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Abstract

Human chemokine receptor CCR3 (hCCR3) belongs to the G protein-coupled receptors (GPCRs) superfamily of membrane
proteins and plays major roles in allergic diseases and angiogenesis. In order to study the structural and functional
mechanism of hCCR3, it is essential to produce pure protein with biological functions on a milligram scale. Here we report
the expression of hCCR3 gene in a tetracycline-inducible stable mammalian cell line. A cell clone with high hCCR3
expression was selected from 46 stably transfected cell clones and from this cell line pure hCCR3 on a milligram scale was
obtained after two-step purification. Circular dichroism spectrum with a characteristic shape and magnitude for a-helix
indicated proper folding of hCCR3 after purification. The biological activity of purified hCCR3 was verified by its high
binding affinity with its endogenous ligands CCL11 and CCL24, with Kp in the range of 1078 M to 106 M.
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Introduction

G protein-coupled receptors (GPCRs) comprise the largest
family of integral membrane proteins. They function as signal
messengers to sense extracellular signals and amplify them inside
the cells, and play crucial roles in various physiological processes,
including regulation of heart rate, blood pressure and hormone
level [1,2]. Although GPCRs are widely involved in diseases and
are the target of about 30% of known marketed medicines [3],
knowledge of these proteins is still limited.

Chemokine receptors are a subfamily of GPCRs. Totally 22
chemokine receptors have been discovered in the human genome.
They play important roles in the immune system by directing the
migration of leukocytes [4]. Chemokine receptors are also involved
in many diseases, including inflammatory diseases, cancers and
AIDS [5,6]. Human chemokine receptor CCR3 (hCCR3) is highly
expressed on eosinophils and basophils, and plays a key role in
allergic diseases [4]. hCCR3 also plays a direct role in
angiogenesis, and it is an effective target for age-related macular
degeneration therapy [5]. In addition, hCCR3 is also reported to
be a co-receptor of some isolates of HIV-1 [6]. hCCRS3 realizes its
functions by binding with its chemokine ligands, including
eotaxin/CCL11, eotaxin-2/CCL24, eotaxin-3/CCL26
[7,8,9,10]. It has been shown that hCCR3 and CCLI11 have a
very high binding affinity i vivo with Kp of 0.52 nM on
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cosinophils [11]. The Ap for CCL24 and CCL26 with hCCR3
on recombinant L1-2 cells is 0.6 nM and 0.9 nM, respectively
[12].

To reveal how GPCRs realize their functions at molecular level,
it is indispensable to carry out biophysical experiments i vitro,
including structural analysis, protein-protein interaction and
conformational changes. All of these experiments require pure
proteins with biological activity. However, there are still obstacles
to the expression and purification of biologically active GPCRs in
sufficient yield for structural and biophysical research due to the
low level of expression and extraction, caused by cellular toxicity
and poor stability of integral membrane proteins. Only 16 GPCRs
structures with high resolution have been obtained, 9 of which are
human GPCRs, just a very small part of about 850 GPCRs in the
human genome [13,14]. To obtain pure and functional GPCRs,
heterologous expression systems have been developed for efficient
production of GPCRs, such as Escherichia coli (E. coli), yeast, cell free
system, insect and mammalian cells [15,16,17,18]. Among these
heterologous expression systems, mammalian cells have unique
advantages for expression of GPCRs since they can provide a
native-like environment, which facilitates membrane insertion and
post-translational modifications [15]. However, there is not yet
any report on high level expression and purification of hCCR3
from mammalian cell lines. The only report on hCCR3
production on a milligram scale was based on an E. coli expression
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system, where Hui Ren et al. demonstrated high level expression
of hCCR3 fused with thioredoxin at its N-terminus [19].

Here we report the expression and purification of hCCR3 from
the tetracycline-inducible T-REx-293 stable cell line. Milligrams of
hCCR3 were obtained upon two-step purification. Biological
activity of hCCR3 was verified by its binding with CCL11 and
CCL24 observed in surface plasmon resonance (SPR) experi-
ments. The A, values are in the range of 1078 M to 107° M. Tt
was noticed that the binding affinity between hCCR3 and its two
ligands was similar under the same conditions, but it was
significantly affected by the detergent selected.

