography. The chromatography traces from a representative set of five of these
detergents are shown in Figure 6a and the western blot in Figure 6b illustrates that despite the
large differences in apparent molecular weights in the size exclusion chromatograms, all of the
peaks contain CCR1.

Although the apparent molecular weight of monomeric CCR1 varied depending upon the
micelle composition, it is clear that the oligomeric state of CCR1, and its tendency to aggregate,
is highly dependent upon the detergents/lipids present in the environment (Table 1, column 4).
For example, Cymal-5-solubilized CCR1 contained very little monomer and was
predominantly oligomeric, with some very high molecular weight species (>700kDa)
(presumably aggregates). In contrast, CCR1 solubilized in phosphocholine or DDM micelles
contained a much larger proportion of monomeric CCR1, along with lower molecular weight
oligomers, such as dimers and tetramers. For this reason, these detergents were used for further
studies of CCR1 in solution.

High-affinity binding of chemokine ligands to CCR1 solubilized in detergent/lipid micelles
Binding affinities between CCR1 and its chemokine ligands were determined in solution using
a fluorescence anisotropy assay. CCR1 solubilized in DDM/CHS or DDM/CHS/CHAPS
bound CCL14 with high affinity (KD = 21nM and 35nM for DDM/CHS and DDM/CHS/
CHAPS respectively) (Figure 7a and Table 1, column 5). This high-affinity binding was
chemokine-specific, as no binding between CCL7 and CCR1 could be observed, even at CCR1
concentrations of >1μM. Similarly, the high affinity binding was detergent-specific, as little
binding between CCL14 and CCR1 solubilized in phosphocholine (FC-12, FC-14 or FC-16)
micelles was detected. Specificity between CCR1 and CCL14 was demonstrated by pre-
incubation of a fixed concentration of CCR1 with increasing concentrations of the CCR1-
specific small-molecule antagonist BX-471 prior to the addition of CCL14. In this case,
BX-471 inhibited CCL14 binding to CCR1 in a dose-dependent manner, with an IC50 of 68nM
(Figure 7b). The inability of BX-471 to fully compete off CCL14 indicates a low level of non-
specific binding. Comparisons between binding curves using protein from CCR1-positive and
CCR1-negative HEK293 cells indicated that at CCR1 concentrations where full binding was
observed for CCR1-positive samples, only 11% of the total signal was due to non-specific
effects (Figure S4).

Stability studies of CCR1 in solution
In order to study the stability of CCR1 over time in DDM/CHS/CHAPS micelles, samples
were incubated for increasing amounts of time before measuring binding of CCL14 (Figure
8). CCR1 incubated at 37°C began to lose binding activity shortly after incubation. However,
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samples placed at 22°C retained full activity at 10 hours and CCR1 incubated at 4°C retained
full binding, even after 72 hours of incubation.

DISCUSSION
Chemokine receptors are associated with many diseases and as such represent attractive
therapeutic targets. However, structural and functional studies have been hampered by many
difficulties associated with expression and purification [6]. In order to address this problem,
we used a systematic approach to identify cell systems capable of high-level expression of
functional CCR1. We focused on HEK mammalian cells, due to their ability to faithfully
reproduce post-translational modifications that may be necessary for correct function,
expression, folding and stability of chemokine receptors in vivo. Also, HEK cells are desirable
for cell-based studies, and avoid potential problems associated with differences in lipid
membrane composition and/or G-proteins between different species. Using this approach, we
identified the HEK293 cell expression system developed by Khorana et al [17] for high-level
expression of rhodopsin, as an attractive system for the expression of CCR1. Interestingly,
glycosylation is often reported to be necessary for stability, intracellular trafficking, expression
at the cell surface and folding of GPCRs [33]. Preliminary studies indicate that CCR1 is not
glycosylated in this system, yet this did not seem to hinder the ability of CCR1 to reach the
cell surface or bind to chemokine ligands with high affinity.

