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Abstract

G-protein coupled receptors (GPCRs) are key elements in signal transduction pathways of eukaryotic cells and they play central roles in
many human diseases. So far, most structural and functional approaches have been limited by the immense difficulties in the production of
sufficient amounts of protein samples in conventional expression systems based on living cells. We report the high level production of six
different GPCRs in an individual cell-free expression system based on Escherichia coli extracts. The open nature of cell-free systems allows
the addition of detergents in order to provide an artificial hydrophobic environment for the reaction. This strategy defines a completely new
technique for the production of membrane proteins that can directly associate with detergent micelles upon translation. We demonstrate the
efficient overproduction of the human melatonin 1B receptor, the human endothelin B receptor, the human and porcine vasopressin type 2
receptors, the human neuropeptide Y4 receptor and the rat corticotropin releasing factor receptor by cell-free expression. In all cases, the
long chain polyoxyethylene detergent Brij78 was found to be highly effective for solubilization and milligram amounts of soluble protein
could be generated in less than 24 h. Single particle analysis indicated a homogenous distribution of predominantly protein dimers of the
cell-free expressed GPCR samples, with dimensions similar to the related rhodopsin. Ligand interaction studies with the endothelin B recep-
tor and a derivative of its peptide ligand ET-1 gave further evidence of a functional folding of the cell-free produced protein.
� 2007 Elsevier Inc. All rights reserved.
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1. Introduction

Most membrane proteins (MPs)1 occur only at low con-
centrations in their natural environments, making overex-
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1 Abbreviations used: Brij35, polyoxyethylene-(23)-lauryl-ether; Brij58, po
Brij78, polyoxyethylene-(20)-stearyl-ether; Brij97, polyoxyethylene-(10)-oleyl-e
CF, cell-free; DDM, n-dodecyl-b-D-maltoside; diC8PC, 1,2-dioctanoyl-sn-glyce
fET-1(A1,3,11,15), linear fluorescein labeled ET-1; FM, feeding mixture; Genapo
receptor; kDa, 103 Dalton; LMPG, 1-myristoyl-2-hydroxy-sn-glycero-3-[pho
weight; NMR, nuclear magnetic resonance; RIf, reflectance interferometr
carboxyethyl)phosphine hydrochloride; TIRFS, total internal reflection fluore
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pression in heterologous host systems indispensable for
structural studies. However, MPs are particularly difficult
to overexpress (Wagner et al., 2006). The insertion of high
copy numbers of recombinant MPs into cellular
lyoxyethylene-(20)-cetyl-ether; Brij72, polyoxyethylene-(2)-stearyl-ether;
ther; Brij98, polyoxyethylene-(20)-oleyl-ether; CE, continuous exchange;
ro-3-phosphocholine; DPC, dodecyl-phosphocholine; ET-1, endothelin-1;

l X-100, polyoxyethylene-(10)-isotridecyl-ether; GPCR, G-protein coupled
spho-rac-(1-glycerol)]; MP, integral membrane protein; MW, molecular
y; RM, reaction mixture; SDS, sodium dodecylsulfate; TCP, Tris(2-
scence spectroscopy; TMS, transmembrane segment.
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membranes, channel- or pore forming activities, non-spe-
cific interaction with other MPs and the general overload
of transport mechanisms often result in significant stress
or even toxicity for the host cells, leading to strong selec-
tion against high-expressing clones. In addition, the target-
ing of recombinant MPs into the hydrophobic plasma
membranes as a prerequisite for a functional folding fre-
quently depends on specific translocation signals and trans-
port mechanisms that will not be present in sufficient
amounts in overproduction systems (Tate, 2001; Wagner
et al., 2006). A variety of intrinsic problems therefore exist
with the commonly employed heterologous expression
hosts like Eschericha coli, yeast or higher eukaryotic cells.
Different cell physiologies, prevalent reducing environ-
ments, absence of target specific posttranslational modifi-
cation pathways, different codon usages and the lack or
inefficiency of specific targeting systems usually prevent
any significant synthesis of recombinant MPs. In few cases
inclusion bodies formed from aggregated and unfolded
MPs can be obtained and strategies might be initiated to
develop protocols for efficient refolding procedures.

