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Abstract

G protein-coupled receptors (GPCRs) are notoriously difficult to express, particularly in microbial systems.
Using GPCR fusions with the green fluorescent protein (GFP), we conducted studies to identify bacterial host
effector genes that result in a general and significant enhancement in the amount of membrane-integrated
human GPCRs that can be produced in Escherichia coli. We show that coexpression of the membrane-bound
AAA+ protease FtsH greatly enhances the expression yield of four different class I GPCRs, irrespective of
the presence of GFP. Using this new expression system, we produced 0.5 and 2 mg/L of detergent-solubilized
and purified full-length central cannabinoid receptor (CB1) and bradykinin receptor 2 (BR2) in shake flask
cultures, respectively, two proteins that had previously eluded expression in microbial systems.
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The array of functions that membrane proteins (MPs)
perform in cells is very broad, ranging from the main-
tenance of cell structure and protection against toxins in
the environment to the production of energy and respira-

SPresent address: Department of Chemical Engineering, Princeton
University, Princeton, NJ 08544, USA.

Reprint requests to: George Georgiou, Department of Chemical
Engineering, University of Texas at Austin, 1 University Station
C0400, Austin, TX 78712-0231, USA; e-mail: gg@che.utexas.edu;
fax: (512) 471-7963.

Abbreviations: GPCR, G protein-coupled receptor; MP, membrane
protein; GFP, green fluorescent protein; CBI1, central cannabinoid
receptor; CB2, peripheral cannabinoid receptor; BR2, bradykinin
receptor 2; NKRI1, neurokinin (substance P) receptor 1; SRP, signal
recognition particle; LMPC, I-myristoyl-2-hydroxy-sn-glycero-3-
phosphocholine.

Article and publication are at http://www.proteinscience.org/cgi/
doi/10.1110/ps.035980.108.

Protein Science (2008), 17:1857-1863. Published by Cold Spring Harbor Laboratory Press. Copyright © 2008 The Protein Society

tion. Consistent with these vital roles, genes for MPs
typically account for 15%—-30% of an organism’s genome.
However, <0.5% of the protein structures contained in
the Protein Data Bank are of MPs. Furthermore, the great
majority of extant MP structures are of prokaryotic
proteins, with only about two dozen distinct eukaryotic
MP structures currently available to the public (see http://
blanco.biomol.uci.edu/Membrane_Proteins_xtal.html for
a well-curated database of known MP structures). The
reason for this relative lag in structural biology efforts
toward MPs is twofold: The first bottleneck is the deter-
mination of suitable crystallization conditions (Loll
2003). The second limitation is the production of suffi-
cient amounts of MP suitable for initiation/optimization
of crystallization trials. The latter limitation is particu-
larly pertinent to mammalian MPs, which may be present
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in only miniscule quantities in native tissues. The most
promising avenue for addressing the protein production
bottleneck is the development of robust heterologous pro-
tein expression systems in well-understood organisms
(Grisshammer and Tate 1995; Link and Georgiou 2007).

One class of mammalian MPs of particular interest is
the G protein-coupled receptor (GPCR) family. These
proteins are characterized by a seven-transmembrane
helical topology, and represent the most abundant class
of MPs in animals with ~1100 genes (5% of the genome)
in the model organism Caernohabditis elegans (Bargmann
1998). In addition to their prevalence, GPCRs are of
outstanding pharmacological interest, and it has been
estimated that as many as 65% of currently marketed
small-molecule drugs target these receptors (Bartfai et al.
2004). Despite their importance from both a basic bio-
logical standpoint and as an avenue for human health,
structural biology efforts have yielded only two distinct
GPCR structures: those of bovine and squid rhodopsin
(Palczewski et al. 2000; Murakami and Kouyama 2008)
and of the human {3, adrenergic receptor (Cherezov et al.
2007; Rasmussen et al. 2007). The determination of the
rhodopsin structures was facilitated by the natural abun-
dance of this protein in the eye, while material for
crystallization of the 8, adrenergic receptor was obtained
by heterologous expression of the protein in an insect cell
line.

