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Abstract

Chemokine receptors belong to a class of integral membrane G-protein coupled receptors (GPCRs) and are responsible for
transmitting signals from the extracellular environment. However, the structural changes in the receptor, connecting ligand
binding to G-protein activation, remain elusive for most GPCRs due to the difficulty to produce them for structural and
functional studies. We here report high-level production in E.coli of 4 human GPCRs, namely chemokine receptors (hCRs)
CCR5, CCR3, CXCR4 and CX3CR1 that are directly involved in HIV-1 infection, asthma and cancer metastasis. The synthetic
genes of CCR5, CCR3, CXCR4 and CX3CR1 were synthesized using a two-step assembly/amplification PCR method and
inserted into two different kinds of expression systems. After systematic screening of growth conditions and host strains, TB
medium was selected for expression of pEXP-hCRs. The low copy number pBAD-DEST49 plasmid, with a moderately strong
promoter tightly regulated by L-arabinose, proved helpful for reducing toxicity of expressed membrane proteins. The
synthetic Trx-hCR fusion genes in the pBAD-DEST49 vector were expressed at high levels in the Top10 strain. After a
systematic screen of 96 detergents, the zwitterionic detergents of the Fos-choline series (FC9-FC16) emerged as the most
effective for isolation of the hCRs. The FC14 was selected both for solubilization from bacterial lysates and for stabilization of
the Trx-hCRs during purification. Thus, the FC-14 solubilized Trx-hCRs could be purified using size exclusion
chromatography as monomers and dimers with the correct apparent MW and their alpha-helical content determined by
circular dichroism. The identity of two of the expressed hCRs (CCR3 and CCR5) was confirmed using immunoblots using
specific monoclonal antibodies. After optimization of expression systems and detergent-mediated purification procedures,
we achieved large-scale, high-level production of 4 human GPCR chemokine receptor in a two-step purification, yielding
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milligram quantities of CCR5, CCR3, CXCR4 and CX3CR1 for biochemical, biophysical and structural analysis.
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Introduction

G-protein-coupled receptors (GPCRs) primarily function as cell-
surface receptors responsible for the transduction of extra-cellular
stimuli into intra-cellular signals by binding extra-cellular ligands
including photons, ions, lipids, peptides, nucleosides, nucleotides,
neurotransmitters and peptide hormones. Structurally, they share
a common hydrophobic core composed of seven-transmembrane
a-helices (7TM) [1,2]. Approximately 4% of human genes code for
GPCRs and by the current count there are ~800 functional genes.
They comprise the largest superfamily of human integral
membrane proteins [3,4]. GPCRs play vital roles in a wide range
of biological processes and are involved in a remarkable array of
signaling events ranging from memory, sight, and smell to sexual
development and the regulation of blood pressure [5,6].
Therefore, GPCRs are attractive therapeutic targets for drug
design. Currently, about 50% of pharmaceutical drugs target
GPCRs [3]. Despite their critical importance, our current
understanding of structure and function of GPCRs is inadequate
because of their low natural abundance. Thus, for structural
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studies, which require milligram quantities of purified membrane
protein [7], production in heterologous systems is required, but
has been extremely difficult to accomplish. Up to now the
molecular structures of only 5 unique GPCRs have been
determined including bovine rhodopsin with and without the
retinal ligand as well as with a C-terminal 11-residue peptide
fragment of a Go-protein (Go-CT) [8,9,10]; a highly engineered
human Bo-adrenergic receptor with a replaced intracellular loop 3
(IC3) [11,12], and a turkey B;-adrenergic receptor with the 1C3
domain partly removed and most C-terminus deleted [13].
Clurrently not a single chemokine receptor structure is known.

Determination of the molecular structures of GPCRs including
chemokine receptor still remains an enormous challenge, largely
due to the notorious difficulty to obtain large quantities of purified
proteins. The same is true for other membrane proteins. This is
evident also from the fact that there are only 178 unique
membrane protein structures among 410 membrane protein
structures from over 54,000 structures available in the current
Protein Data Bank http://www.rcsb.org/pdb/home/home.do
(November 2008).
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For over 50% of these determined membrane protein
structures, the proteins were purified from naturally abundant
sources. In contrast, less than 10% of soluble proteins were from
natural sources, and over 90% were produced as recombinant
proteins [14]. Therefore, future efforts need to focus on procedures
for high-level heterologous expression of membrane proteins,
effective solubilization in the presence of surfactants and
purification for crystallization screening [15,16].

Heterologous expression of functional GPCRs has been
accomplished in Escherichia coli, yeast, insect and mammalian cells,
but with varying degree of success because of differences in host
cell environment [17,18]. Insect and mammalian cell expression
systems have been most frequently employed for pharmacological
development. For biophysical and structural studies that require
large amounts of GPCRs, yeast and E. coli systems are attractive
for their ease of large-scale production but have been used with
varying success [7].

There is no universal system suitable for GPCR production.
The approach to achieving high-level production must often rely
on empirical solutions for each particular GPCR. E.coli is a widely
used system for heterologous protein production and is often
perceived as an easy way to produce large amounts of eukaryotic
proteins because of its simplicity of use and the availability of
various expression plasmids and FE.coli strains which have been
reported to support high-level protein production. Furthermore,
the short time required for plasmid construction and expression
allows rapid optimization of purification schemes and inexpensive
material for purification [7,17,19].

However, reports of GPCR expression in F.coli have shown
extremely low yields [20]. Many factors may affect the efficiency
including 1) codon usage efficiency, 2) translational initiation, 3)
mRNA stability, 4) stability of the expressed protein, and J5)
toxicity of the expressed protein in the host cells [7]. Several
methods have been developed to overcome these problems and
increase the protein yield. Notably, fusing target proteins to a
highly expressed bacterial protein has proven particularly effective
for improving the expression level of membrane proteins in E. coli
[21]. Several GPCRs have been functionally expressed in E.coli
and purified in milligram quantities as fusion proteins [22,23,24].

Solubilization and stabilization of membrane proteins using
detergents are the first critical steps in purification membrane
proteins, and constitute a bottleneck for the structural biology of
membrane proteins [25,26]. Membrane proteins require a
membrane-like environment to maintain their correctly folded
structures and functions during and after purification. Detergent
micelles provide such environments surrounding the hydrophobic
domains of membrane protein and keeping them soluble in an
aqueous environment, and thus are widely used for solubilization
and purification of membrane proteins [27]. Generally, the
suitable detergent or detergent mixture should solubilize the
target protein most effective, keep it stable, and prevent its self-
aggregation. However, due to individual differences between
membrane proteins, the choice of detergent or detergent mixture
for a particular protein cannot be predicted. Therefore, a
systematic approach is required to select the optimal detergents
to achieve solubilization and stabilization of each target protein.

Chemokines are a family of small chemotactic cytokines (~8—
14 kDa), which function as chemo-attractants for various types of
leukocytes and play a vital role in host defense mechanisms and
lymphocyte development [6,28,29,30,31]. Chemokines are divid-
ed into four subfamilies based on the arrangement of two N-
terminally conserved cysteine residues: o- or CXC chemokines
(recently named CXC ligands, CXCL), B- or CC chemokines
(GCL), y- or C chemokines (lymphotactin, XCL) and CX3C

@ PLoS ONE | www.plosone.org

Study Human Chemokine Receptor

chemokines (fractalkine, CX3CL) [6,29,30,31]. The biological
functions of chemokines are mediated by binding to cell surface
chemokine receptors, which belong to the superfamily of G-
protein-coupled receptors (GPCRs) [29]. Chemokines and their
receptors are implicated in a wide range of human diseases,
including acute respiratory distress syndrome, allergic asthma,
psoriasis, arthritis, multiple sclerosis, cancer metastases, athero-
sclerosis, and AIDS infection. [6,28,32,33]. We selected 4 human
chemokine receptors in this study.

Human chemokine receptors CXCR4 (hCXCR4, termed
Fusin) and CCR5 (hCCRS5) have been identified as principal co-
receptors, besides CD4, for entry of human immunodeficiency
virus 1 isolate (HIV-1) into target cells. Specifically, CXCR#% is
used for T cell line-tropic strains (X4), CCR5 for macrophage-
tropic strains (R5), and another HIV-1 strains (R5X4), also named
dual-tropic primary isolate, utilizes both CXCR4 and CCR) as
entry co-receptor [34,35]. Additionally, CXCR4 and its specific
ligand SDF-1 were shown to be associated with several cancers,
such as breast cancer, head and neck cancer, small-cell lung cancer
and non-small-cell lung cancer [36,37]. Human chemokine
receptor CCR3 (hCCR3) is highly expressed on eosinophils and
binds multiple chemokine ligands such as eotaxin (CCLI11),
cotaxin-2 (CCL24), eotaxin-3 (CCL26), and MCP-4 (CCL13)
with high affinity [38]. CCR3 also function as co-receptor for
some isolates of HIV-1 and HIV-2 [39]. Furthermore several
clinical studies suggest that eotaxin/CCR3 plays a pivotal role in
allergic diseases, including allergic asthma, rhinitis, and atopic
dermatitis [31,40].

Human chemokine receptor CX3CR1 (hCX3CR1), the specific
receptor for the fractalkine (FKN), is expressed on inflammatory
leukocytes such as natural killer cells, monocytes and T
lymphocytes, and mediates both cell-adhesive and migratory
behavior of leukocytes, in addition, it is expressed at particularly
high levels in neurons and microglia in the brain [41,42].
CX3CR1 was also identified as a co-receptor together with CD4
for entry of HIV-1 [43], and a role for CX3CR1-FKN-mediated
inflammation has been suggested in various inflammatory diseases
including vascular injury, atopic dermatitis and allergic airway
diseases [44].

Altogether, these 4 chemokine receptors represent attractive
targets for intervention against such major diseases as AIDS,
cancers and allergic diseases. Recently, certain chemokine
receptor antagonists derived from chemokine peptides and small
molecules were developed to block chemokine receptors [45].
However, the mechanisms of receptor interaction with their ligand
and drugs remain poorly understood for lack of detailed molecular
structures of chemokine receptors.

Here we report high-level productions of human GPCR
chemokine receptors CCR5, CCR3, CXCR4 and CX3CRI.
We synthesized the genes using a two-step assembly/amplification
PCR method, then inserted them into pEXP3-DEST and pBAD-
DEST49 vectors for high-level expression screening in E.coli. We
first systematically screened and selected optimal: 1) E.coli host
strains, 2) growth media, 3) induction and 4) temperature for
protein production. After optimizing the expression of these
chemokine receptors, we proceeded to systematically screen 96
detergents for use in purification procedures. The Fos-choline
series, particularly FC14, was found to be most effective. This
finding corroborates the previous work by Cook et al.,, who
screened a wide range of detergents and found FC14 to be the
optimal detergent for solubilizing and stabilizing another human
GPCR, olfactory receptor hOR17-4 [46]. We also carried out
secondary structural analysis of the purified protein and confirmed
their molecular identities using monoclonal antibodies and some
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cases, mass spectroscopy analysis. To our knowledge, this is the
first high-level production of human GPCR chemokine receptors
in F.coli in milligram quantities sufficient for initiating structural
studies.