G-protein coupled receptors (GPCRs) constitute the
largest family of signalling molecules. They have a com-
mon topology based on seven transmembrane segments
(TMSs) and modulate cytoplasmic signalling cascades by
coupling to heterotrimeric G proteins (Kristiansen, 2004).
GPCRs are thus major control units of cellular signal
transduction events related to central processes like devel-
opment, proliferation, angiogenesis or cancer and they rep-
resent an estimate of more than 50% of modern drug
targets (Klabunde and Hessler, 2002). Detailed knowledge
of three-dimensional structures of GPCR molecules is
therefore currently a main task of research as it is an indis-
pensable prerequisite for directed drug targeting and ratio-
nally designed screening approaches of the pharmaceutical
industries. All major conventional expression systems
based on living cells have already intensively been analysed
for the efficient production of GPCRs (Akermoun et al.,
2005; Grisshammer et al., 2005; Lundstrom et al., 2006;
Massotte, 2003; Sarramegna et al., 2003; Tate et al.,
2003). Despite considerable improvements in the produc-
tion of functionally folded GPCRs (André et al., 2006;
Lundstrom et al., 2006; Sarramegna et al., 2002), their high
level preparation from living cell systems is still limited to
only few examples. Accordingly, so far only the structure
of the naturally highly abundant bovine rhodopsin is avail-
able at high resolution (Palczewski et al., 2000).

The productivity of cell-free (CF) expression systems
using bacterial or wheat germ extracts has tremendously
been optimized in recent years and preparative amounts
of several mg of recombinant protein can now be synthe-
sized in a single ml of reaction volume basically during
few hours of incubation (Kigawa et al., 1999; Spirin
et al., 1988). In the general design of preparative scale
CF systems, a reaction mixture (RM) compartment hold-
ing all high molecular weight compounds is separated by
a membrane from a feeding mixture (FM) compartment
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with the low molecular weight precursors. Intensive agita-
tion during incubation of these continuous exchange CF
(CECF) reactions ensures an extended supply of fresh sub-
strates to the RM while detrimental breakdown products
like pyrophosphate are removed. The open nature of CF
systems and their tolerance for a wide variety of supple-
ments offer a wealth of new perspectives for the high-level
production of proteins that would be very difficult or even
impossible to obtain in cellular expression systems. In prin-
ciple, almost any compound that might be beneficial for the
stabilization or for the folding of a recombinant protein
like protease inhibitors, cofactors, substrates or any kind
of ligands can be added directly into the CF system at
any time point of the reaction. Problems with toxicity,
instability or protein folding can therefore be specifically
addressed in many cases. In particular, the addition of
detergents into CF reactions offers the completely new
approach to synthesize MPs directly into preformed
micelles (Berrier et al., 2004; Elbaz et al., 2004; Ishihara
et al., 2005; Klammt et al., 2005, 2006). This strategy is
unique to the CF technique and not possible with any other
expression system. It prevents the aggregation of freshly
translated MPs and supports their functional folding in
the artificial hydrophobic environment of detergent
micelles. Alternatively, CF produced MP precipitates
formed in the absence of detergent can readily be solubi-
lized in mild detergent without extensive denaturation pro-
cedures (Klammt et al., 2004). It is therefore possible to
produce functionally folded MPs with both modes of CF
expression, while the optimal protocol has to be evaluated
for each specific case (Klammt et al., 2006; Schwarz et al.,
2006).

CF expression systems based on bacterial extracts have
been found to be very promising for the high level produc-
tion of GPCRs (Ishihara et al., 2005; Klammt et al., 2005,
2006). In this study, we have analysed the CF expression of
six different GPCRs. The human and porcine vasopressin
type 2 receptors (hV2R, pV2R), the human endothelin B
receptor (ETB), the human neuropeptide Y4 receptor
(NPY) and the human melatonin 1B receptor (MTN) are
classified into the rhodopsin (group A) family of GPCRs
while the rat corticotropin releasing factor (CRF) is a
member of the secretin (group B) family. All GPCRs can
be produced in preparative scale amounts in soluble forms
and isolated as homogenous non-aggregated sample prep-
arations. We present evidence for dimer formation of the
proteins and we have determined the ligand binding activ-
ity of detergent solubilized ETB by total internal reflection
fluorescence spectroscopy (TIRFS).