Results

Construction and Screening of Stably Transfected Cell

Lines

T-REx-293 cell lines containing the tetracycline regulation
system can minimize the toxic effects of the receptor on cell
growth. The cells can grow up to 90% confluence, and then the
receptor production can be induced by addition of tetracycline. It
has been reported that sodium butyrate is an inhibitor of histone
deacetylase, which can enhance recombinant protein expression
[20]. In this work, 46 cell clones in total were screened for hGCR3
expression. Each clone was induced under three parallel expres-
sion conditions for 48 hours: (-) in plain medium without
induction, (+) with 1 pg/ml tetracycline in the medium, (++) with
1 ug/ml tetracycline plus 2.5 mM sodium butyrate in the
medium. Dot blot was used to analyze the hCCR3 expression
level of different clones. Among the 46 clones, 32 of them showed
low level hCCR3 expression. The relative expression level for the
other 14 clones can be seen in Figure 1. Clone 12 and clone 13
exhibited a higher level of expression in the medium supplemented
with 1 pg/ml tetracycline and 2.5 mM sodium butyrate.

Western blot was used as an additional confirmation of hCCR3
expression from cell clone 4, 6, 7, 12, 13, and 14 (Figure 2). The
blots revealed three apparent bands at approximately 34 kDa,
58 kDa and 82 kDa. The loading samples for western blot were
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Figure 1. Dot blot for screening stably transfected cell lines. 14
clones were analyzed after 48 hours induction under different
conditions as follows: (-) plain medium without induction, (+) medium
with 1 pg/ml tetracycline, (++) medium with 1 pg/ml tetracycline plus
2.5 mM sodium butyrate. Anti-His monoclonal antibody was used as
primary antibody.

doi:10.1371/journal.pone.0065500.9001
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Figure 2. Western blot analysis of hCCR3 expression from
different cell clones. Lane M was protein standard marker and lane 1
to 6 were cell clone 7, 12, 13, 4, 6 and 14, respectively. Anti-His
monoclonal antibody was used as primary antibody.
doi:10.1371/journal.pone.0065500.g002

identical in volume, and clone 13 showed the highest expression
level and therefore was selected for subsequent experiments.

Optimization of Induction Conditions for hCCR3

Expression

The expression of hCCR3 was further optimized by varying the
concentration of tetracycline and sodium butyrate. Figure 3 shows
that changing the concentration of either tetracycline or sodium
butyrate may influence hCCR3 expression level. As the concen-
tration of tetracycline increased from 0.5 pg/ml to 2 pg/ml under
a constant sodium butyrate concentration, hCCR3 expression
increased accordingly. However, when the concentration of
tetracycline was increased from 2 pg/ml to 5 pg/ml, the hCCR3
expression decreased. The results showed that the hCCR3
expression level was the highest after being induced with 2 pg/
ml tetracycline and 5 mM sodium butyrate for 48 hours. For the
subsequent receptor extraction experiments, cells were induced
under these conditions.

Detergent Screening for hCCR3 Solubilization

Selection of a proper detergent is very important for efficient
extraction of GPCRs from cells, for their stabilization in
subsequent purification, and for maintenance of their biological
activity. We therefore sceened 12 different detergents for hCCR3
solubilization. It has also been reported recently that detergent
mixtures may be good for membrane protein solubilization and
stabilization [21,22]. 5 detergent mixtures were therefore tested for
hCCR3 extraction. The ratio of different detergents were chosen
according to the literature [19,21,23].

Figure 4 shows the detergent screening result by dot blot
analysis. The most effective detergents for solubilizing hCCR3
were FC-14, DDM, CHAPS, the mixture of CHAPS/OG, and
the mixture of CHAPS/CHS. According to the western blot
results (Figure 5), among these detergents, FC-14 and DDM
solubilized hCCR3 efficiently and kept it mainly in the form of
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Figure 3. hCCR3 expression level under different induction conditions. The hCCR3 expression was induced with different concentrations of
tetracycline and sodium butyrate. Dot blot was used to analyze the expression level under different induction conditions. The results were quantified

by spot densitometry. The histogram columns were normalized against 1.1-fold of the highest column so that the data are between 0 and 1.
doi:10.1371/journal.pone.0065500.g003

monomer and dimer, but some other detergents induced massive Purification of Recombinant hCCR3