Results and Discussion

PCR-based gene synthesis of human chemokine

receptors

Genes of hCCR5, hCCR3, hCXCR4 and hCX3CR1 were de
novo synthesized from a set of overlapping DNA oligonucleotides
using a two-step assembly/amplification PCR method [47]. Using
the online program DNAworks http://helixweb.nih.gov/dnaworks
[48], the gene sequences of hCCR5, hCCR3, hCXCR4 and
hCX3CR1 were optimized using human codon preference (Figure
S1). The full-length genes were parsed into 42 oligos with the
maximum length of 45 nucleotides. Assembly PCR (PCR1) and
amplification PCR (PCR2) were successfully carried out (Figure 1).
The PCRI products (Fig 1A) including the full-length genes were
later specifically amplified in PCR2 (Fig 1B). The number of PCR
cycles in PCR1 is very important for successfully producing the full-
length gene fragments. This number in some degree depends on the
number of oligonucleotides in the starting set, as was described by
Baedeker [49]. However, this still is an empirical approach to obtain
the best results for each gene. Subsequently, we cloned the 4
synthetic hCR genes into pCT-Blunt II-TOPO vector by TOPO
Cloning. In the same manner, our group also successfully
synthesized several genes including human tetraspanin membrane
protein CD81 and human olfactory receptor 17-4, mouse olfactory
receptors mOR23, mS51 and 17 [46,50,51].

The choice of expression vector systems

Synthetic genes of hCRs were expressed in E.coli system using
Gateway® Technology since it is the most commonly used system
for heterologous protein productions. It is also convenient for
plasmid construction and optimization of expression levels [7]. For
rapid testing of protein expression and efficient purification, a
Hisg-tag was fused to the C-terminus of the hCRs in the a#B-PCR
step. Finally, each synthetic hCR gene was independently
subcloned into pEXP3-DEST vector and pBAD-DEST49 vector,
for screening different expression systems.

The high-copy-number pEXP3-DEST plasmid vector, which
has a strong T7 promoter, is designed for i witro protein
production although it is also useful for expression in E.coli strains
expressing the T7 RNA polymerase. The elements of hCR
constructs in the pEXP3-DEST (pEXP-hCR) include a N-
terminal Hisg-tag and a Lumio tag followed by a TEV recognition
site, and an atBl, flanked fragment inserted by the Gateway
Cloning technique (Figure 2A).

The arabinose Ppap promoters, which provide tight, dose-
dependent regulation of heterologous gene expression and
inducible with L-arabinose, are particularly suitable for expression
of membrane proteins [52]. The low-copy-number pBAD-
DEST49 plasmid vector was used as a Gateway Cloning
destination vector for the synthetic hCR genes. They feature the
tusion partner HP-thioredoxin (Trx-), followed by an Enterokinase
recognition site (EK) and a#/B-flanked fragment containing the
gene of mterest (Figure 2B). The fusion partner HP-thioredoxin
(His-Patch thioredoxin) is modified from E.coli thioredoxin by
E32H and Q64H mutations to form a “patch” together with Hisg,
which binds metal ions, to purify proteins on metal-chelating
resins. Furthermore, thioredoxin functions as a translation leader
for high-level expression and in some cases, to improve the
solubility and stability of the fused membrane proteins [53].
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Figure 1. Analysis of PCR-based gene synthesis of human
chemokine receptors. Full-length genes of hCCR5 (1,056 bp), hCCR3
(1,065 bp), hCXCR4 (1,056 bp) and hCX3CR1 (1,065 bp) were de novo
synthesized using a two-step assembly/amplification PCR method and
examined on 1% TAE agarose gel electrophoresis by staining with 2 pg/
ml of ethidium bromide (EB). Samples (5 pl) were mixed with 1 ul of 6 x
DNA loading buffer per lane. 1 Kb DNA ladder is also shown. A)
Detection of assembly PCR (PCR1) products of each hCR. B) Detection of
amplification PCR (PCR2) products of the full-length genes from PCR1.
doi:10.1371/journal.pone.0004509.g001

Selections of E.coli host strains

Unlike soluble proteins, membrane proteins, in general, have to
be inserted into host membranes to assume their correct
conformation. This often introduces toxicity to host cells during
overexpression. Several [.coli strains have been developed to reduce
such toxic effects associated with high-level expression of membrane
proteins. However, the choice of the most suitable host strains for
expression of a particular membrane protein is still empirical.
Therefore, to attain high-level production, milligrams per liter of
cell culture of functional membrane proteins, a systematic
optimization of the expression system need to be carried out in a
combinatorial manner including: 1) transcription promoters, 2)
expression vectors, 3) host cell strains, 4) growth media conditions,
5) inducer concentration, 6) timing of induction, 7) duration of post
induction, and 8) growth temperature of post induction [7].

Host strain screening for expression of pEXP-hCRs, was carried
out with 5 FE.coli strains: 1) BL21(DE3)-Star-pLysS (BL21), 2)
C41(DE3) (C41), 3) C43(DE3) (C43), 4) C41(DE3)-pLysS
(C41pLysS) and 5) C43(DE3)-pLysS (C43pLysS). The strain C41
and C43 were derived from BL21 to achieve high-level production
of heterologous membrane proteins, reportedly for solving the
problem of plasmid instability during the expression of toxic
recombinant membrane proteins [54,53].

We compared LB-agar plates I to II, BL21 and C41 cells that
cannot form colonies in the presence of inducer IPTG (II), typical
for expression of membrane proteins (Figure 3A). However, it does
not necessarily suggest that the foreign gene is toxic to host strains

February 2009 | Volume 4 | Issue 2 | e4509



A. pEXP-hCR

Study Human Chemokine Receptor

ATGMLumiOT” =luatattB1ll human Chemokine Receptor Hiss-tag‘@

B. pBAD-hCR

ATG HP-thioredoxin att81|human Chemokine Receptor Hiss-tag@

Figure 2. Schematic illustrations of 4 hCRs expressed as fusion proteins. In each synthetic hCR gene with a Hiss-tag was inserted at the C-
terminus for expression, detection and protein purification, and each gene was cloned into pEXP3-DEST and pBAD-DEST49 vectors, respectively. A)
Schematic representation of hCR cloned into pEXP3-DEST vector (simply pEXP-hCR). The translation start codon (ATG) followed by Hise-tag, Lumio™
-tag and TEV (TEV protease recognition site) are present in the vector pEXP3-DEST and fused at the N-terminus of hCR following the insertion of the
C-terminally Hiss-tagged hCR at the attB1 site by the Gateway site-specific recombination reaction. B) Schematic representation of hCR cloned into
pBAD-DEST49 vector (pBAD-hCR). Analogous to the pEXP-hCR vector, the ATG, HP-thioredoxin (Trx) and EK (Enterokinase recognition site) are
present in the pBAD-DEST49 vector and fused at the attB1 site to the N-terminus of hCR, following Gateway protocols.

doi:10.1371/journal.pone.0004509.g002

since the conditions for growth and induction may also influence
the expression level. C43, C41pLysS and C43pLysS were able to
form smaller colonies in the presence of IPTG (II) than those of in
the absence of IPTG (I), which, although a promising sign, does
not always guarantee successful expression of target genes [56].
Good growth was observed for pPBAD-hCRs in Topl0, which is
the strain recommended in the manufacturers protocol since its
deficient in araBADC. In the presence of L-arabinose (plates
denoted with a +), Topl0 cells formed colonies with smaller size
than those on plates lacking L-arabinose (—) (Figure 3B).

The expression levels of pEXP-hCRs in each of the 5 strains and
of pBAD-hCRs in ToplO were studied from 5 selected colonies,
each picked from the plates without inducer. The results suggested
that pEXP3-hCCR3, hCXCR4 and hCX3CR1 were best
expressed in C41 strain, to some extent, and expressed at a lower
level, in C43 and BL21, but not expressed well in C41pLysS and
C43pLysS. For the pEXP-hCCRS construct, detectable expression
was not achieved in any of these strains. Expression was in all cases
induced using 0.25 mM IPTG in TB medium at 16-18°C for 12—
20 hours with shaking. The colonies of pEXP-hCRs in C43,
C41pLysS and C43pLysS were larger than those in C41 and BL21
(Fig 3A). However, the gene expression levels in the former three
strains appears to be lower than in the latter two strains. The, choice
of the C41 over the BL21 strain for expression of pEXP-hCRs, was
motivated by its better resistance to the toxic effects of heterologous
membrane proteins in the host cells, as was described [54]. The
expression of pEXP-hCRs in C41 was later studied by Western blot
using mouse Hisg-tag monoclonal antibody.

Selection of growth media

The choice of growth media has a significant influence on cell
growth and protein production. Thus, selection of suitable growth
media and conditions for pEXP-hCR expression in each of the 5
E.coli strains was carried out by comparison of colonies between
plates II, IIT and IV (Figure 3A). TB (Terrific Broth) medium
plates (III) showed better growth conditions than other two types
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of media. For testing growth conditions for pBAD-hCRs in Top10
(Figure 3C), cell growth was further studied in liquid media. The
culture density of pBAD-hCCR3 and pBAD-hCX3CRI1 in Topl0
significantly increased in TB medium as function of time, but no
obvious change was observed for hCCRS5 and hCXCR4. The cell
density of pPBAD-hCCR3 and hCX3CRI1 in ToplO was able to
reach ODggp 7-8 units while those of hCCR5 and hCXCR4 only
reached ODgpp 0.6-0.8, a 10-fold difference. The expression of
hCCR5 and hCXCR4 thus appeared to induce a stronger toxic
response in the host cells than hCCR3 and hCX3CRI1.

It is not surprising that different proteins have individual
characteristics and behave differently in identical cells, which is a
common observation in heterologous membrane protein expres-
sion [7]. It is possible that media rich in nutrients in some cases
may contribute to the damage from toxic effects of heterologous
membrane protein expression. TB medium contains higher
concentration of yeast extract and tryptone with additional
glycerol (0.4% v/v), and the strong phosphate buffer, which make
it suitable for long-term growth of cells. Thus, it was selected as the
best medium for heterologous expression of hCRs. For pEXP-
hCRs, each of the strains showed similar behavior i.e., after
induction, the cell cultures reached high densities of 11-13 ODgqq
units, especially in TB medium (data not shown). In most cases,
such high cell densities are indicative of a lower protein expression,
protein expressed in inclusion bodies, or lower plasmid stability.