2. Materials and methods

2.1. DNA and protein techniques

The coding regions of the GPCRs ETB, CRF, hV2R,
pV2R, MTN and NPY were amplified from cDNAs
obtained from the cDNA centre of the University of Mis-
ction of G protein-coupled receptors for functional ..., J. Struct.



C. Klammt et al. / Journal of Structural Biology xxx (2007) xxx–xxx 3

ARTICLE IN PRESS
souri-Rolla (www.cdna.org) by standard polymerase chain
reaction (PCR) techniques using VentDNA-polymerase
(NewEnglandBiolabs, Frankfurt, Germany). The purified
PCR fragments were cleaved with the restriction enzymes
XhoI and either BamHI or BglII and inserted into the cor-
responding cloning sites of the expression vector
pET21cHx. The plasmid is a derivative of pET21a(+)
(Merck Biosciences, Darmstadt, Germany) encoding for
an extended poly(His)10-tag. Restriction sites were added
to the DNA fragments by PCR with suitable oligonucleo-
tide primers (Table 1). Plasmid DNA used as templates
for CF expression was isolated with commercial kits (Qia-
gen, Hilden, Germany).

For SDS-gel analysis, protein samples supplemented
with SDS sample buffer were loaded on 12 or 16.5%
(w/v) Tris/glycine/SDS gels and stained with Coomassie
blue. For Western blot analysis, the gels were transferred
on a 0.45 lm Immobilon-P poly(vinylidene difluoride)
membrane (Millipore, Eschborn, Germany) in a Hoefer
TE22 (GE Healthcare, Freiburg, Germany) wet Western
blot apparatus for 1 h at 400 mA. The membrane was then
blocked for 1 h in blocking-buffer containing 1· Tris-buf-
fered saline, 7% skim milk powder (Fluka, Bucks, Switzer-
land) and 0.1% (w/v) Triton X-100. Horseradish
peroxidase-conjugated T7-tag antibody (Merck Biosci-
ences, Darmstadt, Germany) was used for detection at a
dilution of 1:5.000 and incubated for 1 h with the mem-
brane. After extensive washing, the blots were analyzed
by chemiluminescence in a Lumi-imager F1� (Roche Diag-
nostics, Penzberg, Germany). Protein concentrations were
routinely determined by the BCA assay (Sigma, Taufkir-
chen, Germany).
2.2. Cell-free expression technique

Proteins were produced in CECF systems according to
previously described protocols (Klammt et al., 2004,
2005). CF extracts were prepared from E. coli strain A19.
Table 1
Oligonucleotide primer for the construction of plasmids for CF expression of