oligomerization of hCCR3. Therefore, only FC-14 and DDM A two-step method using Ni affinity chromatography and size
were used to purify monomeric hCCR3. exclusion chromatography was applied to purify the T-REx-293-
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Figure 4. Relative hCCR3 solubilization capacity of different detergents. hCCR3 was solubilized by 1: Trx-100; 2: FC-14; 3: ZW3-16; 4: DDM; 5:
SDS; 6: CHAPS; 7: Brij-35; 8: CHAPS(6%)/CHS(1.2%)/DDM(2%); 9: CHAPS(10%)/CHS(2%)/DDM(2%); 10: CHAPS(10%)/CHS(2%); 11: CHAPS(10%)+0G(1%);
12: CHAPS(1%)+CHS(0.2%)+DDM(1%); 13: Trx-114; 14: TW-20; 15: CHS; 16: OG; 17: CTAB, respectively. The results were quantified by spot
densitometry. The histogram columns were normalized against 1.1-fold of the highest column so that the data are between 0 and 1.
doi:10.1371/journal.pone.0065500.9004
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Figure 5. Western blot of hCCR3 solubilized with different
detergents. Lane M was the protein standard marker, the other lanes
were as following: 1: Trx-100; 2: FC-14; 3: ZW3-16; 4: DDM; 5: SDS; 6:
CHAPS; 7: Brij-35; 8: CHAPS(6%)/CHS(1.2%)/DDM(2%); 9: CHAPS(10%)/
CHS(2%)/DDM(2%); 10: CHAPS(10%)/CHS(2%); 11: CHAP-
S(10%)+0G(1%).

doi:10.1371/journal.pone.0065500.g005

expressed hCCR3. Cells were cultivated on more than one
hundred 100-mm plates. After 48 hours induction, 4.2 g (wet
weight) cells were collected. Cells were solubilized by resuspending
in 50 ml PBS containing 2% detergent and protease inhibitor at
4°C overnight. The cell lysate was centrifuged at 13,000 x g for 30
minutes at 4°C and the supernatant after centrifugation was
purified with Ni affinity chromatography. The eluents from Ni-
column were subjected to SDS-PAGE and western blot analysis.
SDS-PAGE showed that the purified hCCR3 had four bands, with
molecular weights of approximately 34 kDa, 58 kDa, 82 kDa and
115 kDa (Figure 6A). All the four bands could be identified by
mouse anti-His monoclonal antibodies using western blot analysis
(Figure 6B). According to their molecular weight, the four purified
hCCR3 bands after Ni affinity chromatography can be attributed
to monomer, dimer and two oligomers of hCCR3 (see the
Discussion).

Size-exclusion chromatography (SEC) was applied to separate
different forms of hCCR3. Six fractions from SEC were collected
in total and characterized with silver stained SDS-PAGE (Figure 7).
The first four fractions primarily contained dimers and oligomers
of hCCR3. The fifth fraction contained dimers and monomers.
The sixth fraction was mainly the monomeric form of hCCR3
with a purity of about 90%. About 1.2 mg monomeric hCCR3
could be obtained from 4.2 ¢ mammalian cells. The hCCR3
monomer was pure enough for biophysical and functional
characterization.

Secondary Structure Characterization of Purified hCCR3

Circular dichroism (CD) was used to analyze the secondary
structure of the purified hCCR3. hCCR3 has seven helices and is
expected to have the typical characteristics of a-helix in the CD
spectrum. Figure 8 shows the far-UV CD spectrum of hCCR3,
which has two negative peaks at 208 nm and 222 nm respectively.
The magnitude is also comparable to the CD spectrum of other
GPCRs [22,24,25,26]. Both the shape and magnitude suggest
proper folding of hCCR3.

Biological Activity of hCCR3

To confirm the maintenance of its structure and biological
activity, the binding of hCCR3 with its two endogenous ligands
(CCLI11 and CCL24) was studied by SPR. hCCR3 fused with a
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His-tag at its C-terminus was firstly immobilized on a NTA sensor
chip and CCL11 or CCL24 at different concentrations were
flowed through the sensor chip. Typical SPR binding and
dissociation curves were observed, which indicated that the
purified hCCR3 was biologically active and can bind with its
endogenous ligands (Figure 9).