Optimization of inducible hCR expression

In order to optimize high-level hCR production, many variables
must be systematically studied including timing, length of
induction and culture temperature. To screen the high-yield
production strains easily, a rapid and simple method is crucial. We
used dot-blot detection with mouse anti-Hisg-tag monoclonal
antibody since the expressed proteins all carried the Hisg-tag.

As described in the previous section, pEXP-hCCR3 reached a
higher level of expression than did pEXP-hCXCR4 or
hCX3CR1, while no expression was detectable for pEXP-hCCR5
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Figure 3. Selection of E.coli host strains and media for inducible expression of hCRs. A) Screening of E.coli strains and media for pEXP-
hCRs. Each of pEXP-hCRs was transformed into all 5 E.coli strains: BL21, C41, C43, C41-pLysS and C43-pLysS, and spread on LB-agar plates (1), LB-agar-
IPTG plates (Il), TB-agar-IPTG plates (lll) and 2YT-agar-IPTG plates (V) for colony analysis. B) L-arabinose induction pBAD-hCRs for E.coli strain Top10.
LB-agar plates without (=) and with (+) L-arabinose (0.05%) were used. C) Growth conditions of pBAD-hCRs in Top10 in the presence of inducer. Cell

culture density at 600 nm (ODggo) after indicated induction time, 3.5 hours, 6.5 hours, 10.5 hours and 24 hours, was measured.

doi:10.1371/journal.pone.0004509.g003
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Figure 4. Expression of hCRs detected with Western blot using
mouse anti-His¢-tag monoclonal antibody. SDS-PAGE was per-
formed using NuPAGE 4-12% Bis-Tris gel (Invitrogen, 1x MES buffer).
Lane M, His-tagged protein standard size markers (Invitrogen); Lane 1
through 4, proteins expressed by pBAD-hCCR5, hCCR3, hCXCR4 and
hCX3CR1 in Top10, respectively; Lanes 5 through 8, proteins expressed
by pEXP-hCCR5, hCCR3, hCXCR4 and hCX3CR1 in C41, respectively.
doi:10.1371/journal.pone.0004509.g004

(Figure 4). The plasmid stability correlated with their expression
level, e.g. higher stability for pEXP-hCCR3 (80%) than for pEXP-
hCXCR4 (66%), hCX3CR1 (62%) and hCCR5 (50%).

Expression of pPBAD-hCRs in Topl0 was similarly studied as for
pEXP-hCRs. All the genes were expressed after induction with
0.05% L-arabinose in TB medium at 16-18°C from 2-24 hours.
The expression of synthetic hCR genes expressed in pBAD-hCRs
with the Trx fusion partner at the N-terminus (Trx-hCRs), are
shown in Figure 4. The total expression levels of pPBAD-hCRs are
higher than those of pEXP-hCRs. Furthermore, the bands (lanes
1-4) show more proteins than those expressed by pEXP-hCRs
(lanes 5-8), suggesting more stable and less aggregated expression
of pPBAD-hCRs in Top10 as compared to the expression of pEXP-
hCRs in C41. The plasmids of pBAD-hCRs also show higher
stability than pEXP-hCRs, 1.e. 75% for pPBAD-hCCR5, 93% for
pBAD-hCCR3, 60% for pBAD-hCXCR4 and 80% for pBAD-
hCX3CRI1. Therefore pPBAD-hCRs in Topl0 were selected for
expression of synthetic hCR genes.

The apparent molecular weights of expressed hCRs and Trx-
hCRs in SDS-PAGE gel are generally smaller than their

Study Human Chemokine Receptor

calculated molecular weight as shown in Table 1, which is not
uncommon for membrane proteins, especially for GPCRs. The
membrane proteins samples were mixed with SDS sample loading
buffer and incubated at 37°C for 10 minutes before loading.
Unlike for samples of soluble proteins, which need be boiled before
loading, membrane protein samples cannot be boiled since boiling
results in further aggregation. Therefore, membrane protein
samples cannot be completely denatured only by SDS, thus have
a more compact shape, which tends to faster migration in the
SDS-PAGE gel, typically at ~70-85% of their expected molecular
weight [57].

Systematic detergent screening for solubilization of Trx-
hCRs

Solubilization from the host cell membrane is absolutely crucial
for successfully purification and stabilization of the heterologous
membrane proteins [25,58]. The choice of a suitable detergent for
solubilizing an individual membrane protein must be empirically
determined. Even for membrane proteins in GPCR superfamily,
different detergents have been used for solubilization of different
GPCRs [59]. Therefore, a systematic approach for screening a
wide range of detergents is essential for obtaining the expressed
hCRs.

Detergents generally are divided into 4 group depending on
their chemical properties, namely, anionic (A), cationic (C), non-
ionic (N) and zwitter-ionic (Z) [60]. To investigate the efficacy of
various detergents for extraction of Trx-hCRs, 96 detergents were
selected from the commercial Solution Master Detergent Kit and
from literature. These detergents (Fig. 5) include members of
maltosides and glucosides families, such as f-OG, DM and DDM,
which have been successfully used to produce crystals; some
generally used reagents for solubilization and purification of
membrane proteins in many laboratories, such as Digitonin,
TDAO, Triton and CHAPS; and some recently developed
detergents, i.e. Cyclo-Fos series, Cymal series and Fos-Choline
series. In addition, several detergent mixtures were also included in
Figure 5 since they had proven effective in solubilization of some
GPCRs [59].

The detergent concentrations used during extraction procedures
were based on their critical micelle concentration (CMC) values. A
concentration above the CMC is required to form micelles. For
the majority of detergents, 1% was thus chosen as a standard
concentration during the extraction trials, except for detergents
with higher CMC, where ~2% was used. Detergents with much
higher CMC (>2%) were not used since their detergent-protein
ratios are hard to reach [25], except MEGA-8 (#52), which was
chosen for completing the variety of detergents.

Our laboratory has also been studying other GPCRs including
human and mouse olfactory receptors since 2004. After extensive
screening of a wide ranger of various detergents, Brian Cook found

Table 1. Parameters of native and reconstructed human chemokine receptors.

hCCR5 hCCR3 hCXCR4 hCX3CR1

Amino Acids MW(kD)* pI** Amino Acids MW(kD)* plI** Amino Acids MW(kD)* pl** Amino Acids MW(kD)* pl**
Native 352 40.52 9.21 355 41.04 8.49 352 39.75 8.46 355 40.39 6.74
pEXP3-hCRs 396 45.32 9.10 399 45.84 8.49 396 44.54 8.47 399 45.19 7.29
pBAD-hCRs 491 55.50 8.70 494 56.02 7.07 491 54.72 7.03 494 5537 6.30

"MW, molecular weight.
"'pl, isoelectric point.
doi:10.1371/journal.pone.0004509.t001
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Table 2. Detergent screen for solubilization of Trx-hCRs expressed in Top10.
Thioredoxin fused chemokine receptors

Detergent Type*  CMC(%)**  Conc.***

# g hCCRS hCCR3 hCXCR4 hCX3CR1
Spot Intensity Average

1 ANAMEG® -7 M 065 2% - u

2 ANAPOE®-20 M 00072 1% — —

3 AMAPOE®-35 N 0001 1% — —

4 ANAPOE®5S N 000045 1% —— —

S ANAPOE®-20 N 00016 1% f— —

6 ANAPOE®-C10Es M 0025 1% —

7 ANAPOE®-C 10E9 N 0053 1% — -

8 ANAPOE®-C12Es M 0.0048 1% — -

9 AMAPOE®-Ci2E9 N 0003 1% f— —

10 ANAPOE®-CizE1n N 0.2 1% f— -

11 ANAPOE®-CiaEs M 0.0055 1% — —

12 ANAPOE®-X-100 M 0015 1% — —

13 ANAPOE®-%-114 N 0011 1% — —

14 ANAPOE®-X-305 M- 1% — -

15 ANAPOE®-%-405 N 016 1% — -

16 ANZERGENT® 3-10 z 12 2% — -

17 ANZERGENT® 3-12 z 0,094 1% [— -

18 ANZERGENT® 3-14 Z 0007 1% — — —

19 Big CHAP N 0.5 1% - - -

20 Big CHAP, deoxy Mo 012 1% f— - -

21 CHAPS z 0.49 2% — - -

22 CHAPSO Z 05 2% - - -

23 Deoxycholic acid, sodium salt & 0.24 1% - n m

29 Sodum cholate A 0.41 2% - ] ]

% CDOCECAFOS™ 07 2% — - ]

26 CYCLOFCE™-4 Z 04 2% — — —

27 CYOLOFOS™S R 1% — — —

s CYCLOFOS™.6 z 0.094 1% I I I —

2 CYOLOFOS™-7 Z 0022 1% — — — —

30 cveLu®s M 085 2% - n "

31 CyMAL®-4 N 037 1% — - = -

32 omaL®s N 042 1% — - -

# omMaL®s M 0028 1% — - -

34 omaL®y N 0.0099 1% — - -

35 2,6-Dimethyl-4-heptyl-f-D-maltopyranoside No12 2% - — -

36 2-Propyl-1-penty maltopyrancside No19 2% - - -

37 FOS-CHOLIMNE®-9 z 1.2 2% I— — —

33 FOS-CHOLINE®-10 Z 035 2% — — —

39 FOS-CHOLINE®-11 z 0.062 1% P— — I— —

40 FOS-CHOLINE®-12 Z 0047 1% I — — —

41 FOS-CHOLINE®-13 z 0.027 1% . E— I —

42 FOS-CHOLINE®-14 Z 00046 1% IEESSSSS——— —

43 FOS-CHOLINE®-15 Z 0.0027 1% I P

44  FOS-CHOLINE®-16 Z 000053 1% — —— ——

45 FOS-CHOLINE®-150-9 Z 0% 2% - - ]

46 FOS-CHOLINE®-1S0-11 I 039 2% - - -

47 FOS-CHOLINE®-1SO-11-6U Z 087 2% . - -

48 FOS-CHOLINE®-UNSAT-11-10 Z 02 1% — —

49 FOS-MEA®-8 A 059 2% — -

S0 FOS-MEA®-10 A 015 1% — -

51 FOSFEN™-9 Z 0014 1% — -

52 MEGA-8 ] 25 2% — -

53  NOPCL-FOS™ Z 14 2% — —

>4 PMAL™-C3 Z 1% - -

S5 PMAL™-C10 z - 1% . ]