Construct Primer Se

pETB 50 CG
30 CG

pCRF 50 GC
30 GC

pMTN 50 CG
30 CG

pNPY 50 CG
30 CG

phV2R 50 CG
30 CG

ppV2R 50 CG
30 CG

a Attached restriction linkers are underlined.
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Analytical scale reactions for the optimization of reaction
conditions were performed in microdialysers (Spectrum
Laboratories, Rancho Dominguez, USA) with membranes
of regenerated cellulose and a molecular weight cut-off of
25 kDa. The RM volume was 70 ll with a RM: feeding
mixture (FM) ratio of 1:14. Preparative scale reactions
were carried out in dispodialysers (Spectrum Laboratories,
Rancho Dominguez, USA) in a RM volume of 1 ml with a
RM:FM ratio of 1:17. Dispodialysers were placed in suit-
able plastic tubes holding the FM and incubated overnight
for approx. 20 h with gentle shaking at 30 �C. DTT was
replaced by 2 mM Tris(2-carboxyethyl)phosphine hydro-
chloride (TCP) (Pierce, Rockford, USA). The basic reac-
tion protocol is given in Table 2. In the individual GPCR
expression reactions, several reaction compounds like the
concentrations of the ions Mg2+ and K+, of TCP and of
the amino acids had to be optimized in order to obtain
highest yields. Optimizations screens of the individual com-
pounds were either performed with microdialyser set-ups
or with a customized Freedom Evo200 platform (Tecan,
Mannedorf/Zurich, Switzerland). For soluble expression,
detergent was supplied during the reaction at the following
final concentrations: Brij35 (0.1%), Brij58 (1.5%), Brij72
(0.2%), Brij78 (1%), Brij97 (0.2%), n-dodecyl-b-D-maltoside
(DDM) (0.1%), digitonin (0.4%), 1,2-dioctanoyl-sn-
glycero-3-phosphocholine (diC8PC) (0.1%), dodecyl-phos-
phocholine (DPC) (0.1%) Genapol X-100 (0.1%),
1-myristoyl-2-hydroxy-sn-glycero-3-[phospho-rac-(1-glycerol)]
(LMPG) (0.01%). Detergents were obtained from Avanti
Polar Lipids, Alabaster, AL, USA (DPC, LMPG), Merck
Biosciences (Genapol X-100), Glycon, Luckenwalde,
Germany (DDM) and Sigma, Taufkirchen, Germany
(Brij35, Brij58, Brij72, Brij78, Brij98, digitonin, diC8PC).
2.3. Protein purification

Precipitate was removed from the RM after CF
expression by centrifugation at 20,000g for 10 min. After
GPCRs

quencea

G GGATCC CAG CCG CCT CCA AGT CTG TGC GGA CGC
G CTCGAG AGA TGA GCT GTA TTT ATT ACT GGA ACG

C GGATCC TCC CTT CAG GAT CAG CGC TGT GAG AAC CTG
C CTCGAG CAC TGC TGT GGA CTG CTT GAT GCT GTG

G AGATCT ATG TCA GAG AAC GGC TCC TTC GCC
G CTCGAG GAG AGC ATC TGC CTG GTG CTG C

G GGATCC AAC ACC TCT CAC CTC CTG GCC TTG CTG CTC
G CTCGAG AAT GGG ATT GGA CCT GCC ACT TAG CC

G GGATCC CTC ATG GCG TCC ACC ACT TCC GCT GTG
G CTCGAG CGA TGA AGT GTC CTT GGC CAG GGA GGA GC

G GGATCC CTC AGA GCC ACC ACC TCG GCT GTG
G CTCGAG GGA CGA GGT GTC CCT GGC CGA GAA GG
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Table 2
Cell-free expression protocol

Compound Concentration Unit RM FM Notes/supplier

S30 extract 8–15 mg/ml + � Total protein concentration
S30-buffer 35 % � + 10 mM Tris–acetate, pH 8.2,

14 mM Mg (OAc)2, 0.6 mM
KOAc

T7-RNAP 4–8 U/ll + � Li et al. (1999)
Template-DNA 15–20 lg/ml + � High purity is critical
Pyruvate kinase 40 lg/ml + � A
Complete� 1 fold + + A
RNAguard� 0.3 U/ll + � B
E. coli tRNA-Mix 0.5 mg/ml + � A
PEP 20 mM + + K+ salt, pH 7.0
AcP 20 mM + + K+ salt, pH 7.0
ATP 1.2 mM + +
GTP/CTP/UTP 0.8 mM + +
TCP 0.5–2 mM + + Critical for S–S bridge formation
Folinic acid 0.1 mg/ml + + Ca2+-salt
HEPES, pH 8.0 100 mM + +
PEG 8.000 2 % + +
NaN3 0.05 % + +
KOAc 250–350 mM + + Critical for high yield
Mg(OAc)2 10–18 mM + + Critical for high yield
Amino acids:
(A, F, G, H, I, K, 1.1–1.5 mM + �

L, N, P, Q, R, S, 0.5 mM � +
T, V)

(R, C, W, M, D, E) 2.1–2.3 mM + � Critical for high yield
1.1–1.3 mM � +

Detergents Optional for soluble expression
Brij35 0.1 % + +
Brij58 1.5 % + +
Brij78 1.0 % + +
Digitonin 0.4 % + +