To investigate the effects of detergents on the binding affinity of
hCCR3 with its ligands, samples of hCCR3 purified in the
presence of FC-14 and DDM were compared. Although hCCR3
was found to bind with both CCL11 and CCL24 in the presence
of different detergents, the binding behavior was different. The
dissociation equilibrium constant () between hCCR3 and
CCL11 or CCL24 was 1.3x10"° M and 1.6x10® M respec-
tively when FC-14 was used in the purification and SPR
experiments. However, these values changed to 7.0x107°% M
and 5.8x10”% M when DDM was used. The small £ values
indicate strong binding between hCCR3 and its endogenous
ligands. The binding kinetics could also be obtained by fitting the
SPR curves. As shown in Table 1, the binding rate constant of
2.3x10" M~ 's™" for hCCR3 with CCL24 in FC-14 was the
lower, whilst the £, value for hCCR3 with CCL11 in DDM was
one order of magnitude larger and reached 2.5x10° M~ 's™',
There was also one order of magnitude difference in k4 when
different ligands and detergents were used.

The biological activity of hCCR3 was further confirmed by
using commercial chemokines (CCL11 and CCL24) from
PeproTech (USA), whose activities had been tested. Similar SPR
binding and dissociation curves were obtained (Figure S1) and the
Kps for the commercial chemokines were 7.3 x 1077 M (for
CCLI11) and 2.1 x 1077 M (for CCL24), respectively, which were
10- and 3.6-fold weaker than the home-made chemokine
preparations respectively. A negative control was also carried out
with CXCLI2 from PeproTech (USA), which does not bind with
hCCR3 according to the literature [27,28]. As expected, no
observable binding between hCCR3 and CXCL12 was detected
in the SPR experiments (Figure S2).

Discussion

The cloning of human CCR3 was first reported in 1995 by
Combadiere [29]. Two other groups have independently identified
hCCRS3 as a CCL11 receptor, and have shown that the chemokine
RANTES and MCP-3 are functional agonists of hCCR3 [27,30].
Since then much effort has been made to study its properties and
functions. Although hCCR3 is closely involved in many diseases
and is a potential therapeutic target, its functional and structural
studies have been hampered by the unavailability of pure and
functional protein on a milligram scale. No example of milligram
scale production of hCCR3 from a mammalian cell line has been
reported in the literature. In 2009 Hui Ren et al. expressed and
purified hCCR3 wusing an E. coli expression system, where a
peptide with about 130 amino acids is fused at its N-terminus to
facilitate expression and purification [19]. However, its biological
activity has not been verified. In this work, about 1.2 mg hCCR3
monomer could be obtained from 4.2 g mammalian cells after a
two-step purification. CD indicated that the purified hCCR3 was
correctly folded with typically o-helical structure and SPR
experiments demonstrated the binding of hCCR3 with its two
endogenous ligands i vitro.

Membrane proteins expressed in E. coli and yeast may not have
biological activity because of incorrect folding, failure in mem-
brane insertion or post-translational modification [16,31]. We
chose mammalian cell lines as a host system to avoid these
potential problems. Compared with E. coli and yeast, mammalian
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Figure 6. SDS-PAGE and western blot analysis of hCCR3 purified by Ni affinity chromatography. (A) SDS-PAGE of hCCR3 purified in the
presence of FC-14. Lane M was the protein standard marker, Lane 1 was hCCR3 after Ni chromatography. Proteins were analyzed using 4-12% (v/v)
NuPAGE Bis-Tris precast gradient gel (Invitrogen) in NUPAGE MES SDS Running buffer. (B) Western blot of hCCR3 purified in the presence of FC-14,
using mouse anti-His monoclonal antibody. Lane M was the protein standard marker, Lane 2 was hCCR3 after Ni chromatography.