56 Decyltrimethvyl ammonium chloride c o007 1% . .

S7 Dodecyl trimethyammenium chleride c 0.0012 1% d o

58 Hexadecytrimethy ammenium chloride C 0.000102 1% m i

55 Tetradecyl timethwlammeonium chloride C 0.0009 1% " n

60 n-Octyl-f-D-gucopyrancside N 053 2% o -

61 n-MNomyl- -D-glucopyranoside ] 0.2 1% - -

62 n-Octyl-f-0-maltopyrancside N 089 2% — -

63 n-MNonyl-F-D-maltopyrancside N 028 2% — -

64 n-Decy-o-0-maltopyranoside N 1% — —

65  n-Decyl-f-D-maltopyranoside Mo 0087 1% — —

66 n-Undecyl-ccD-matopyrancside N 0029 1% — —

&7 n-Undecyl- 3-D-maltopyrancside N 0.029 1% — —

63 n-Dodecyl-a-D-matopwanosde N 0.0076 1% — _—

69 n-Dodecyl-p-D-mal topyranoside N 00087 1% F— -

70 n-Tridecyl- -D-matopyrancside N 00017 1% — -

71 n-Heptyl- f-D-thioglucopyranoside ] 0.85 2% d "

72 n-Oetyl- B-O-thiomal topyranosi de N 04 2% - -

73 n-Mord- B-D-thiomal topyr anoside N 0.15 1% — -

74 n-Decyl-g-D-thiomaltopyrancside M 0045 1% — -

75 n-Undecyl- f-D-thiomal topyranoside N 0011 1% A— -

76 n-Dodecyl-B-D-thiomatopyranoside N 00026 1% — —

77 n-Decyd-NMN-dimethyiglycine Z 04 2% — -

78 n-Dodecyl-M,N-di methyiglycine z 0.041 1% — p—

79 reDodecyl-p-iminodipropicnic acd, menosodum salt z - 1% P— E—

0 Sodum dodecanoyl sarcosine & 042 2% — —

21 Hexaethylene glycol monooctd ether (CsEs) ] 0.39 2% - -

82 Octaethviene alved monododec ether (CizEs) N 00048 1% — -

23 Pentaethyiene alveol monedecy ether (C1oEs) N 0031 1% - —

a4 Tetraethylene glycol moncoctd ether (CsE4) N 05 1% n -

25 Swerose monododecanoate Mo 0016 1% A— —

86 Dimethyldecyiphosphine oxide Mo 01 1% - -

87 n-Tetradecy-NM-dmethyamine-N-oxide (TDAO) 2 0.0075 1% — I—

88 n-Dodecyl-N N-dimetiylamine-N-cxide (DDAD) z 0.023 1% — -—

89 HEGA-10 N 0.26 1% — ]

w0 NP-40 N 00503 1% — p—

91 Cigitonin ] - 1% —

92 Digitonin (8%)+Cholate (2%) ol

93 CHAPS (6%)+CHS (1.2%)+00M (10%) —

94 CHAPS (10%)+CHS (2%)+DDM (2%) ]

=3 CHAPS (10%)+CHS (2%) — -

9% CHAPS (10%)+0G (1%) - -

*Detergent type, A (anionic detergent), C (cationic detergent), N (non-ionic detergent) and Z (zwitter-ionic detergent), **CMC (critical micelle
concentration) in H,O from the Detergent Properties List (http://www.anatrace.com), ***concentration of detergent used in the screening.
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Figure 5. Systematic detergent screens. 96 detergents were systematically screened for their ability to solubilize the Trx-hCRs protein
preparation. 96 detergents were selected from the commercial Solution Master Detergent Kit and from literature. Detergents generally are divided
into 4 groups depending on their chemical properties, namely, anionic (A), cationic (C), non-ionic (N) and zwitter-ionic (Z). For the majority of
detergents, 1% was thus chosen as a standard concentration during the extraction trials, except for detergents with higher CMC, where ~2% was
used. As can be seen from the figure, several clusters of detergents are most effective, particularly phosphocholine (FC) series.

doi:10.1371/journal.pone.0004509.9005

phosphocholine (Fos-) series are most effective for solubilizing and
stabilizing human olfactory receptors hOR17-4 that was large-
scale produced from mammalian cell [46, Cook, unpublished
results]. Cook subsequently found FC14 is optimal for all the
hOR17-4 study. Likewise, Liselotte Kaiser and Johanna Gravel-
and-Bikker also found that FC14 is optimal for stabilizing several
olfactory receptors produced in wheat germ cell-free system [51]
and in yeast Pichia production [unpublished results]. However, it
is unknown if FC14 would work equally well in human chemokine
receptors. We again carried out a systematic search for optimal
detergents

Each Trx-hCR expressed by pBAD-hCRs in ToplO was
simultaneously solubilized in each of the 96 detergents in a 96-
well plate and the extract was examined using Dot blot detection.
The extraction of Trx-hCR proteins by detergents was tested on
the whole cell lysate (see Method section). The images of dot blots
are shown in Figure 6. The higher the solubility it has, the darker
the dots are. The average intensity of spots was determined by
scanning using FluorChem software. It is presented as a 2D
column in Figure 5, with the numbers al-h12 corresponding to the
detergents 1-96.

We carried out analyses by comparing the solubilizing
effectiveness of various detergents for Trx-hCR proteins. We
identified the most effective detergents (Fig. 5, Fig. 6,). We found
two series of zwitter-ionic (Z) detergents, CycloFos series (#26-29)
and Fos-Choline series (#37-44) to be most effective of
solubilizing all of the Trx-hCRs. Another zwitter-ionic detergents
n-Dodecyl-B-iminodipropionic acid, monosodium salt (#79) was
also reasonably effective to solubilize Trx-hCRs. Anapoe-35 (#3,
termed Brij-35), Anapoe-58 (#4, termed Brij-538) and Anzergent
series (#16-18) showed specificity in solubilizing Trx-hCCRb5.
Maltosides (#62-70), glucosides (#60, 61) and thio-maltosides
(#71-76) series were moderately effective for solubilization of Trx-
hCRs. Cymal series (#31-34) showed a higher solubilization of
Trx-hCCR5 than of other hCRs, including the Cymal-5, which
has been used for solubilization of functional CCR5 [61].
Digitonin, CHAPS, DDM and some detergent mixtures, which
are of rather general use for GPCR solubilization, show certain
capability of isolation of hCRs.

Zwitter-ionic detergents were the most effective for solubilizing
hCRs in this system, as they were for solubilizing other GPCRs.
For example, DDAO was used for structural studies on rhodopsin,
CHAPSO is able to maintain the native structures of CCR5 and
CXCR4, and LDAO has been used for solubilizing human
leukotriene B4 receptor [62,63,64,65].

The Fos-Choline series shares the same hydrophilic phospho-
choline (Fos-) head group with CycloFos series, but possess a
simple hydrophobic tails that likely makes them more effective
than CycloFos series. Recently, some members of Fos-Choline
series have been used to solubilizing GPCRs, for example, Fos-
Choline-16 (FC16) was selected as the suitable detergent for
human NKI1 receptor (ANKIR) [66]; Fos-Choline 10, 11, 12
(FC10, FC11, FC12) were tested in a high-throughput expression
system for membrane proteins, and revealed excellent capabilities
for solubilizing membrane proteins, however, at a similar level
with maltosides series, NM, DM, UDM and DDM [67,68]; Fos-
choline 14 was used to solubilize human CCRJ5, but was less
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effective than Cymal-5 [61]. Fos-cholines 12-16 (#40-44) were
the most effective detergents for solubilizing hCRs in our study.
Stability of Trx-hCRs (Trx-hCCR5 shown in Figure 7E) was
tested in the presence of each of the 16 optimal detergents. Fos-
cholinel4 (#42, FC14) was the most effective of all the tested
detergents for stabilizing TRX-CCR5. For the remaining 3 Trx-
hCRs, FC13, FC14 and FC15 were effective as well. It is possible
that n-Dodecyl-B-iminodipropionic acid, monosodium salt (#79)
1s also a good choice for CCR5 and CXCR4, and CX3CRI1. It is
as effective as Fos-choline series, particularly FC14, but it was less
effective for Trx-hCCR3.

We used Western blot detection to study the solubilization of Trx-
hCRs. Samples of Trx-hCCR3 and hCX3CR1 were solubilized
using FC14 and FC12 respectively. FC14 proved more effective for
solubilization of Trx-hCCR3 and hCX3CRI1 than FCI12
(Figure 6F). FC14 was previously found to solubilize and to purify
several olfactory receptors including human hOR17-4, mouse
mOR23, mS51 and 17 [46]. Furthermore, Fos-choline-14 was used
in the crystallization of the E. Coli mechanosensitive ion channel
MscS for a successful structure [69]. One purified E.coli membrane
protein in our laboratory has also been crystallized using FC14 and
diffracted to 3.6A resolution (unpublished results). Based on current
and the previous detergent optimization, FC14 detergent was
selected as standard detergent in all subsequent hCR purifications.

High-level production of Trx-hCRs

Each of the pPBAD-hCRs produced in Top10 was scaled up to 1
liter for high-level production of Trx-hCRs. Washed cell
membrane fractions were dissolved in the Solubilization buffer
containing 1% FC14 and subjected to ultracentrifugation at
100,000 xg for one hour to remove the non-solubilized proteins
and collect the supernatant for purification. The purification of
Trx-hCCR3 is a simple 2-step process (Fig. 7A). First, the protein
was purified by Ni** chelation chromatography (I), then further
purified using size exclusion gel filtration (II). All protein fractions
were monitored by SDS-PAGE and Western blot detection
(Figure 7B). The proteins purified from the first step include
monomer, dimer and higher oligomer of Trx-hCCR3. These
species could be further resolved in the gel filtration step.

Trx-hCCR5, Trx-hCXCR4 and Trx-hCX3CR1 were also
scaled up and purified, but with a lower yields than for Trx-
hCCR3 (Figure 7D). The vyields of purified Trx-hCRs finally
achieved in this system were ~1-3 mg/L for Trx-hCCR3, 0.1-
0.3 mg/L for Trx-hCCR5, 0.05-0.1 mg/L for hCXCR#4 and 0.5—
I mg/L for Trx-hCX3CRI. Individual membrane protein
behaves differently, hCCR5 and hCXCR4 showed higher cell
toxicity than hCCR3 and hCX3CRI1, which may explain the
tenfold lower yield of these proteins.

