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Abstract

Structure determination of G-protein-coupled receptors and other applications, such as nuclear magnetic
resonance studies, require milligram quantities of purified, functional receptor protein on a regular basis.
We present an overview on expression and purification studies with a receptor for neurotensin. Functional
expression in Escherichia coli and an automated two-column purification routine allow ongoing crystalli-
zation experiments and studies on receptor-bound ligands.

Abbreviations: GPCR – G-protein-coupled receptor; H10 – deca-histidine tag; MBP – E. coli maltose-bind-
ing protein; NTR – rat neurotensin receptor NTS1; TrxA – E. coli thioredoxin

Introduction

G-protein-coupled receptors (GPCRs) are integral
membrane proteins involved in many physiologi-
cal processes such as cell-to-cell communication,
mediation of hormonal activity and sensory trans-
duction (for reviews see references [1, 2]). About
1000 GPCRs have been identified, 300–400 of
which are found throughout the body binding
endogenous ligands (the remainder are chemosen-
sory GPCRs for odors, pheromones or taste) [3].
GPCRs are characterized by having seven hydro-
phobic transmembrane segments, which are
connected by loops of varying lengths. The
N-terminus of a GPCR is located at the extracellular
side of the membrane. GPCRs are grouped into
several classes, with the rhodopsin family being the
largest (see GPCRDB: Information system for
G-protein-coupled receptors at http://www.gpcr.org/
7tm/, and ref. [4]).

GPCRs have been implicated as therapeutic
routes to the treatment of human diseases and
represent one of the major drug targets. Despite
their striking clinical relevance, only one high-
resolution structure (rhodopsin) is known [5, 6].
One important factor in the structure determina-
tion of rhodopsin was its availability in large
quantities from natural sources. In contrast,
recombinant overexpression followed by efficient
purification methods are needed for GPCRs that
occur naturally at low levels. Applications such
as nuclear magnetic resonance, to determine for
example the conformations of receptor-bound
ligands [7–11], likewise require milligram quanti-
ties of functional GPCRs.

Structure determination of membrane recep-
tors can be conceptually divided into five steps:
(a) availability of the receptor gene or cDNA, (b)
system for high level expression, (c) solubilization
and purification in the presence of detergents, (d)
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characterization and crystallization, (e) structure
determination by established crystallographic
methods. This summary will focus on aspects of
receptor expression and large-scale automated
purification, using the rat neurotensin receptor
NTS1 (NTR) [12–14] as an example.

Expression

A prediction as to which expression system (bac-
teria, yeast or Pichia pastoris, baculovirus/insect
cells, mammalian cells or other expression hosts)
is best for the high-level production of a given
GPCR is still difficult, despite numerous efforts
to improve membrane protein expression systems
(see references [15–17]). It is likely that there is
no universal expression system suitable for func-
tional production of all GPCRs, and the right
combination between the target receptor and
expression host must be found empirically. In the
following, we discuss expression of functional
GPCRs in Escherichia coli. For information on
other expression systems, see for example refer-
ences [16, 18, 19].

There are two strategies for the expression of
GPCRs in E. coli: (a) expression of functional,
membrane-inserted receptors (see below) and (b)
expression of incorrectly folded, aggregated pro-
tein [20–23]. The latter approach requires refold-
ing of the GPCR into its functional form.
Although NTR shows little tendency for being
deposited as non-functional aggregates [22], other
receptors are readily overproduced as ‘inclusion
bodies’. This may reflect individuality of recep-
tors. However, overexpression in aggregated
form of the human leukotriene B4 receptor
BLT1 is achieved by utilizing a synthetic BLT1
cDNA with codons preferentially used in E. coli
[21]; use of the native cDNA did not produce
significant amounts of misfolded protein.

Expression of functional, membrane-inserted
NTR at levels sufficient for purification and crys-
tallization experiments depends on the optimiza-
tion of many parameters, rather than on one key
factor. We found that transcription and transla-
tion efficiency (codon usage) did not seem critical
for the overproduction of NTR in E. coli. In
contrast, receptor insertion into the cytoplasmic
membrane seems to be rate-limiting [24]. Correct
insertion and folding can be aided by fusing the

E. coli maltose-binding protein (MBP) with its
own signal peptide to the N-terminus of NTR
[24]. The efficient translocation of MBP across
the E. coli cytoplasmic membrane positions the
receptor N-terminus in the periplasm (which cor-
responds to the outer side of a eukaryotic plasma
membrane), thus facilitating correct folding of
the receptor [25]. By using this approach, correct
transmembrane topology of the receptor is
favored according to the ‘positive-inside’ rule
[26]. In addition, production of functional recep-
tors necessitates that the E. coli translocase (see
reference [27]), the probable site of membrane
insertion for MBP-NTR fusion proteins, is not
overloaded by the nascent receptor chain. This
can be achieved by using a low-copy number
plasmid with a weak promoter [28] and low tem-
perature (22 �C) during production. Fewer pro-
tein molecules are made at any given moment,
but accumulation of correctly folded receptors is
observed over time (40 h). Surprisingly, the nat-
ure of affinity tags at the receptor C-terminus has
a substantial effect on the expression levels of
MBP-NTR fusion proteins [28]. Fusing the com-
pactly folded E. coli thioredoxin (TrxA) moiety
to the receptor C-terminus results in the highest
expression levels. Likewise, the specific amino
acid sequence of the region between MBP and
the receptor N-terminus has some influence on
receptor expression levels, albeit to a lesser effect
(unpublished results). Using optimal conditions,
the NTR fusion protein accumulates to �1000
receptors/cell as determined by [3H]neurotensin
binding (0.3–0.5 mg of NTR fusion protein per
liter of culture, �24 pmol/mg of crude membrane
protein [29]). Fermentation at the 200-liter scale
yields about 1.1 kg of wet bacterial cell paste
with 90 mg of functional NTR fusion protein
[30].