doi:10.1371/journal.pone.0065500.9g006
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Figure 7. Silver stained SDS-PAGE of hCCR3 from size
exclusion chromatography in FC-14. Lane M is the protein
standard marker and Lane 1 to 6 correspond to the fractions eluted
from size exclusion chromatography sequentially.
doi:10.1371/journal.pone.0065500.g007
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cells can realize more complicated protein processing and post-
translational modification, which may be necessary for correct
folding and functionalization [32,33,34,35]. In our initial work,
efforts were made to obtain protein from a transiently transfected
HEK293A cell line. However, it was noticed that the cells died
after 48 hours transfection, probably due to the toxicity of hCCR3,
and this gave very low protein production. To increase protein
yield, we constructed tetracycline inducible stable T-REx-293 cells
to produce recombinant hCCR3 heterologously. The tetracycline
inducible system allows cells to grow up to a high density, and then
the production of the receptor can be induced by addition of
tetracycline. This inducible expression is particularly useful for
exogenous protein over-expression that may inhibit the further
growth of cells. In dot blot screening no detectable basal
expression in the absence of tetracycline was observed, whilst the
addition of tetracycline and sodium butyrate can induce expres-
sion of hCCR3. This inducible expression host system allows the
growth of cells to high density and hence a correspondingly high
yield of hCCR3. It was also noticed that sodium butyrate as a
general stimulating agent for protein expression increased the
expression level of hCCR3 in this work.

The crude cell lysate mainly showed three bands with molecular
weight of approximately 34 kDa, 58 kDa and 82 kDa on western
blot. However, after Ni affinity chromatography, one more band
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at ~115 kDa appeared, which may be explained by the formation
of higher order oligomers at higher protein concentration. The
theoretical molecular weight of hCCR3 fused with a 10-His tag is
42 kDa. The 34 kDa band was attributed to the monomeric
hCCR3 and the other bands were the dimer (58 kDa) and
oligomers (82 kD and 115 kDa). It is noticed that the apparent
molecular weight of hCCR3 from SDS-PAGE is smaller than its
theoretical molecular weight, which however is consistent with
reports that membrane proteins normally have smaller apparent
molecular weight on SDS-PAGE and western blot, typically
appearing at 70-85% of their corresponding theoretical molecular
weight [22,36]. This is probably due to the incomplete denatur-
ation of membrane proteins. Many GPCRs have been found to be
active only if they form dimers. However, there is no evidence
proving that the activated hCCR3 forms a dimer. The SDS-
PAGE and western blot experiments carried out in this work
showed that hCCR3 can easily form dimers and oligomers
although this does not prove the formation of dimers and
oligomers under physiological conditions. On the other hand,
the relation between oligomerization and function has yet to be
clarified.

One crucial step in establishing a purification protocol for a
membrane protein is to select an appropriate detergent, which
should not only be able to solubilize the membrane protein
effectively but also to stabilize the protein and to preserve its
biological activity. Recent work has shown that sevreal detergents,
including FC-14, DDM, CHAPS, CHS, OG, Brij-35 and some
detergent mixtures, may be good for maintaining the structure and
function of integral membrane proteins [22,24,25,37,38,39]. In
this work, several detergents were therefore used to screen for
better solubilization of hCCR3. Among these detergents, some
showed a good solubilization capacity, such as DDM, FC-14,
CHAPS, SDS, CHAPS/CHS and CHAPS/OG. However,

hCCR3 was mainly oligomeric in most of the detergents apart
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from DDM, FC-14 and SDS, where hCCR3 was mostly in the
form of monomer and dimer. SDS is a well-known denaturant for
proteins. We therefore chose only DDM and FC-14 as detergents
for the purification of hCCR3.

Numerous reports describing how to express GPCRs heterol-
ogously can be found in the literature, but only limited examples
giving GPCRs with biological functions have been reported
[15,40]. Recent efforts have therefore focused on how to preserve
the structure and function of GPCRs in the purification
procedure. To test the biological activity of hCCR3, we have
applied SPR to measure the binding affinity of hCCR3 with its
endogenous chemokine ligands CCL11 and CCL24. The Ap of
hCCR3 with CCL11 and CCL24 in vivo has been found to be at
subnanomole level. The binding affinity observed in this work is a
few orders of magnitude weaker. Similarly, much weaker binding
affinity i vitro has also been reported for olfactory receptors [24].
Most likely, the decrease in binding affinity is due to the change of
environment of GPCRs, as reported previously [41,42]. There was
no pronounced difference in the binding affinity of hCCR3 with its
two endogenous ligands CCL11 and CCL24, which was consistent
with the observation i vivo [12]. The dependence of association
and dissociation kinetics on detergents shows that the change of
detergent affected both association and dissociation processes. The
binding rate constants were much smaller than the diffusion
controlled limit, indicating a complex energy barrier limited
binding process rather than a diffusion controlled one. Further-
more, the large difference in £, in the presence of different
detergents may be a good indication that detergents greatly
influence the conformation of hCCR3 and hence the binding
[43,44]. This explains why detergents have such a significant
influence on the binding affinity.