Microbial organisms, such as the bacterium Escher-
ichia coli, have been extensively used for the expression
of MPs for structural studies (Wagner et al. 2006) given
their ease of growth and manipulation, and ability to be
propagated in chemically defined medium, allowing for
substitution with selenomethionine for X-ray crystal
structure determination (Hendrickson et al. 1990) or with
isotopically labeled amino acids for NMR structural
studies. However, when expressed in E. coli, GPCRs are
often toxic to the host cell, are subject to degradation, or
accumulate in inclusion bodies that, with some exceptions
(Busuttil et al. 2001; Baneres et al. 2003; 2005; Tian et al.
2005), are difficult to solubilize and refold (Lundstrom
et al. 2006). Only a very limited number of human class I
GPCR, such as the peripheral cannabinoid receptor and
the neurotensin receptor, fused to polypeptides that pre-
vent aggregation or enhance stability, have been expressed
in membrane-integrated form in E. coli (Tucker and
Grisshammer 1996; Calandra et al. 1997).

In this work, we have examined the effects of the over-
expression of a panel of translocon components, molec-
ular chaperones, and other proteins involved in E. coli MP
biogenesis on the expression of four human class I
GPCRs (Bockaert and Pin 1999) in E. coli: the central
and peripheral cannabinoid receptors (CB1 and CB2,
respectively), the bradykinin receptor 2 (BR2), and the
neurokinin (Substance P) receptor 1 (NKR1). In order to
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rapidly and quantitatively assess the effect of these
factors, we constructed GPCR-GFP fusions and used
GFP fluorescence as a reporter of GPCR expression.
The fluorescence of MP—GFP fusions has been previously
found to be a good indicator of the amount of membrane-
localized MPs (Drew et al. 2005). We found that coex-
pression of the membrane-anchored AAA+ protease FtsH
significantly enhanced the expression of all the GPCRs
tested, as well as the amount of recombinant CB1 and
BR2 that can be solubilized by detergents and isolated.
The availability of a system for the expression of GPCRs
in bacteria that can produce large amounts of membrane-
bound protein constitutes the first step toward the ulti-
mate goal of obtaining large quantities of ligand-binding
receptors for structural studies.

Results

We investigated the expression of four human class I
GPCRs in E. coli: CB1, CB2, BR2, and NKR1. Each of
these receptors is of therapeutic interest with the canna-
binoid receptors being targets for pain, nausea, anxiety,
glaucoma, and wasting diseases (Porter and Felder 2001);
BR2 a target for inflammation and pain (Marceau and
Regoli 2004); whereas NKR1 antagonists are potential
antidepressants and antiemetics for cancer patients who
receive chemotherapy (Brain and Cox 2006). In earlier
studies, CB1 could be expressed only at trace levels in E.
coli (Calandra et al. 1997). BR2 has not been expressed in
microbial systems to date, and it expresses only with poor
yields in mammalian cell cultures (Camponova et al.
2007). Finally, NKR1 expressed in bacterial or yeast cell
hosts could not be properly localized in the membrane
(Butz et al. 2003; Bane et al. 2007).

Fully E. coli codon-optimized genes were synthesized
and fused to sequences encoding an N-terminal FLAG
octapeptide and C-terminal octahistidine, and placed
under the control of the fet promoter of the vector
pASK75 (Skerra 1994) to minimize leaky expression,
generating the plasmid family pASKGPCR (Fig. 1A). The
motivation for using fully codon-optimized genes is the
presence of several rare codons in the sequences of some
of the GPCRs studied. For example, the human CBI1
includes nine of the rare AGG codon for arginine in its
cDNA sequence. We also constructed vectors expressing
C-terminal fusions of the codon-optimized GPCR genes
with GFP (pASKGPCR-GFP plasmid family; Fig. 1A).
Previous work on GFP fusions of bacterial MPs indicated
that the total cell GFP fluorescence is a good indicator of
the amount of properly targeted and folded MP (Drew
et al. 2005; 2006).