Secondary structure analysis

Circular dichroism (CD) is one of the best methods to rapidly
study secondary structures of proteins, and the far-UV CD
spectroscopy from 200 nm to 250 nm can be used to estimate
contents of secondary structures. We used the purified Trx-
hCCR3 for CD study. The CD profile displayed a typical a-helical
curve with ~40% helical content (Figure 7C). This value is
somewhat lower than the theoretical ~45% (NNPredict at http://
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Figure 6. Detergent screening for solubilization of Trx-hCRs expressed by pBAD-hCRs in Top10. A)-D) Effectiveness of the 96 detergents
on solubilizing Trx-hCRs from cell lysates, as detected by Dot blot. Immunoblotting analysis was performed using mouse anti-Hiss-tag monoclonal
antibody. Each filter has 96 spots (a1 to h12), corresponding to the 96 detergents listed in Figure 5. Controls shown in (A) are positive control (+)
using 1:100 dilution of BenchMark His-tagged protein standard; negative control (—1) was pBAD-hCCR5 in Top10 cultured in the absence of inducer;
negative control (—2) was L-arabinose induced sample solubilized without the addition of detergent. The negative controls were processed in
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parallel with the other 96 samples. E) Long-term stabilization of proteins solubilized in 16 detergents for CCR5 is presented. A comprehensive list of
detergents for Trx-hCRs is presented in Figure 5. The detergent effectiveness was carried out at 4°C using Trx-hCCR5 for 3 days, 1 week and 3 weeks,
and detection was Dot blot using mouse anti-Hiss-tag monoclonal antibody. Dot blot intensities are shown as a 2-D column chart, and detergent
numbers are from the Figure 5. F) Effectiveness of FC14 and FC12 on solubilization of Trx-hCCR3 (I) and hCX3CR1 (ll) from cell lysate detected by
Western blotting. Protein size standard is shown in the left lane.

doi:10.1371/journal.pone.0004509.9006

ca.expasy.org) and lower than that of typical GPCRs with about thioredoxin may explain this difference. These results suggest that
50% o-helical content [65,70]. It is possible that the contribution the purified Trx-hCCR3 folded with a reasonable secondary
to the spectrum from the N-terminal fusion partner HP- structure as calculated.
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Figure 7. Large-scale purification, identification and studying secondary structure of Trx-hCRs. A) Two-step purification of Trx-hCCR3
from membrane fractions. (1) Ni** affinity purification of Hiss-tagged proteins using a Hitrap chelating HP 5 ml column. (1) Gel filtration purification
using Superdex 200 10/300 GL. Both purification steps were preformed on an AKTA Purifier System. B) SDS-PAGE detection and Western blot
identification of protein fractions of Trx-hCCR3. One of two duplicates of the SDS-PAGE was transferred onto a nitrocellulose membrane and
subjected to Western blot using rabbit anti-human CCR3 monoclonal antibody. Lane Ni: 1/10 dilution of Trx-hCCR3 protein purified by Ni** affinity
column (I); Lane A5 through A11: protein fractions of Trx-hCCR3 corresponding to gel filtration purification (Il). All the samples were prepared by
mixing 15 pl of protein fractions with 5 pl of SDS Sample buffer (4 x). 10 ul of BenchMark His-tagged protein standard was loaded as protein marker.
SDS-PAGE was performed in a NuPAGE Novex 4-12% Bis-Tris Gel (in 1x MES buffer, Invitrogen) and stained by Simple Blue SafeStain (Invitrogen). C)
Circular dichroism (CD) spectroscopy of purified Trx-hCCR3. Secondary structure of Trx-hCCR3 was analyzed by CD spectroscopy using purified Trx-
hCCR3 monomer at 37°C with the concentration of 1 mg/ml in Buffer C. D) All 4 Trx-hCRs were purified and analyzed on SDS-PAGE with size markers
and stained using Simple Blue SafeStain. E) Western blot identification of Ni** affinity column-purified Trx-hCCR5. Fraction of Trx-hCCR5 in the first
step of purification was diluted to 0.1 mg/ml and subjected to Western blot detection using rabbit anti-human CCR5 monoclonal antibody. ECL
DualVue Western blot Marker was used as protein standard. The 3 bands reveal that different states of Trx-hCCR5 were able to bind Ni** column.
Judging from molecular weight, they may correspond to Trx-hCCR5 dimer, monomer, and truncated Trx-hCCR5, possibly, non-fused hCCR5.
doi:10.1371/journal.pone.0004509.g007
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Identification of the purified protein with Western blots

using monoclonal antibodies

All the protein fractions in the two-step purification of Trx-
hCCR3 were identified using Western blot detection using rabbit
anti-human CCR3 monoclonal antibody (Figure 7B). The elution
from the Ni** chelating column purification of Trx-hCCR5 was
also identified by Western blot detection using rabbit anti-human
CCR5 monoclonal antibody (Figure 7E). However, in addition to
that of Trx-hCCR5 (Figure 7E), a smaller fragment showed
positive reaction with the hCCRS5 monoclonal antibody. We
speculated that the small fragment is perhaps a cleavage from the
N-terminus of hCCR5 with an apparent molecular weight
~25 kDa with the abnormal migration for membrane proteins
in SDS-PAGE and the monoclonal antibody recognizing the
cytoplasmic domain of hCCR5.

A high-efficiency E. coli expression system for high-level
production of GPCRs

Biophysical and structural studies of membrane proteins require
milligram quantities of proteins. To obtain such an amount is one
of the bottlenecks for membrane protein structural determinations
[7]. Therefore, significant effort and resources have been invested
in obtaining quantity and quality of membrane proteins.

Recently, several human GPCRs were expressed in E. colz, but
in most cases, at a low level, except for the human NKI1 receptor
(hNKI1R) which was expressed in a large amount, albeit as
inclusion bodies [66]. Functional chemokine receptors CCR5 and
CXCR4 have been isolated on a small scale using biosensor
technology, suitable to be used only for analysis of ligand/receptor
interactions [71]. Human adenosine Ay, receptor has been
functionally expressed in FE. coli as fusion with periplasmic
maltose-binding protein (MBP) at the N-terminus. A yield of
1.5 mg was obtained from 100 g of wet cells [22]. Rat neurotensin
receptor is another GPCR expressed in E. coli as dual fusions with
MBP at N-terminus and Trx at C-terminus. It yield 10 mg from
200 L of culture [23].

Our study is the first report that each of four medically important
human GPCR chemokine receptors CCR5, CCR3, CXCR4 and
CX3CRI1 has been expressed as a membrane-associated protein
and purified in milligram amount using synthetic genes expressed in
E. coli expression systems, as N-terminal thioredoxin fusion proteins.
Although no ligand binding assays were carried out to study the
function and expression of the Trx-hCRs in membranes, it does not
necessarily mean that they are not functional [72]. The Trx-hCRs
were detected by their respective monoclonal antibodies, on
immunoblots, were highly stable in detergent solution and our
CD data indicated that the Trx-fusion CRs were correctly folded.
Screens for crystallization have been initiated.

The genes of hCRs encoded using human codon frequency
should have no obvious effects on expression in F.colz, since it has
been reported that even optimization of codon frequency for E. coli
will not have a significant effect [73,74]. More likely, the selection
of suitable promoters and plasmids is pre-requisite for regulated
expression of heterologous genes. The pBAD-DEST49 vector
containing the arabinose a7aBAD operon and the HP-thioredoxin
fusion partner are central factors in this system and showed high
capacity for expression of GPCRs. The pBAD vectors are
particularly suitable for overexpression of membrane proteins,
and possess general applicability which is proven by the fact that
members of four families of membrane proteins were overex-
pressed using such vectors and yielded at least 1 mg purified
proteins per liter of culture [75]. This is also in part due to the use
of the 1,200 fold repressible Pgap promotor, the transcription
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from which can be regulated in a dose-depended manner by L-
arabinose from the concentration of 0.00002% to 0.2% [52].

Opverexpression of heterologous membrane proteins fused to a
highly expressed soluble protein at the N-terminus has proven very
successfully [19,23,24,74,76]. In the present system, HP-thior-
edoxin functions as a fusion partner and starts the translation of
the target proteins. It may also facilitate to solubilize the GPCR in
our system. It remains to be seen if this system can be generalized
for other membrane proteins when more and more membrane
proteins are produced using this HP-thioredoxin system.

There is evidence that thioredoxin (Trx) possesses cytokine-like
and chemokine-like activities [77], which hints at the possibility of
specific interactions between the chemokine receptors and their
fusion partner Trx. Therefore, we speculate that its function is
deeply related to the stability of these chemokine receptor by
means of particular interaction helping to stabilize conformation of
hCRs. Purification of non-fused hCCR3 expressed by pEXP-
hCCRS3 in C41 has been carried out, however, the proteins eluted
in the Ni** chelating column were not from the membrane
fractions, but from inclusion bodies (data not shown); although the
truncated form of Trx-hCCR)5 was identified using Western blot
(Figure 7E), it could not be separated in the gel filtration step.

Using a low-copy-number plasmid with a moderately strong
promoter and lower temperature during production has proven
successful for membrane proteins [20]. Grisshammer and Tate
reported that low-level bacterial expression could lead to higher
degree of integration of the protein to the cytoplasmic membrane
of E. colt, which is taken as the rate-limiting step for overexpression
of membrane proteins [7]. Thus this simple, rapid and easy to
scale-up system offers a strategy for high-level production of
GPCRs for biophysical and structural studies.

Materials and Methods

Materials

Reagents for PCR, TOPO Cloning and Gateway Cloning,
vectors, E. coli strains One Shot Topl0 chemically competent cells
(Top10) and BL21(DE3)-STAR-pLysS, DNA Ladder, SDS-PAGE
gels and protein standards were purchased from Invitrogen
(Carlsbad, CA) unless otherwise noted. OverExpress Competent
Cells, including C41(DE3), C43(DE3), C41(DE3)-pLysS and
C43(DE3)-pLysS, were obtained from Lucigen (Middleton, WI). All
detergents were purchased from Anatrace (Maumee, OH). Nitrocel-
lulose membranes were purchased from Bio-Rad (Hercules, CA).
Complete protease inhibitor cocktail tablets, EDTA-free, were
purchased from Roche (Mannheim, Germany). Rabbit anti-human
CCR3 monoclonal antibody (Ab 32512), rabbit anti-human CCR5
monoclonal antibody (Ab32048) and goat anti-rabbit IgG (HRP)
were purchased from Abcam (Cambridge, MA). Mouse Hisg-tag
monoclonal antibody and goat anti-mouse IgG/M HRP were
obtained from Novagen (Gibbstown, NJ). Protein purification
materials were purchased from GE Healthcare Life sciences,
Uppsala, Sweden. All common chemicals were obtained from either
Sigma (St. Louis, MO) or VWR International unless otherwise
indicated.