In the selection of detergent for the purification or functional
study of membrane proteins, suitability for purification is only one
aspect. The ability of the selected detergent to maintain the
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Figure 9. SPR sensorgrams for binding of hCCR3 with its ligands. In the experiments hCCR3 was immobilized on a NTA sensor chip and

ligands at different concentrations (nM) were passed through the sample

wells. The ligand concentration used to elute is marked in the figure. The

sensorgrams show the binding of hCCR3 with CCL11 (A) and CCL24 (B) in the presence of FC-14 and the binding of hCCR3 with CCL11 (C) and CCL24
(D) in the presence of DDM. The sensorgrams were fitted with a 1:1 binding model using BIA T100 evaluation software (GE Healthcare) to obtain k, kq
and Kp values. The experimental curves are shown in black, while the fitted curves in red.

doi:10.1371/journal.pone.0065500.g009

biological functions of the target protein should also be considered.
It has been reported that a tiny change of environment may
severely affect the biological activity of GPCRs [41,42,45,46]. In
this work, it was noticed that the change of detergent from DDM

Table 1. The k,, kq, Kp between hCCR3 and its ligands in
different detergents®.

FC-14 DDM

hCCR3/CCL11 hCCR3/CCL24 hCCR3/CCL11 hCCR3/CCL24

k, (M) 49x10* 2.2x10* 2.5%10° 5.1x10*
kg (s 0.063 0.037 0.017 0.003
Ko (M) 13x107° 16x107° 7.0x1078 58x1078

*The k, and kq values were obtained by curve fitting with a 1:1 binding model
using the BIA T100 evaluation software (GE Healthcare). The Kp value is
determined with Kp =ky/k,.

doi:10.1371/journal.pone.0065500.t001

PLOS ONE | www.plosone.org

to FC-14 resulted in a variation in binding affinity by more than
one order of magnitude, indicating a strong environmental
dependence of hCCR3 activity [45]. Although FC-14 is a good
detergent for hCCR3 in terms of purification, due to its good
solubilization capacity, the biological activity of hCCR3 is
obviously lower in FC-14 than in DDM. The latter is therefore
a better detergent for hCCR3. This is a good example showing
that both solubilization and structure maintaining properties need
to be considered in selecting detergents for membrane proteins.
In conclusion, hCCR3 was expressed in a tetracycline-inducible
stable mammalian cell line. Upon two-step purification, pure
monomeric hCCR3 on a milligram scale could be obtained with
correct folding and reasonable ligand binding activity. The
binding affinity was strongly influenced by different detergents,
and DDM proved to be better for hCCR3 than FC-14 in terms of
maintaining biological activity. The availability of pure and
functional hCCR3 on a milligram scale will facilitate its
biophysical characterization. This work will also provide useful
information for the production and characterization of other
chemokine receptors. However, it should be pointed out that more
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systematic study on the detergent dependence of the biological
activity of hCCR3 will be required for a better understanding of
the stability and function of this protein. The question whether
hCCR3 expressed in E. coli is biologically functional remains
unanswered.

Materials and Methods

Materials

T-REx-293 cell line, Lipofectamine 2000, Dulbecco’s Modified
Eagle Medium, Blasticidin, fetal bovine serum, GlutaMAX, and
pcDNA4/TO plasmid and Novex sharp pre-stained protein
standard were purchased from Invitrogen. Mouse anti-His
monoclonal antibody was bought from Tiangen (China). Sodium
butyrate and tetracycline were purchased from Sigma. Complete
EDTA-free protease inhibitor cocktail tablets were bought from
Roche. Nitrocellulose membrane was purchased from Whatman
and ECL Plus kit was from GE Healthcare. The commercial
recombinant human chemokines CCL11, CCL24 and CXCLI12
were bought from PeproTech (USA).