Initially, we monitored the effect of coexpression of a
panel of select E. coli proteins known to affect bacterial
protein translocation, folding, degradation, or membrane



Efficient GPCR production in E. coli

OO S T . s

P fet

sD

FLAG

GPCR (optimized)

Hisg

Pies sD FLAG GPCR (optimized) TEV GFP Hisg
CB1-GFP CB2-GFP BR2-GFP NKR1-GFP
T n ! [
] W‘, M = 1,400 ~ ‘ﬁx M=760 “ Mi M=1500| ] J\ M=1,300 ®
4 M | G | I g
| 1 A 1 S Z
=1 ™ - . | - - & | o
o 3 i) | ] =
2l 2 1. M 4 N S
@ el ok S ., "y
E 102 10° 107 105 10?7 10° 10" 10° 10 10° 10*  10° 107 10° 10°  10°
e = I
3 i = 0 ™ i c
= m=11,600 [ o M=2700 1‘4.)] 1 mM=10,300 u‘lﬁ " Fi‘r‘x M= 2,600 )
| ] S i [ s (| @
o | . - | 'ﬁ‘ 7]
) ] i - i | T
" e 2 1 I | ° [ | 9 s
E S g L P [ 2 ) X
V' | S | 1 / \ & 1 @
MJ‘NW r \ . Y b y i Jl M y L . ">’
07 10° 10°  10° 10° 10° 10*  10° 107 10° 10%  10° 102 103 10%  10° o
Fluorescence at 530/30 nm (a.u.)
(o4
24

ODGOO

CcB1

Owild-type B +FtsH

BR2

Figure 1. (A) Constructs used in this study: (fop) The pASKGPCR family of expression vectors includes a codon-optimized GPCR
gene, flanked by affinity tags (N-terminal FLAG octapeptide and C-terminal octahistidine tag), under the control of the ter promoter
with an optimized Shine-Dalgarno (SD) sequence. (Bottom) The pASKGPCR-GFP plasmid family encodes GPCRs with C-terminally
fused GFP and a tobacco etch virus (TEV) cleavage site between the GPCR and GFP. (B) Fluorescence histograms of cells expressing
GPCR-GFP fusions either without (fop row) or with (bottom row) FtsH coexpression. FtsH coexpression results in at least a twofold,
and up to an eightfold, increase in the mean cell fluorescence (M) of all GPCRs tested. Fluorescence histograms correspond to a
population of 10,000 cells. a.u.: arbitrary units. (C) FtsH coexpression results in a growth enhancement of cultures expressing GPCRs.
Cell densities at saturation after 36 h of expression at 12°C for CB1 and BR2 are reported. Data represent the average value of three
independent experiments, and the error bars represent one SD from the mean value. All cultures were induced at ODg between 0.5

and 0.7. ODgqo: optical density at 600 nm.

insertion on the fluorescence of cells expressing CB1-
GFP (Table 1). As the majority of MPs in E. coli are
targeted to the membrane by the signal recognition
particle (SRP) and inserted into the plasma membrane
by the Sec translocon (Luirink and Sinning 2004), the
effects of overproduction of the protein and RNA com-
ponents of the SRP (Ffh and the 4.5S RNA), the SRP
receptor FtsY, and translocon components SecY and SecE
were investigated. Similarly, we examined the effect of
the membrane integrase YidC (Samuelson et al. 2000),
which had been implicated in Sec-independent trans-

location of certain MPs (van Bloois et al. 2005). We
also investigated the role of the cytoplasmic molecular
chaperones/co-chaperones DnaK/DnaJ, SecB, and GroEL/
GroES, as well as the peptidyl-prolyl isomerase trigger
factor (Tig). Finally, we also investigated the effects of
overexpressing the membrane-anchored AAA+ protease
FtsH (also called HfIB), which appears to play an important
role in MP degradation and quality control (Akiyama et al.
1996; Ito and Akiyama 2005).