Liquid growth media used for F. col culture were Luria-Bertani
(LB) medium, Terrific Broth (IB) medium and 2YT medium,
which were made referring to [78]. Corresponding media plates
were made by adding 1.5% agar. The concentrations of antibiotics
used in the media and media plates were 100 pg/ml ampicillin,
50 pug/ml kanamycin, and 34 pg/ml chloramphenicol, respec-
tively. Additionally, 0.3 mM isopropyl-1-thio-f-D galactopyrano-
side (IPTG) or 0.05% L-arabinose was added to make the media
plates in the presence of inducer.
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Buffers for lysis and solubilization: Lysis buffer, 50 mM sodium
phosphate pH 7.8, 200 mM NaCl, 100 mM KCI, 20% glycerol,
10 mM EDTA, 2 mM DTT, 1 mM PMSF, 50 pug/ml lysozyme,
20 ug/ml DNase I; Membrane Wash buffer, 50 mM sodium
phosphate pH 7.8, 500 mM NaCl, 100 mM KCI, 20% glycerol,
10 mM EDTA, 1 mM PMSF; Solubilization buffer, 50 mM
sodium phosphate pH 7.8, 200 mM NaCl, 100 mM KCI, 20%
glycerol, 1% FCl14, 1 tablet of protease inhibitor per 10 ml.
Buffers for purification: Buffer A (Ni?* chelating column binding
buffer), 50 mM sodium phosphate pH 7.8, 200 mM NaCl,
100 mM KCl, 0.02% FC14, 25 mM imidazole; Buffer B (Ni**
chelating column elution buffer), 50 mM sodium phosphate
pH 7.8, 200 mM NaCl, 100 mM KCI, 0.02% FC14, 500 mM
imidazole; and Buffer C, (gel filtration and purified protein storage
buffer) 1xPBS buffer (diluted from 10xPBS buffer, EMD
Chemicals, Gibbstown, NJ), 0.02% FC14. Buffers for Western
blot and Dot blot: Blocking buffer, 1 xPBS, 10% skim milk, 0.1%
Tween-20; Wash buffer, 1 xPBS, 0.5% skim milk, 0.1% Triton-X-
100. Other buffers: DNA loading buffer (6 x) was from Novagen;
SDS Sample buffer (4x), 250 mM Tris-HCL pH 6.8, 40%
glycerol, 8% SDS, 0.004% Bromophenol Blue, 20% Mercapto-
ethanol, dissolved in milliQ) water and frozen at —20°C.

Methods

PCR-based gene synthesis. Human chemokine receptors
CCR5, CCR3, CXCR4 and CX3CRI1 were selected in the
GPCR structural biology program. Protein sequences of the hCRs
were obtained from UniProt (Universal Protein Resource), namely
human CCR)5 (UniProt ID: P51681), human CCR3 (UniProt ID:
P51677), human CXCR4 (UniProt ID: P61073) and human
CX3CR1 (UniProt ID: P49238), as shown in Figure S1. For PCR-
based gene synthesis, the receptor sequence was encoded using the
human codon preference using the Dnaworks program (http://
helixweb.nih.gov/dnaworks) and parsed into an oligonucleotide
set with the following parameters: 45 nt oligonucleotide length,
58°C annealing temperature, 19% of codon frequency threshold,
25 nM oligonucleotide, 10 mM Na*/K* and 2.0 mM Mg*". As
shown in Figure S1, the encoded genes of hCRs consist of 1056 bp
(hCCR5), 1065 bp (hCCR3), 1056 bp (hCXCR4) and 1065 bp
(hCX3CR1), respectively. Each gene of hCRs was synthesized as a
set of 42 oligonucleotides, synthesized at 50 umolar scale in 96-
well plate format by Integrated DNA Technologies (IDT,
Coralville, IA).

PCR-based gene synthesis was performed using a two-step
assembly/amplification PCR protocol and designated PCR1 and
PCR2. In PCR1, all 42 oligos were mixed and diluted 1:10 (5 uM
for each oligos) in milli() water as primers and also templates.
PCR1 was executed following standard protocol [78], except 58°C
anneal for 30 seconds, 72°C extension for 60 seconds, and 35
cycles, which are necessary for achieving full length of gene in
PCR2. PCR2 was performed using diluted (1:100) PCR1 product
as template and the two DNA oligos at the ends of the gene as
primers, 72°C extension for 90 seconds and 25 cycles. PCR
products were separated by 1.5% agarose gel electrophoresis and
stained with ethidium bromide (EB). PCR2 products were purified
using QIAquick Gel Extraction Kit (QIAGEN) before used in
TOPO Cloning, which is a blunt end subcloning used here for
inserting the full-length synthetic genes into the pCR-Blunt II-
TOPO vector for amplification and DNA sequencing. TOPO
Cloning was performed following the manufacturer’s protocol.
The plasmids with pTOPO-hCR inserts were purified using
QIAprep Miniprep kit (QIAGEN) and sequenced.

Gene  recombination using Gateway  Cloning
Technology. There are three steps in Gateway Cloning: the
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attB PCR product preparation, the BP Cloning reaction and the
LR Cloning reaction (details see Instruction Manual of Gateway
Cloning Technology, Invitrogen). The atB PCR product of
synthetic genes of hCRs were produced by regular PCR using
atB1-hCR-F (5'- GGGG ACA AGT TTG TAC AAA AAA GCA
GGC TTA +24 nt of 5" terminal forward sequence of hCR) and
attB2-Histag-hCR-R (5'- GGGG ACC ACT TTG TAC AAG
AAA GCT GGG TC TCA ATG GTG GTG ATG ATG GTG
+24 nt of 3’ terminal reverse sequence of hCR except for stop
code) as primers, with corresponding pTOPO-hCR plasmids as
templates. In the atfB2-Histag-hCR-R primer, Hisg-tag codons
were added at the C-terminus of hCRs for expression detection
and protein purification. The PCR products were purified and
used in the following BP Cloning reaction, which used pDONR-
221 vector to make Entry Clones of synthetic genes of hCRs. In
the final step (LR Cloning reaction), each gene of hCR was cloned
into pEXP3-DEST and pBAD-DEST49 for non-fused and
thioredoxin-fused protein expression. All the reactions were
performed following the product protocol, and all the Entry
clones and Expression clones have been sequenced.

Selection of suitable host strains and optimization of cell
growth conditions. For selection of suitable host stains, pEXP-
hCRs were transformed into E. coli strains BL21, C41, C43, C41-
pLysS and C43-pLysS, respectively; while for pPBAD-hCRs, the E.
coli strains Top10 was recommended by manufacturer’s instruction.
For toxicity detection and media type selection of pEXP-hCRs in
the five E. coli strains, an equal amount of the transformation
reactions were spread on LB-agar plates, LB-agar-IPTG plates, TB-
agar-IPTG plates and 2YT-agar-IPTG plates, respectively,
followed by overnight culture at 37°C. For pBAD-hCRs in
Topl0, toxicity detection and media type selection were
performed in the same way, except that L-arabinose replaced the
IPTG as inducer for gene expression. In addition, selection of media
types from LB, TB and 2Y'T" was also investigated in liquid media.
The protocol was: colonies from LB-agar plates were selected and
cultured in 5 ml of LB liquid medium overnight at 37°C with
shaking; the next morning, 50 ul of overnight culture was
moculated in 5 ml of fresh LB, TB or 2YT liquid medium,
respectively, and to culture was continued at 37°C with shaking
while monitoring growth of the cultures by measuring the optical
density at 600 nm (ODggp); at ODggg of 0.6~0.8, the temperature
was decreased to 16°Ci and after 20 minutes, the inducer was added
(0.3 mM IPTG for pEXP-hCRs, or 0.05% L-arabinose for pBAD-
hCRs). The concentration was monitored every 3 or 4 hours until
harvest at 24 hours post induction. All plates and liquid media used
here and in later experiments contained 100 pg/ml of ampicillin,
except the strains with pLysS were 34 Hg/ml of chloramphenicol
was added to avoid loss of the pLysS plasmid.

Optimization of gene expression. Five colonies from each
of the control LB-agar plates (plates I or - in Iig 3A) were selected
and separately cultured in 5 ml of LB medium overnight at 37°C
with shaking. The following morning, each cell culture was
separately inoculated (1:100) into 3 (for pEXP-hCRs) or 5 (for
pBAD-hCRs) tubes containing 5 ml fresh TB medium each.
Culture was continued at 37°C  with shaking, until the
concentration of cell cultures (ODggo) arrived at 0.6~0.8. At this
point, the temperature of the incubator was lowered to 16°C, and
different concentrations of inducer were added to the culture. For
pEXP-hCRs in the five strains, three concentrations at 0.1 mM,
0.2 mM and 0.3 mM of IPTG were tested for gene expression,
while five different concentrations at 0.01%, 0.02%, 0.05%, 0.1%
and 0.2% of L-arabinose were tested separately for the expression
of each pBAD-hCRs in Topl0. One ml of cell culture was
withdrawn from each tube every 4 hours, pelleted at at 5000 g
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and store at —20°C. These samples were used for detection of
expression Dot blot.

Stability of plasmids was also investigated for pEXP-hCRs in
C41 and pBAD-hCRs in Topl0. For each plasmid, 100 pl was
taken from the cultures after 24 hours of expression, diluted in five
ten-fold steps from each of which 100 pl was spread on LB-agar
plates and LB-agar-ampicillin plates for overnight culture at 37°C.
The following morning, plate pairs with about 100 colonies
formed were used to calculate the stability ratio of the plasmid.

Western blot & Dot blot detection. Sample preparation:
stored cell pellets collected from 1 ml of culture were resuspended
with 180 pl Lysis buffer. After three cycles of freeze-thaw at
—80°C and 42°C, 20 pl of 10% detergent (FC14, unless otherwise
stated) was added and mixed well, then, mixtures were incubated
for 2 hours at 4°C with gentle shaking. After centrifugation at
16,000 g for 10 minutes the supernatant was removed into fresh
tubes for protein expression testing. These samples were stored at
4°C if used within a few days, or at —80°C for future use.

For Western blot detection, 15 ul of each sample was mixed
with 5 ul of SDS sample buffer (4x) and kept for 10 minutes at
37°C before applying to SDS-PAGE. Subsequently, the proteins in
the gel were transferred onto nitrocellulose membrane following
the standard protocol. For Dot blot detection, 3 pl of each of the
samples was spotted onto nitrocellulose membranes and let dry at
room temperature. All subsequent steps were the same for
Western blot or for Dot blot. The nitrocellulose membrane was
blocked in 20 ml of Block Buffer for 1 hour at room temperature,
followed by washing twice for 5 minutes with 50 ml of PBST
(1xPBS, 0.1% Tween-20). For the primary antibody step, the
membrane was incubated with 10 ml of 1:5000 diluted mouse
Hisg-tag monoclonal antibody (or 1:2000 rabbit anti-human
CCR3 or CCR5 monoclonal antibody) in Wash buffer for 1 hour,
followed by 5 washes for 5 minutes with 50 ml Wash buffer. In the
secondary antibody step, the membrane was soaked in 50 ml of
1:5000 diluted goat anti-mouse IgG/M HRP (or using 1:4000 goat
anti-rabbit IgG HRP if the primary antibody was from rabbit) in
Wash buffer for 50 minutes, followed by 5 washes for 5 minutes
with 50 ml Wash buffer. Finally, the membrane was developed
using ECL plus Western blot Detection Reagents (GE Healthcare)
following the manufacturer’s protocol and imaged using a
FluorChem Image System (Alpha Innotech Corp.). The signal
intensities of Dot blot detection (spot intensity average) were
quantified using the AlphaEaseFC software of the system.