N-dodecyl-B-D-maltoside  (DDM), N-octyl-p-D-glucopyrano-
side (OG), Hexadecyl trimethyl ammonium Bromide (CTAB),
Cholesteryl hemisuccinate tris salt (CHS), Tween 20 (TW-20),
Triton X-114 (Trx-114), and SDS were purchased from Sigma
Aldrich. Fos-Choline-14 (FC-14) was purchased from Anatrance,
Triton X-100 (Trx-100) from Promega, Brij-35 from BBI (China)
and Zwittergent 3-16 (ZW3-16) from EMD (Merck).

Expression and Purification of Recombinant Chemokines

The detailed protocol for preparing the home-made CCL11
and CCL24 has been submitted for publication in a separate
manuscript. In brief, the chemokine genes were sub-cloned into
pET28a expression vector. The recombinant plasmid was
transferred into F. coli BL21 (DE3) and the FE. coli was cultured
at 37°C to ODgpoum = 1.3. The protein expression was then
induced with 0.5 mM IPTG at 25°C. After induction, the E. coli
was collected and then lysed on an ultra-high pressure homoge-
nizer (JN3000, China) at 4°C. The recombinant chemokines were
purified using a pre-equilibrated Ni affinity column (GE
Healthcare). The purified proteins were then digested using
Hisg-TEV enzyme and applied to a Ni affinity column to remove
the Hisg fusion part. The purity and mass of the purified
chemokines were confirmed using SDS-PAGE and mass spec-
trometry.

Gene Construction

The hCCR3 gene was synthesized with a two-step PCR based
gene synthesis method as described previously [19], and then
amplified using forward primer
(5'CAAAGCTTCCCCCCGCCGCCACCATGAC-
TACTTCTCTCGATAC) and reverse primer (5’ ATGAATTCT-
CACTAGTGATGGTGATGATGGTGATGGTGATG.

ATGTCCCCCGAAGACGATGCTCAGCTCGGGCQ), which
introduced an EcoR I site at 5" end and a Hind I site at 3" end to
facilitate cloning. A Kozak sequence [47] in the forward primer
and a 10-His tag in the reverse primer were added to help efficient
expression and purification of the recombinant hCCR3. The EcR
I and Hind III-digested PCR product was inserted into pcDNA4/
TO vector digested with the same enzymes, resulting in the
recombinant pcDNA4/TO/hCCR3 plasmid. hCCR3 with a His-
tag was expressed under the CMV promoter.
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Construction and Screening of Inducible Stable Cell Lines

T-REx-293 cells were cultured in Dulbecco’s Modified Eagle
Medium supplemented with 10% fetal bovine serum, 2 mM
GlutaMAX and 5 pg/ml Blasticidin. The pcDNA4/TO/hCCR3
vector was transfected into T-REx-293 cells using Lipofectamine
2000 according to the manufactuer’s instruction. After transfec-
tion, cells were further cultured for 48 hours, and then selective
medium containing 5 tg/ml blasticidin and 50 pg/ml zeocin was
added. Cell clones stably integrated with the target gene were
grown in the selective medium for 4 weeks.

Totally 46 stably transfected cell clones were picked for
screening. Fach clone was treated with plain medium (-), medium
supplemented with 1 pg/ml tetracycline (+), and medium
supplemented with 1 pg/ml tetracycline and 2.5 mM sodium
butyrate (++). After 48 hours induction, cells were scraped and
lysed in PBS (137 mM NaCl, 2.7 mM KCl, 10 mM Nay,HPO,,
2 mM KH,PO,, pH 7.4) containing 2% (wt/vol) FC-14 and
protease inhibitors for 1 hour at 4°C. Cell lysate was centrifuged at
13,000 x g for 30 minutes and the supernatant was harvested. 3 pl
of the supernatant was spotted onto nitrocellulose membrane, air-
dried for 20 minutes, incubated with mouse anti-His monoclonal
antibody for 1 hour, followed by incubation with HRP labeled
goat anti-mouse secondary antibody for 1 hour, and finally
developed with ECL Plus kit according to the manufacturer’s
instructions. The membrane was imaged on a FLA-5100 imaging
system (Fuji, Japan) and dot blot intensities were analyzed with
MultiGauge Ver.3.X software. Clones with high expression
efficiency of hCCR3 were further characterized with western blot
and the one with the highest expression was selected for
subsequent experiments.