Is the above-described bacterial expression
system applicable to all GPCRs ? As with other
host systems, successful functional production
depends on the nature of the respective receptor
[17]. For example, a cannabinoid CB1 receptor is
highly susceptible to in vivo proteolysis when
expressed in E. coli [31]. Removal of defined pro-
tease-sensitive sites was part of the strategy for
successful expression and large-scale purification
of an adenosine A2a receptor [32], a M1 musca-
rinic acetylcholine receptor [33] and a neuroten-
sin receptor [28]. Functional opioid receptors are
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produced in E. coli at low levels [34]. Substance
K receptors, neuropeptide Y1 receptors and b
2-adrenegric receptors are produced in E. coli at
moderate levels [35–37], whereas a cannabinoid
CB2 receptor is expressed much higher [31].
Extensive optimization of growth conditions and
receptor modifications have contributed to
enhanced production of a M2 muscarinic acetyl-
choline receptor [38]. A careful comparative anal-
ysis of many GPCRs, studied under standardized
conditions, is needed to reveal parameters (such
as charge distribution i.e. positive-inside rule,
length and hydrophobicity of transmembrane
helices etc.) that may allow predicting expression
levels from a receptor sequence (see also reference
[39] for thermodynamics and folding of membrane
protein). In this respect, the Membrane Protein
Network (MePNet, http://www.mepnet.org/),
which has selected 100 GPCRs for study of
expression, purification and structure determina-
tion, may be a valuable source for the statistical
evaluation of the parameters described above.

Purification

Careful optimization of the detergent and the
buffer composition is critical for achieving maxi-
mum solubilization efficiency and stability of
functional receptors in solution [28, 40]. For
NTR, a combination of the detergents 3-[(3-cho-
lamidopropyl)dimethylammonio]-1-propanesulfo-
nate (CHAPS) and n-dodecyl-b-D-maltoside (LM),
in the presence of cholesteryl hemisuccinate (CHS)
and glycerol (30%), is most effective in maintain-
ing receptor functionality. All steps must be per-
formed at 4 �C [28].

Once suitable conditions for solubilization
have been identified, a robust and effective purifi-
cation scheme is required with the number of
column steps kept to a minimum to preserve
receptor integrity at maximum yield. Automation
of sample loading and successive processing of
chromatography columns is desirable to make
this process most time-efficient [30, 40, 41]. To
date, only a few GPCRs have been purified in
milligram quantities [30, 32, 33, 40, 42–45] (using
bacteria, the baculovirus system and mammalian
cells as expression hosts).

The large-scale purification of the NTR fusion
protein starts with the solubilization of receptors
from whole E. coli cells rather than from crude
membranes, which are time-consuming to pre-
pare. The use of a deca-histidine tag (H10)
(rather than six histidine residues) allows efficient
enrichment of receptors from total cell lysate by
immobilized metal affinity chromatography [46],
because column loading and washing is possible
in the presence of a high imidazole concentration
(50 mM). In contrast to E. coli contaminants, the
NTR fusion protein still binds to the affinity
matrix under these conditions. Solubilized
GPCRs are surrounded by a detergent belt, and
it is important to realize that the bound deter-
gent may mask the affinity tag if placed too close
to a transmembrane helix, leading to reduced
column binding with concomitant low receptor
recovery. Batch loading, as opposed to column
loading, increases the contact time of the tag
with the affinity resin, resulting in better recovery
of receptors with potentially not fully exposed
affinity tags [32]; however, batch loading is not
easily amenable to automation. The NTR fusion
protein contains TrxA as a spacer between the
receptor C-terminus and the H10 tail, rendering
the affinity tag accessible to the column matrix,
allowing column loading and hence automation.
A subsequent neurotensin column selects for
functional receptors from the metal affinity col-
umn eluate [28, 47]. The described two-column
purification is robust and easy to scale up. Ten
milligrams of pure, functional NTR fusion protein
can be obtained from 250 grams of E. coli cell
paste in an automated manner (see Figure 1) [30].

Generation of neurotensin receptor devoid

of its fusion partners

The MBP and TrxA-H10 moieties at the receptor
N- and C-termini may be flexible in respect to
NTR. This flexibility may preclude the formation
of high-quality three-dimensional crystals for
structure determination. The presence of tobacco
etch virus (Tev) recognition sites at either end of
NTR allows removal of the fusion partners by
Tev protease treatment. However, relatively high
concentrations of Tev protease are needed to
achieve complete cleavage at both receptor ends.

[ ] p [ ]
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This may reflect steric hindrance of the protease
to reach the engineered recognition sites, or sub-
optimal enzyme performance in buffer containing
detergents (see reference [48]). The receptor can
be separated from MBP, Tev protease and TrxA-
H10 by gel filtration [30].

Conclusions

Functional NTR is produced in E. coli as a MBP
fusion protein. Large-scale fermentation and an
automated two-column purification scheme allow
ten milligrams of purified, functional receptor
fusion protein to be obtained on a weekly basis.
Each step is kept simple and robust. Fusion part-
ners can be removed by controlled protease treat-
ment. Purified NTR devoid of its fusion partners
has been used to generate receptor-specific apta-
mers [49], and to raise monoclonal antibodies
(unpublished work). Three-dimensional crystalli-

zation experiments are ongoing. The backbone
conformation of a neurotensin analog, NT(8–13),
has been determined by solid-state NMR meth-
ods using lipid-reconstituted receptor fusion pro-
tein [8]. This study provided insight into the
structure of a high-affinity agonist bound to its
GPCR.
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