Coexpression of Ffh, DnaK/Dnal, or Tig resulted in a
modest but reproducible (two- to threefold) increase in
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Table 1. Effects of various helper proteins on the expression of
CBI-GFP as assessed by flow cytometry

Factor CB1-GFP fluorescence

Ffh +
4.5S RNA —
FtsY —
YidC -
FtsH +++
SecE/SecY -
GroEL/GroES —
SecB -
DnaK/Dnal +
Tig +

Key: —, no effect or negative effect on mean fluorescence; +, one- to
threefold enhancement of mean fluorescence over wild type; +++, fivefold
or greater enhancement of mean fluorescence.

CB1-GFP fluorescence (Table 1). More importantly, a large
(eightfold) increase in fluorescence was observed in cells
coexpressing the membrane-anchored AAA+ protease FtsH
(Fig. 1B). In addition, coexpression of FtsH enhanced
bacterial growth, resulting in nearly twofold higher final
cell density (Fig. 1C). Similarly large increases in cell
fluorescence and enhancements in growth were observed
with all four GPCR-GFP fusions tested (Fig. 1B,C, and data
not shown). Plating experiments on the cells following
protein expression confirmed that the increased growth
observed in FtsH coexpression cultures was not due to
increased plasmid loss.

Western blotting of cell lysates and of membrane
fractions from cells expressing CB1-GFP revealed that
FtsH coexpression results in a large increase in expres-
sion of intact and membrane-targeted CB1-GFP fusion
(Fig. 2A).

As described in previous work, the GFP moiety sim-
plifies the selection of a detergent suitable for MP solu-
bilization (Drew et al. 2005). Optimal detergents for
solubilizing CB1-GFP and BR2-GFP were identified by
performing a detergent screen (see Materials and Methods).
CB1 and BR2 lacking the GFP fusion partner were
expressed in the presence and absence of FtsH at 12°C
for ~36 h in order to minimize receptor proteolysis that
was observed at higher temperatures, although increased
GPCR-GFP fluorescence and suppression of growth arrest
associated with FtsH coexpression were observed at all
expression temperatures tested up to 25°C. Following
solubilization of the proteins with the detergents Cymal-7
and LMPC, respectively, and purification via immobilized
metal affinity chromatography, protein yields were mea-
sured using the bicinchoninic acid (BCA) assay. Over-
expression of FtsH led to a sevenfold increase in the yield
of purified CB1 under these conditions (500 wg/L with
FtsH overexpression vs. 70 wg/L without; Fig. 2B). A
similar large increase in the yield of purified receptor was
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also observed with BR2. In this case, FtsH overexpression
led to an eightfold increase in the production of purified
BR2, resulting in 2 mg/L of isolated receptor (Fig. 2C). For
comparison, mammalian expression of BR2 in human
embryonic kidney-293S cells yielded only 140 wg/L of
purified protein (Camponova et al. 2007).

GPCRs expressed in microbial systems are typically
inactive, with only a fraction of the protein present in a
ligand-binding conformation (Sarramegna et al. 2003;
White et al. 2004). Grishammer and coworkers reported
that CB1 expressed in E. coli is essentially inactive,
presumably due to heavy proteolysis, whereas bacterially
expressed CB2 retains ligand-binding activity (Calandra
et al. 1997). In order to investigate whether coexpression
of FtsH affects the amount of active protein in addition
to increasing the overall GPCR yield, we performed
saturation binding assays with the synthetic radioligand
CP 55,940 on whole cells expressing either CB1-GFP or
CB2-GFP. These experiments revealed that both CB1 and
CB2 receptors are produced in active form (Fig. 2D,E).
The data for specific CP 55,940 binding to cells expressing
CB1-GFP could be fit to a single-site saturation model and
indicate that ~60 active receptors per cell are produced
(Supplemental Fig. 1A). However, coexpression of FtsH
does not appear to result in a significant enhancement in the
amount of active receptors (Fig. 2D; Supplemental Fig.
1B). It should be noted that the inherent “‘stickiness’ of the
CP 55,940 ligand and the accompanying large errors in the
measurements interferes with the quantitative determina-
tion of the differences in the levels of active protein. For
cells expressing CB2-GFP at a saturating concentration of
CP 55,940 (10 nM), the specific radioligand binding of
cells expressing both CB2-GFP and FtsH was nearly
twofold higher than that of cells expressing CB2-GFP
alone (Fig. 2E; Supplemental Fig. 2), indicating a modest
increase in the production of active receptors upon FtsH
coexpression.