Optimization of hCCR3 Expression

After the inducible stable cell line with the highest hCCR3
expression was obtained, the expression conditions were further
optimized by changing the concentrations of tetracycline and
sodium butyrate. When the inducible stable cell lines were grown
to 90% confluency at 37°C in 12-well tissue plates, they were
treated with tetracycline and sodium butyrate. The concentration
of tetracycline was from 0.5 pug/ml to 5 pg/ml and the
concentration of sodium butyrate was from 0 mM to 2.5 mM.
After 48 hours induction, the inducible cell lines were harvested
and resuspended in 200 pl solubilization buffer (PBS containing
protease inhibitors and 2% wt/vol FC-14) and then rotated at 4°C
for 1 hour. After centrifugation, the supernatant was analyzed by
dot blot as described above. The results were quantified by spot
densitometry.

Detergent Screening

Stable cell lines were induced under optimum conditions for 48
hours. In this study, 12 individual detergents and 5 detergent
mixtures were used to screen for the best detergent. Cells were
harvested and resuspended in PBS containing protease inhibitors
and 2% (wt/vol) detergent. The mixture was rotated at 4°C for 1
hour to solubilize the protein. Then the soluble fractions were
obtained by centrifuging at 13,000x g for 30 minutes. Relative
protein solubility in each detergent solution was checked using dot
blot. The density of the spots was quantified by spot densitometry.
Western blot was employed for further analysis of some samples
with good solubilization. Samples for western blot were prepared
with NuPage LDS sample buffer (4x) and NuPage Reducing agent
(10x) (invitrogen) without heating.
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Protein Expression and Extraction

To purify hCCR3, cells from more than one hundred 100-mm
culture plates were used. When hCCR3-inducible T-REx-293
cells reached 90% confluence, cells were induced with tetracycline
and sodium butyrate. After 48 hours induction, cells were
harvested by using a cell scraper and centrifuged (5 min, 3000
x g at 4°C). The pellets were snap frozen in liquid nitrogen and
then stored at —80°C. For protein purification, cells were thawed
on ice and then resuspended in PBS containing 2% (wt/vol)
detergent and protease inhibitor, and then rotated at 4°C
overnight. The non-solubilized fraction was then removed by
centrifugation at 13,000 x g for 30 minutes. The supernatant was
collected and stored at 4°C for use in next step.

Ni Affinity Chromatography

Ni affinity chromatography was applied as the first step in
purification. The cell extract supernatant was loaded onto Ni
affinity column. The column was washed with five column
volumes (CVs) of buffer A (PBS supplemented with 0.4 M NaCl,
0.1% (wt/vol) detergent protease inhibitors, pH 7.4) to get rid of
impurities. Then the column was washed with another five CVs of
90% buffer A and 10% buffer B (Buffer A plus 0.5 M imidazole,
pH 7.4) to further remove other residual impurities. The target
hCCR3 was finally eluted using 100% buffer B.

Size Exclusion Chromatography

Size exclusion chromatography was used to further separate the
monomeric and higher oligomeric forms of hCCR3 on a HiLoad
16/60 Superdex 200 column. Firstly, the column was equilibrated
with PBS containing 0.1% (wt/vol) detergent. The purified
hCCRS3 from Ni affinity chromatography was concentrated using
a Microcon YM-10 centrifugal filter tube (Millipore), and then
loaded onto the Superdex 200 column. The column was eluted at
0.5 ml/min with PBS containing 0.1% (wt/vol) detergent and
monitored at 280 nm. Peak fractions were characterized by
sodium dodecyl sulfate polyacrylamide gel electrophoresis (SDS-
PAGE) and western blot. Samples for SDS-PAGE and western
blot were prepared with NuPage LDS sample buffer (4x) and
NuPage Reducing agent (10x) (invitrogen) without heating.

Circular Dichroism Spectroscopy

Circular dichroism (CD) experiments were performed on a
MOS-450 circular dichroism spectrometer (BioLogic Science
Instruments, France) with a 5 mm path length cell at 25°C. The
purified protein sample from size exclusion chromatography was
buffer-exchanged to 20 mM phosphate buffer containing 0.1%
(wt/vol) detergent (pH 7.4). Far-UV CD spectrum was acquired
over the wavelength range of 190 to 250 nm with a step size of
I nm and an acquisition time of 2 seconds. The final spectrum was
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