This study highlights the importance of the lipid/detergent environment in the function,
stability and oligomeric state of CCR1, and of membrane proteins in general. Of the micelle
systems tested in this study, all but three were able to solubilize CCR1, yet despite this, CCR1
solubilized in these micelles behaved very differently with respect to both oligomeric state and
the ability to bind CCL14 with high affinity. Interestingly, though FC-12 was not able to
solubilize CCR1 in a functional form, previous studies have indicated that FC-12 solubilized-
CCR5 binds the ligand CCL5, although with low (~1μM) affinity [34]. The differences
observed between studies may well be due to the nature of the chemokine receptor and its
individual requirements for function.

Of all of the micelle systems tested, DDM/CHS micelles provided the best environment for
the function and stability of CCR1. This mixed micelle system has also been used to
successfully reconstitute other GPCRs, including the non-signaling receptor D6 and β2-
adrenergic receptor (β2-AR) [24,35]. In the case of β2-AR the presence of CHS increased the
ligand binding affinity and stability. Although these properties of CHS were not directly tested
for CCR1, CHS helped to increase yields of soluble protein and maintain CCR1 in a non-
aggregating state. The effect of CHAPS upon the binding affinity between CCR1 and CCL14
was also investigated in this study, as CHS/CHAPS played an important role in maintaining
the functional state of the human adenosine A2a receptor solubilized in DDM micelles [36].
However, CHAPS made little difference to the ability of CCR1 in DDM/CHS micelles to bind
CCL14.

Clearly much work needs to be done to thoroughly understand and identify the optimal
membrane environment for CCR1, as many alternatives exist. Micelles, though useful because
of their ease of use and amenability for spectroscopic studies, are not the best mimics of the
membrane environment and alternatives such as bicelles, lipid vesicles and nanodiscs that are
likely to maintain the receptor in a more-native like state are desirable. Though the success of
these systems is also likely to be affected by the identity of the receptor under study, we hope
to test them as alternate reconstitution systems for CCR1 and other chemokine receptors in the
near future.
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Previous studies have indicated that low expression levels of chemokine receptors may be at
least in part, due to the presence of rare codons [37]. However, codon-optimization of CCR1
or CCR5 in the inducible HEK293 system had little effect on the expression of either receptor.
This indicates that surface receptor levels in this system are likely to be limited by the ability
of the receptors to travel to the cell surface and/or rates of degradation, and not by the presence
of rare codons. Studies are underway to examine this further.

One of the most interesting findings of these studies is the stark contrast between the ability
of solubilized CCR1 to bind CCL14(9-74) with nanomolar affinity, and little/no binding to
CCL7 at concentrations above 1μM. The reason for this is not currently known, but could be
due to a >40-fold difference in binding affinity between these ligands in vivo (Ki for inhibition
of CCL5 binding to CCR1 by CCL14(9-74) =23pM, Kd for CCL7 binding to CCR1 ~1nM )
[26,28]. It is possible chemokine receptor/ligand pairs that exhibit very high affinity in vivo
(such as CCR1/CCL14) are less susceptible to the lipid/detergent environment, and so exhibit
higher affinity binding in vitro, than those with weaker in vivo interactions. Environmental
effects upon binding affinities are likely to include non-optimal detergent packing, incorrect
hydrophobic thickness, and the absence of the correct lateral membrane pressure (micelles are
more dynamic and less rigid than membranes), thereby leading to slight changes in helix
packing, and consequentially binding. Many chemokine/receptor interactions are characterized
by a high proportion of basic binding epitopes on the ligand side that presumably interact with
acidic residues on the receptors, and it may be that modulations in the electrostatic environment
caused by detergent adversely affects the affinity of specific chemokine receptor/ligand pairs.
G-protein coupling is also necessary for high affinity interactions between CCR1 and CCL3
in insect cells [38], and therefore the loss of G-proteins during purification is also likely to
affect binding affinities between CCR1 and its ligands. In this case, CCR1/CCL14 nanomolar
binding may be retained whilst CCR1/CCL7 binding is lost if the CCR1/CCL14 interaction is
less dependent upon the presence of G-proteins than the CCR1/CCL7 interaction. However,
in the case of CCR1/CCL7, it is also possible that DDM and/or CHS directly bind to an
important part of the CCR1/CCL7 interface that is not necessary for high affinity CCR1/CCL14
binding, thereby specifically reducing binding affinity for CCL7.