Detergent screening for solubilization of hCRs. Eighty-
eight detergents were selected from the Solution Master Detergent
Kit (Anatrace). Several detergents with too high CMC values were
omitted from the Additionally, HEGA-10, NP-40,
Digitonin, and five kinds of detergent mixtures were included the
list since they had proven effective in solubilization of other
membrane proteins. In total, 96 detergents/detergent mixtures
were listed and numbered as they appear in the Solution Master
Detergent Kit with the eight additional ones appended as in
Figure 5. All the detergents dissolved as 10% except those mixtures.

For sample preparation of the four pPBAD-hCRs expressed in
Top10, 2 ml of overnight culture was inoculated in 200 ml of fresh
TB medium and cultured at 37°C for about 3 hours with shaking,
until the concentration reached an ODgg of 0.6~0.8. At this time,
the temperature of the incubator was lowered to 16°C and the
culture was continued for another 30 min, followed by the
addition of 1 ml of 20% L-arabinose (to a final 0.05%) to induce
the expression of pPBAD-hCRs. After 24 hours of induction, the
cells were harvested by centrifugation at 5000 g for 20 min. The
cell pellets were resuspended completely with 20 ml of Lysis buffer
and distributed into 96 1.5 ml of Eppendorf tubes with 180 pl/

screen.
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tube, numbered from 1 to 96. After 3 times of freeze-thaw at
—80°C and 42°C, 20 pl of each detergent (final 1%) was added
into the corresponding tube of cell lysate, except for those with
higher CMC, where 40 ul of 2% detergent was added to 160 ul
cell lysate. The samples were mixed carefully and incubated for
2 hours at 4°C with gentle shaking. Supernatants were collected
after centrifugation at 16,000 g and 3 pl of each sample was
applied to nitrocellulose membrane in the matrix form shown in
Figure 6A from al to h12. Detection using Dot blot was performed
as described above.

Large-scale expression, solubilization and purification of
synthetic hCRs. For high-level expression in 1 liter of culture,
10 ml of overnight culture was cooled on ice for 5 minutes and
centrifuged at 3000 g for 15 minutes at 4°C. The supernatant was
removed and the cell pellets were resuspend in 1 ml of fresh sterile
LB medium, and was inoculated into 1 liter of fresh TB medium
(containing 100 pg/ml ampicillin) for culture at 37°C with shaking
at 220 rpm. When the cell concentration reached about 0.6
(ODgqo), the temperature was decreased to 16°C, and, the inducer
was added after an additional 30 min shaking to start the
expression of target proteins. The inducer concentrations were
0.3 mM IPTG for pEXP-hCRs in C41, or 0.05% L-arabinose for
pBAD-hCRs in Topl0. After 24 hours of expression, cells were
harvested by centrifugation at 5000 g for 20 minutes, and stored
at —20°C for future use.

For collecting membrane fractions, stored cell pellets from 1
liter of culture were resuspended in 50 ml of Lysis Buffer followed
by 3 times of freeze-thawing at —80°C and 42°C, and cells were
lysed by passing through a French press at 18,000 psi. The cell
lysate was centrifuged at 10,000 g for 1 hour to remove cell debris
and inclusion bodies, then, ultra-centrifugation was applied for the
supernatant at 100,000 g for 1 hour to collect the crude cell
membrane fractions. These were resuspended in 20 ml Membrane
Wash buffer, followed by another ultra-centrifugation at 100,000 g
for 1 hour to collect the washed membrane fractions. Care was
taken to resuspend the membrane pellets completely. The next
step was solubilization, in which the washed membrane fractions
were resuspended in 10 ml of Solubilization buffer containing one
tablet of Protease Inhibitor Cocktail, followed by incubation
overnight at 4°C with gently shaking. The following morning, the
solution was again subjected to ultra-centrifugation at 100,000 g
for 1 hour to remove non-solubilized proteins and collect the
supernatant for purification.

The supernatants were loaded on a Hitrap Chelating HP 5 ml
column, which were charged with chelated Ni** and equilibrated
with Buffer A for the first step of purification. After 15 column
volumes (CVs) of washing with Buffer A plus 5% Buffer B (totally
50 mM imidazole), the target proteins were eluted with a linear
gradient from 5% to 100% of Buffer B over 2 CVs. The fractions
were tested by SDS-PAGE and those containing hCRs were
pooled and concentrated using an Amicon Ultra-15 Centrifugal
Filter Unit with Ultracel-50 membrane (Millipore). To further
improve the purity of the protein, the concentrated protein was
loaded onto a Superdex-200 gel-filtration column equilibrated
with Buffer C. The peak fractions from the elution were pooled
and tested by SDS-PAGE or Western blotting. The concentration
of purified proteins was measured with Nanodrop Spectropho-
tometer (Thermo Scientific).

Circular dichroism (CD) detection of secondary structure
of Trx-hCCR3. CD experiments were preformed on Aviv 202
spectropolarimeter (Aviv Biomedical) with a 1 mm path length cell
at 25°C. The purified protein sample came from gel filtration
fractions and was concentrated to 1 mg/ml. The CD spectrum
was recorded from 200 nm to 250 nm of wavelength with 1 nm
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resolution and 2 seconds of average time. Buffer C used in the
protein purification worked as blank to correct the baseline.
Results were expressed as the molar mean residue ellipticity (0) at a
given wavelength.

Supporting Information

Figure S1 Codon-optimized DNA sequences of human chemo-
kine receptors CCR5, CCR3, CXCR4 and CX3CRI.

Found at: doi:10.1371/journal.pone.0004509.s001 (0.04 MB
DOC)
References

1. Strader CD, Fong TM, Tota MR, Underwood D, Dixon RA (1994) Structure
and function of G protein-coupled receptors. Annu Rev Biochem 63: 101-132.

2. Pierce KL, Premont RT, Lefkowitz R] (2002) Seven-transmembrane receptors.
Nat Rev Mol Cell Biol 3: 639-650.

3. Flower DR (1999) Modelling G-protein-coupled receptors for drug design.
Biochim Biophys Acta 1422: 207-234.

4. Takeda S, Kadowaki S, Haga T, Takaesu H, Mitaku S (2002) Identification of G
protein-coupled receptor genes from the human genome sequence. FEBS Lett
520: 97-101.

5. Neves SR, Ram PT, Iyengar R (2002) G protein pathways. Science 296:
1636-1639.

6. Sodhi A, Montaner S, Gutkind JS (2004) Viral hijacking of G-protein-coupled-
receptor signalling networks. Nat Rev Mol Cell Biol 5: 998-1012.

7. Grisshammer R, Tate CG (1995) Overexpression of integral membrane proteins
for structural studies. Q) Rev Biophys 28: 315-422.

8. Palczewski K, Kumasaka T, Hori T, Behnke CA, Motoshima H, et al. (2000)
Crystal structure of rhodopsin: A G protein-coupled receptor. Science 289:
739-745.

9. Park JH, Scheerer P, Hofmann KP, Choe HW, Ernst OP (2008) Crystal

structure of the ligand-free G-protein-coupled receptor opsin. Nature 454:

183-187.

Scheerer P, Park JH, Hildebrand PW, Kim YJ, Krauss N, et al. (2008) Crystal

structure of opsin in its G-protein-interacting conformation. Nature 455:

497-502.

. Cherezov V, Rosenbaum DM, Hanson MA, Rasmussen SG, Thian FS, et al.
(2007) High-resolution crystal structure of an engineered human beta2-
adrenergic G protein-coupled receptor. Science 318: 1258-1265.

. Rasmussen SG, Choi HJ, Rosenbaum DM, Kobilka TS, Thian FS, et al. (2007)
Crystal structure of the human beta2 adrenergic G-protein-coupled receptor.
Nature 450: 383-387.

. Warne T, Serrano-Vega MJ, Baker JG, Moukhametzianov R, Edwards PC, et
al. (2008) Structure of a betal-adrenergic G-protein-coupled receptor. Nature
454: 486-491.

. Loll PJ (2003) Membrane protein structural biology: the high throughput
challenge. J Struct Biol 142: 144-153.

. White SH (2004) The progress of membrane protein structure determination.
Protein Sci 13: 1948-1949.

. Prive GG (2007) Detergents for the stabilization and crystallization of membrane
proteins. Methods 41: 388-397.

. Tate CG, Grisshammer R (1996) Heterologous expression of G-protein-coupled

receptors. Trends Biotechnol 14: 426-430.

Sarramegna V, Talmont F, Demange P, Milon A (2003) Heterologous

expression of G-protein-coupled receptors: comparison of expression systems

fron the standpoint of large-scale production and purification. Cell Mol Life Sci

60: 1529-1546.

Grisshammer R, White JF, Trinh LB, Shiloach J (2005) Large-scale expression

and purification of a G-protein-coupled receptor for structure determination —

an overview. J Struct Funct Genomics 6: 159-163.

Tucker J, Grisshammer R (1996) Purification of a rat neurotensin receptor

expressed in Escherichia coli. Biochem J 317(Pt 3): 891-899.

LaVallic ER, McCoy JM (1995) Gene fusion expression systems in Escherichia

coli. Curr Opin Biotechnol 6: 501-506.

Weiss HM, Grisshammer R (2002) Purification and characterization of the

human adenosine A(2a) receptor functionally expressed in Escherichia coli.

Eur J Biochem 269: 82-92.

White JF, Trinh LB, Shiloach J, Grisshammer R (2004) Automated large-scale

purification of a G protein-coupled receptor for neurotensin. FEBS Lett 564:

289-293.

Krepkiy D, Wong K, Gawrisch K, Yeliseev A (2006) Bacterial expression of

functional, biotinylated peripheral cannabinoid receptor CB2. Protein Expr

Purif 49: 60-70.

. Hjelmeland LM, Chrambach A (1984) Solubilization of functional membrane
proteins. Methods Enzymol 104: 305-318.

5. van Renswoude J, Kempf C (1984) Purification of integral membrane proteins.

Methods Enzymol 104: 329-339.

20.
21.

22.
23.

24.

@ PLoS ONE | www.plosone.org

14

Study Human Chemokine Receptor

Acknowledgments

We thank Dr. Liselotte Kaiser and Hanna Eriksson for their help in gene
cloning and expression. We also thank MI'T UROP students Tracy Li and
Xun Hou for their help in detergents screening and proteins purification.
We also thank Prof. Gésta Winberg for stimulating and helpful discussions.

Author Contributions

Conceived and designed the experiments: HR SZ. Performed the
experiments: HR DY BG BLC ZX. Analyzed the data: HR BG SZ.
Contributed reagents/materials/analysis tools: HR BLC. Wrote the paper:
HR SZ.