Discussion

In this work, we used GPCR-GFP fusions and flow
cytometry to investigate the effect of the overexpression
of a number of bacterial effector genes on GPCR
production in E. coli. We found that coexpression of the
membrane-bound AAA+ protease FtsH results in a
marked increase in the bacterial expression yield of
several GPCRs, including CB1 and BR2. BR2 has not
been previously expressed in microbial hosts, and CB1
was expressed in E. coli with vanishingly low yields due
to extensive proteolysis (Calandra et al. 1997). It must
also be noted that CB1 and BR2 production is low even
when these receptors are expressed in higher animal cell
cultures (Andersson et al. 2003;Camponova et al. 2007).
We have found that using codon-optimized genes and
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Figure 2. (A) Western blot analysis (antipoly-His) on MC4100A cells expressing CB1-GFP with either empty pBAD33 (left) or
pBAD-FtsH (right), indicating an enhancement of CB1-GFP expression in both total cell lysates and total membrane fractions. A
sample corresponding to an equal number of cells was loaded in each lane. M, molecular weight marker; 7, total cell lysate; 2,
insoluble fraction; 3, supernatant from membrane pellet; 4, total membranes. (B) SDS-PAGE analysis of purified CB1 either without or
with FtsH coexpression. The expected molecular weight of full-length CB1 is ~53 kDa. (C) SDS-PAGE analysis of purified BR2 either
without or with FtsH coexpression. The expected molecular weight of full-length BR2 is ~45 kDa. The increased electrophoretic
mobility observed here occurs frequently with MPs, and it has been previously observed with BR2 expressed in human cell culture
(Camponova et al. 2007). The intactness of purified BR2 was verified with Western blotting using anti-His and anti-FLAG antibodies
(data not shown). (D) Specific CP 55,940 binding of cells expressing CB1-GFP in the presence and absence of FtsH overexpression.
Error bars represent the standard error of the mean from four replicates. Data were taken at the saturating ligand concentration of 10
nM. (E) Specific CP 55,940 binding of cells expressing CB2—GFP in the presence or absence of FtsH overexpression. Error bars are as
described above in D, and data were taken at a saturating ligand concentration of 10 nM.

expression at a very low temperature results in the
production of a small but significant number of active
CBI1 receptor molecules, as determined by ligand-binding
assays. To our knowledge, CB1 had not been previously
expressed in active form in bacteria, even as part of a
fusion with the generally stabilizing maltose-binding
protein (Calandra et al. 1997). FtsH coexpression, how-
ever, does not increase the amount of active CBI1
significantly, while it appears to enhance the production

of ligand-binding-competent CB2 only modestly. None-
theless, having established a system for the production of
markedly enhanced amounts of membrane-bound GPCRs
in E. coli, additional studies can be undertaken to max-
imize the yield of active receptors. Ultimately, the use of
a receptor-specific ligand column (White et al. 2004) to
separate active receptors from inactive, soluble receptors
may be needed in order to prepare material suitable for
biophysical studies.
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Given that FtsH is a protease with a putative role in MP
quality control, our observed results were unexpected. It
had been previously suggested that abrogation of the
proteolytic activity of FtsH might lead to an increase in
the yield of MPs overexpressed in E. coli (Wagner et al.
2007). The results presented here point to the opposite
conclusion, namely, that overexpression of FtsH is a
positive effector for MP production in E. coli. Preliminary
results have shown that FtsH overexpression also increases
the bacterial production of native E. coli MPs such as YidC.