The absence of G-proteins, along with differences between properties of micelles and the native
membrane are likely to be major reasons why CCR1/CCL14 binding in DDM/CHS micelles
in vitro is 20nM compared with 23pM reported for in vivo binding. However, despite the
decreased affinity between CCR1/CCL14 in vitro, observations that CCR1-negative cells show
little non-specific binding and that BX-471 is able to displace CCL14 with an IC50 of 68nM
(the reported IC50 for displacement of CCL3 by BX-471 is 10nM [21]) confirm that the binding
between CCL14 and CCR1 in this system is indeed specific.

In conclusion, the HEK293 system used in this study may represent a general expression system
for GPCRs, as it facilitates expression of rhodopsin [17], β2-AR [16], and all chemokine
receptors we have tested to date. CCR1 solubilized from these cells and purified in detergent/
lipid micelles binds the chemokine CCL14 with high-affinity in a novel fluorescence
anisotropy assay, and binding is inhibited by the specific CCR1 antagonist BX-471. To our
knowledge this is the first report of high affinity binding and specific inhibition between a
chemokine ligand and its receptor in solution, and opens the way for biophysical experiments
involving chemokines, receptors and small-molecule antagonists.

Supplementary Material
Refer to Web version on PubMed Central for supplementary material.
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Figure 1. Sequence and predicted topology of the chemokine receptor CCR1
Potential N-linked and O-linked glycosylation sites (gray circles) and tyrosine sulfation sites
(squares) are highlighted. Chemokines bind to the extracellular surface, whilst G-proteins bind
to the cytoplasmic surface, in a region encompassing the second and third cytoplasmic loops,
and C-terminal tail of CCR1. Transmembrane helices were positioned according to Vaidehi
et al. [21].
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Figure 2. Expression of chemokine receptors in different systems
a) CCR1 variants containing different N- and/or C-terminal tags were stably transfected into
mammalian cell systems (FlpIn/HEK293, T-Rex/HEK293, FlpIn/T-Rex/HEK293 and
pACMV-TetO/HEK293). Where appropriate, cells were induced and cell surface receptor
levels detected as described in the experimental procedures. b) Chemokine receptor variants
CCR1, CCR2, CCR3 and CCR5 were transfected into HEK293 cells and expression levels of
induced and un-induced cells were measured (n=4, shown as mean ± S.D.). Key: CCRXS:
CCRX-StrepII, SCCRXH: StrepII-CCRX-His8, HACCRXH: Hemagglutinin-CCRX-His8.
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Figure 3. Immunofluorescence staining of CCR1
Cells expressing CCR1 were harvested, permeabilized where indicated, and stained with the
following antibodies: anti-CCR1-phycoerythrin antibody (red), nuclear stain (blue) and either
the cis Golgi antibody anti-GM130 (green, top panel) or the trans Golgi antibody 58K (green,
bottom panel).
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Figure 4. Functional studies of CCR1 in HEK293 cells
a) Chemokine binding to CCR1 was studied by the ability of CCL3, CCL7 or CCL7 containing
a C-terminal AlexaFluor 647 moiety (CCL7-AF647) to displace radiolabeled CCL3. b)
Chemokine-dependent calcium mobilization in CCR1 transfected HEK293 cells. Data were
expressed as chemokine concentration versus maximum fluorescence of a calcium-specific
dye (n≥3, shown as mean ± S.D.). Except where indicated, CCL14 (9-74) was used.
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Figure 5. Purification of CCR1 in different lipid/detergent micelles
a) Coomassie stained SDS-PAGE gel and b) western blot after solubilization and partial
purification of CCR1 by Ni-affinity chromatography. The detergents/lipids used for
solubilization were as follows: 1) 2% OG, 2) 0.2% DG, 3) 2% Cymal-5, 4) 1% Cymal-7, 5)
1% FC-14, 6) 2% Cyclofos-5, 7) 2% DM, 8) 1% DDM, 9) 1% TDM, 10) 1% DDM + 0.2%
CHS, 11) 1% DDM + 0.02% CHS, 12) 2% OG + 0.02% CHS. Where possible, detergents were
diluted 10-fold in column buffers after solubilization, but were always kept at concentrations
>2-fold above the critical micelle concentration (CMC) values. C) Coomassie–stained gels of
HA-His8 tagged (HAR1H) and StrepII-His8 tagged (SR1H) CCR1 after two-column
purification.
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Figure 6. Representative size exclusion chromatography of CCR1 in different micelles
a) CCR1 was purified by affinity chromatography, concentrated and run on a size-exclusion
column as described in procedures. The different oligomeric states are indicated. b) SDS-PAGE
and western blot analysis is unable to distinguish between the presence of monomers, dimers
and higher order species of CCR1 solubilized in DDM/CHS.
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Figure 7. Binding and competition studies of CCR1 solubilized in micelles
a) Various concentrations of CCR1 solubilized in a number of different detergent/lipid micelles
were incubated with a fixed concentration (5nM) of C-terminally fluorescein labeled
chemokine (CCL7 or CCL14). Binding was monitored by increases in fluorescence anisotropy
(Δr) values relative to those obtained in the absence of CCR1. b) 0.17μM CCR1 was incubated
with increasing concentrations of the CCR1 inhibitor BX-471 for 15 minutes, before the
addition of 5nM CCL14-fluorescein (n=3, shown as mean ± S.D.).
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Figure 8. Stability of CCR1 over time in micelles
Samples of CCR1 in DDM/CHS micelles were placed at different temperatures for the
indicated times, before mixing with CCL14-fluorescein and measuring binding by fluorescence
anisotropy. Loss of function over time is indicated by decreasing values on the y-axis (n=3,
shown as mean ± S.D.).
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Table 1
Summary of the effects of different detergents upon the solubilization, oligomeric state and binding affinities of CCR1.