27. le Maire M, Champeil P, Moller JV (2000) Interaction of membrane proteins
and lipids with solubilizing detergents. Biochim Biophys Acta 1508: 86-111.
28. Gerard C, Rollins BJ (2001) Chemokines and disease. Nat Immunol 2: 108-115.
. Baggiolini M (1998) Chemokines and leukocyte traffic. Nature 392: 565-568.
30. Zlotnik A, Yoshie O (2000) Chemokines: a new classification system and their
role in immunity. Immunity 12: 121-127.

Elsner J, Escher SE, Forssmann U (2004) Chemokine receptor antagonists: a
novel therapeutic approach in allergic diseases. Allergy 59: 1243-1258.

Luster AD (2001) Antichemokine immunotherapy for allergic diseases. Curr
Opin Allergy Clin Immunol 1: 561-567.

Kumar S, Choi WT, Dong CZ, Madani N, Tian S, et al. (2006) SMM-
chemokines: a class of unnatural synthetic molecules as chemical probes of
chemokine receptor biology and leads for therapeutic development. Chem Biol
13: 69-79.

Berger EA, Murphy PM, Farber JM (1999) Chemokine receptors as HIV-1
coreceptors: roles in viral entry, tropism, and discase. Annu Rev Immunol 17:
657-700.

. Lusso P (2006) HIV and the chemokine system: 10 years later. Embo J 25:
447-456.

Balkwill F (2004) Cancer and the chemokine network. Nat Rev Cancer 4:
540-550.

Dorsam RT, Gutkind JS (2007) G-protein-coupled receptors and cancer. Nat
Rev Cancer 7: 79-94.

Morokata T, Suzuki K, Masunaga Y, Taguchi K, Morihira K, et al. (2006) A
novel, selective, and orally available antagonist for CC chemokine receptor 3.
J Pharmacol Exp Ther 317: 244-250.

Choe H, Farzan M, Sun Y, Sullivan N, Rollins B, et al. (1996) The beta-
chemokine receptors CCR3 and CCR5 facilitate infection by primary HIV-1
isolates. Cell 85: 1135-1148.

Suzuki K, Morokata T, Morihira K, Sato I, Takizawa S, et al. (2006) In vitro
and in vivo characterization of a novel CCR3 antagonist, YM-344031. Biochem
Biophys Res Commun 339: 1217-1223.

Imai T, Hieshima K, Haskell C, Baba M, Nagira M, et al. (1997) Identification
and molecular characterization of fractalkine receptor CX3CRI, which
mediates both leukocyte migration and adhesion. Cell 91: 521-530.

Meucci O, Fatatis A, Simen AA, Miller R] (2000) Expression of CX3CR1
chemokine receptors on neurons and their role in neuronal survival. Proc Natl
Acad Sci U S A 97: 8075-8080.

Combadiere C, Salzwedel K, Smith ED, Tiffany HL, Berger EA, et al. (1998)
Identification of CX3CRI. A chemotactic receptor for the human CX3C
chemokine fractalkine and a fusion coreceptor for HIV-1. J Biol Chem 273:
23799-23804.

Tremblay K, Lemire M, Provost V, Pastinen T, Renaud Y, et al. (2006)
Association study between the CX3CR1 gene and asthma. Genes Immun 7:
632-639.

. Wells TN, Power CA, Shaw JP, Proudfoot AE (2006) Chemokine blockers—
therapeutics in the making? Trends Pharmacol Sci 27: 41-47.

Cook BL, Ernberg KE, Chung H, Zhang S (2008) Study of a synthetic human
olfactory receptor 17-4: expression and purification from an inducible
mammalian cell line. PLoS ONE 3: €2920.

Stemmer WP, Crameri A, Ha KD, Brennan TM, Heyneker HL (1995) Single-
step assembly of a gene and entire plasmid from large numbers of
oligodeoxyribonucleotides. Gene 164: 49-53.

Hoover DM, Lubkowski J (2002) DNAWorks: an automated method for
designing oligonucleotides for PCR-based gene synthesis. Nucleic Acids Res 30:
c43.

Baedeker M, Schulz GE (1999) Overexpression of a designed 2.2 kb gene of
eukaryotic phenylalanine ammonia-lyase in Escherichia coli. FEBS Lett 457:
57-60.

Takayama H, Chelikani P, Reeves PJ, Zhang S, Khorana HG (2008) High-level
expression, single-step immunoaffinity purification and characterization of
human tetraspanin membrane protein CD81. PLoS ONE 3: e2314.

Kaiser L, Graveland-Bikker J, Steuerwald D, Vanberghem M, Herlihy K,
Zhang S (2008) Efficient cell-free production of olfactory receptors: detergent
optimization, structure and odorant binding analyses. Proc Natl Acad Sci 105.

31.
32.

34.

36.
37.

38.
39.
40.
41.
42.

43.

44,

46.
47.
48.
49.
50.

51.

February 2009 | Volume 4 | Issue 2 | e4509



52.

53.

56.

57.

58.

59.

60.

61.

62.

63.

64.

Guzman LM, Belin D, Carson M]J, Beckwith J (1995) Tight regulation,
modulation, and high-level expression by vectors containing the arabinose
PBAD promoter. J Bacteriol 177: 4121-4130.

Lu Z, DiBlasio-Smith EA, Grant KL, Warne NW, LaVallie ER, et al. (1996)
Histidine patch thioredoxins. Mutant forms of thioredoxin with metal chelating
affinity that provide for convenient purifications of thioredoxin fusion proteins.
J Biol Chem 271: 5059-5065.

. Miroux B, Walker JE (1996) Over-production of proteins in Escherichia coli:

mutant hosts that allow synthesis of some membrane proteins and globular
proteins at high levels. J Mol Biol 260: 289-298.

. Dumon-Seignovert L, Cariot G, Vuillard L (2004) The toxicity of recombinant

proteins in Escherichia coli: a comparison of overexpression in BL21(DE3),
C41(DE3), and C43(DE3). Protein Expr Purif 37: 203-206.

Shaw AZ, Miroux B (2003) A general approach for heterologous membrane
protein expression in Escherichia coli: the uncoupling protein, UCPI, as an
example. Methods Mol Biol 228: 23-35.

Drew D, Lerch M, Kunji E, Slotbhoom DJ, de Gier JW (2006) Optimization of
membrane protein overexpression and purification using GFP fusions. Nat
Methods 3: 303-313.

Hjelmeland LM (1990) Solubilization of native membrane proteins. Methods
Enzymol 182: 253-264.

Sarramegn V, Muller I, Milon A, Talmont F (2006) Recombinant G protein-
coupled receptors from expression to renaturation: a challenge towards
structure. Cell Mol Life Sci 63: 1149-1164.

Neugebauer JM (1990) Detergents: an overview. Methods Enzymol 182:
239-253.

Mirzabekov T, Bannert N, Farzan M, Hofmann W, Kolchinsky P, et al. (1999)
Enhanced expression, native purification, and characterization of CCR5, a
principal HIV-1 coreceptor. J Biol Chem 274: 28745-28750.

Babcock GJ, Mirzabekov T, Wojtowicz W, Sodroski J (2001) Ligand binding
characteristics of CXCR4 incorporated into paramagnetic proteoliposomes.
J Biol Chem 276: 38433-38440.

Mirzabekov T, Kontos H, Farzan M, Marasco W, Sodroski J (2000)
Paramagnetic proteoliposomes containing a pure, native, and oriented seven-
transmembrane segment protein, CCR5. Nat Biotechnol 18: 649-654.

Sardet C, Tardieu A, Luzzati V (1976) Shape and size of bovine rhodopsin: a
small-angle x-ray scattering study of a rhodopsin-detergent complex. J] Mol Biol
105: 383-407.

. Baneres JL, Martin A, Hullot P, Girard JP, Rossi JC, et al. (2003) Structure-

based analysis of GPCR function: conformational adaptation of both agonist and

@ PLoS ONE | www.plosone.org

15

66.

67.

68.

69.

70.

71.

72.

73.

74.

76.

77.

78.

Study Human Chemokine Receptor

receptor upon leukotriene B4 binding to recombinant BLT1. J Mol Biol 329:
801-814.

Bane SE, Velasquez JE, Robinson AS (2007) Expression and purification of
milligram levels of inactive G-protein coupled receptors in E. coli. Protein Expr
Purif 52: 348-355.

Niegowski D, Hedren M, Nordlund P, Eshaghi S (2006) A simple strategy
towards membrane protein purification and crystallization. Int J Biol Macromol
39: 83-87.

Eshaghi S, Hedren M, Nasser MI, Hammarberg T, Thornell A, et al. (2005) An
cfficient strategy for high-throughput expression screening of recombinant
integral membrane proteins. Protein Sci 14: 676-683.

Bass RB, Strop P, Barclay M, Rees DC (2002) Crystal structure of Escherichia
coli MscS, a voltage-modulated and mechanosensitive channel. Science 298:
1582-1587.

Baneres JL, Mesnier D, Martin A, Joubert L, Dumuis A, et al. (2005) Molecular
characterization of a purified 5-HT4 receptor: a structural basis for drug
efficacy. J Biol Chem 280: 20253-20260.

Navratilova I, Sodroski J, Myszka DG (2005) Solubilization, stabilization, and
purification of chemokine receptors using biosensor technology. Anal Biochem
339: 271-281.

Drew D, Froderberg L, Baars L, de Gier JW (2003) Assembly and
overexpression of membrane proteins in Escherichia coli. Biochim Biophys
Acta 1610: 3-10.

Nassal M, Mogi T, Karnik SS, Khorana HG (1987) Structure-function studies
on bacteriorhodopsin. III. Total synthesis of a gene for bacterio-opsin and its
expression in Escherichia coli. J Biol Chem 262: 9264-9270.

Grisshammer R, Duckworth R, Henderson R (1993) Expression of a rat
neurotensin receptor in Escherichia coli. Biochem J 295(Pt 2): 571-576.

. Wang DN, Safferling M, Lemieux MJ, Griffith H, Chen Y, et al. (2003) Practical

aspects of overexpressing bacterial secondary membrane transporters for
structural studies. Biochim Biophys Acta 1610: 23-36.

Hanninen AL, Bamford DH, Grisshammer R (1994) Expression in Escherichia
coli of rat neurotensin receptor fused to membrane proteins from the
membrane-containing bacteriophage PRDI1. Biol Chem Hoppe Seyler 375:
833-836.

Nakamura H, De Rosa SC, Yodoi J, Holmgren A, Ghezzi P, et al. (2001)
Chronic elevation of plasma thioredoxin: inhibition of chemotaxis and
curtailment of life expectancy in AIDS. Proc Natl Acad Sci U S A 98:
2688-2693.

Sambrook J, Russell DW (2001) Molecular cloning : a laboratory manual. Cold
Spring Harbor, N.Y.: Cold Spring Harbor Laboratory Press.

February 2009 | Volume 4 | Issue 2 | e4509