The proteolytic activity of FtsH appears to be necessary
for the observed increase in GPCR expression, as a deletion
mutant of FtsH in which the protease domain (amino acids
399-644) of the protein was completely removed, failed
to improve expression of CB1-GFP as judged by flow
cytometry, or suppress the growth arrest that accompanies
CB1 production (unpublished results). Furthermore, it
appears that FtsH is unique among similar proteins in its
ability to promote GPCR expression. Overexpression of the
membrane-associated, stress-induced AAA+ protease HtpX
(Sakoh et al. 2005) and the putative membrane-associated
AAA+ proteases Ycal, YfgC, and YggG on CBI1-GFP
expression was tested, but none of these proteins led to
increased GPCR expression or suppression of growth arrest
(data not shown). Preliminary transcriptome analysis indi-
cated a marked upregulation of genes involved in glycerol
metabolism, indicating possible changes in the lipid com-
position of the cytoplasmic membrane (Flower 2001).

This work on the genetic optimization of the expression
host represents a key step toward the “‘rationalization’ of
MP expression advocated by Wagner et al. (2006). While
our work here has identified a novel positive effector of
MP expression in E. coli, the use of GPCR-GFP or other
MP-GFP fusions is particularly well suited for more
global, library-based approaches (Link et al. 2007). The
techniques described herein may prove invaluable for the
discovery of other overexpressed genes or, alternatively,
of chromosomal lesions that improve the MP expression
capacity of the host. Studies along these lines are under
way in our laboratory.

Materials and Methods

Strains and plasmids

The E. coli strain MC4100A (MC4100 ara+) (Santini et al.
2001) was used for all experiments. The construction of the
plasmid families pASKGPCR and pASKGPCR-GFP is
described in the Supplemental material.

Protein expression

MC4100A cells were freshly transformed with the appropriate
GPCR encoding-plasmid and with either a second plasmid
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encoding a putative effector of GPCR expression or empty
pBAD33. Following incubation in SOC medium for 1 h, the
cells were plated on LB plates with 100 mg/L ampicillin and 25
mg/L chloramphenicol. Single colonies were inoculated into LB
with antibiotics. Following ~10 h of growth at 37°C, the culture
was diluted 500-fold into fresh media with antibiotics and
containing 0.2% arabinose. The cells were grown at 37°C to
an optical density at 600 nm (ODgqp) of 0.5-0.7, at which point
the culture was shifted to 12°C. Following a short temperature
equilibration step, protein synthesis was induced by the addition
of anhydrotetracycline at a concentration of 0.2 mg/L.

SDS-PAGE and Western blotting

SDS-PAGE was performed on 4%-20% gradient precast gels
(NuSep). Detection of proteins with Western blots was per-
formed using horseradish peroxidase-conjugated antipolyhistidine
or anti-FLAG antibodies (Sigma) following the manufacturer’s
recommendations.

Flow cytometry

Cell fluorescence was analyzed using a BD FACSAria flow
cytometer and FACSDiva software.

Detergent screening and protein purification

Detergent screening and protein purification procedures are
described in the Supplemental material.

Radioligand-binding assays

Assays were performed on CB1 and CB2 essentially as
described elsewhere (Felder et al. 1992), except that Millipore
96-well HTS plates were used. Each well contained 5 X 107
cells in assay buffer (50 mM Tris, 5 mM MgCl,, 2.5 mM EDTA,
5 mg/mL bovine serum albumin, pH 7.4) with concentrations of
*H-CP 55,940 (Perkin-Elmer) ranging from 0 to 10 nM. To
measure nonspecific binding, non-radioactive CP 55,940
(Sigma) was added at a concentration of 5 wM. This control
was critical as ~80% of the observed binding of CP 55,940 was
nonspecific. Wells were washed three times with wash buffer
(50 mM Tris, 0.5 mg/mL bovine serum albumin, pH 7.4) before
removal of the membrane and scintillation counting. Each
measurement was repeated four times. Data were fit to a
single-site saturation-binding model using Sigmaplot software
(SPSS).
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