Detergent/lipid system Abbreviation

Properties of CCR1 in detergent system

Soluble? Predominant oligomeric state*

KD for
CCL14
binding

n-Octyl-β-D-glucopyranoside OG No N.D.

n-Decyl-β-D-glucopyranoside DG No N.D.

5-Cyclohexyl-1-pentyl-β-D-maltoside Cymal-5 Yes O

7-Cyclohexyl-1-heptyl-β-D-maltoside Cymal-7 Yes O

n-Dodecylphosphocholine FC-12 Yes N.D. >1uM

n-Tetradecylphosphocholine FC-14 Yes M >1uM

n-Hexadecylphosphocholine FC-16 Yes N.D. >1uM

5-Cyclohexyl-1-2-pentylphosphocholine Cyclofos-5 Yes O

n-Decyl-β-D-maltopyranoside DM Yes O

n-Dodecyl-β-D-maltopyranoside DDM Yes M

n-Tetradecyl-β-D-maltopyranoside TDM Yes O

n-Dodecyl-β-D-maltopyranoside +
Cholesteryl hemisuccinate

DDM/CHS Yes M 21nM

n-Dodecyl-β-D-maltopyranoside +
Cholesteryl hemisuccinate + 3-[(3-

Cholamidopropyl)-
dimethylammonio]-1-propane sulfonate

DDM/CHS/CHAPS Yes M 35nM

n-Octyl-β-D-glucopyranoside +
Cholesteryl hemisuccinate

OG/CHS No N.D.

O: oligomer, M: monomer.

*
Multiple oligomeric states of CCR1 were observed to varying degrees in all of the detergent systems tested, but for the sake of clarity only the predominant

state is shown in the table.
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