A, Roche Diagnostics GmbH, Mannheim, Germany.
B, Amersham Biosciences, Freiburg, Germany.
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expression in the soluble mode in presence of detergent, the
RM was diluted 1:10 in 20 mM Tris, pH 8.0, 500 mM NaCl
in order to reduce the detergent concentration from 1% to
0.1% in case of Brij78 and to ensure a better binding to the
column in the subsequent purification step. The diluted
RMs were then applied on 1 ml HistrapHP columns (GE
Healthcare, Freiburg, Germany) equilibrated in column
buffer (20 mM Tris, pH 8.0, 500 mM NaCl, 0.1% Brij78).
Chromatography was performed with 1 ml/min flow-rate
with washing steps of 6 column volumes of column buffer
supplemented with 10, 20, and 50 mM imidazol, respec-
tively. The bound protein was finally eluted with 375 mM
imidazol in column buffer and 0.5 ml fractions were col-
lected. For buffer exchange, protein containing fractions
of 0.5 ml were applied on 5 ml desalting columns (GE-
Healthcare, Freiburg, Germany) equilibrated with suitable
buffer at a flow-rate of 3 ml/min. The ligand binding activ-
ity of ETB was analysed without removal of the small ter-
minal peptide tags.

CF produced precipitate containing recombinant pro-
tein expressed in absence of detergent was suspended in
1% LMPG in 20 mM phosphate buffer, pH 7.0, in a vol-
ume equal to the RM volume. The suspension was incu-
bated for 1 h at RT with gentle shaking followed by
Please cite this article in press as: Klammt, C. et al., Cell-free produ
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centrifugation for 10 min at 20,000g in order to remove
residual precipitate.

2.4. Reconstitution and freeze fracture analysis of

proteoliposomes

For reconstitution into proteoliposomes, a volume of
400 ll purified GPCR sample at a concentration of approx.
0.3 mg/ml in 20 mM Tris, pH 8.0, 500 mM NaCl, 1%
LMPG was mixed with E. coli lipid mixture at a molar pro-
tein: lipid ratio of 1:750. The mixture was incubated at
30 �C for 1 h and the detergent was subsequently removed
with washed biobeads SM-2 (Bio-Rad, Hercules, USA) by
gentle shaking at 25 �C for another 36 h with three
exchanges of the biobeads. Analysis of proteoliposomes
by freeze-fracture electron microscopy was done as
described (Klammt et al., 2004).

2.5. Single particle analysis of proteins

Different concentrations of purified GPCR particles
were adsorbed to glow discharged 400 mesh carbon coated
Parlodion grids and negatively stained with 2% (w/v) ura-
nyl acetate. Images were recorded at 50,000· magnification
ction of G protein-coupled receptors for functional ..., J. Struct.
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on Kodak SO163 film using a Hitachi H-8.000 microscope
operating at an acceleration voltage of 200 kV. Negatives
were digitized on a Heidelberg PrimescanD 7100 drum
scanner at a resolution of 2 Å

´
/pixel at the specimen

level. The EMAN boxer program (Ludtke et al., 1999)
was used to select a total of approx. 500 particles from elec-
tron micrographs. Particle projections were subjected to
reference-free alignment (Penczek et al., 1992) and classifi-
cation by multivariate statistical analysis (Frank et al.,
1982) employing the SPIDER package (Frank et al., 1996).

2.6. Solid phase ligand binding studies

Ligand binding to immobilized ETB and fragments was
monitored by total internal reflection fluorescence spectros-
copy (TIRFS) using a custom-made set-up for simulta-
neous TIRFS and reflectance interference (RIf) detection
(Gavutis et al., 2005). Proteins were tethered onto glass
substrate coated with a molecular PEG polymer brush,
which was functionalized with the multivalent chelator
Tris–NTA for capturing his-tagged proteins with high
affinity (Lata and Piehler, 2005). Samples were injected at
25 �C in a flow-through format with 20 mM Hepes–NaOH,
pH 7.4, 500 mM NaCl and 0.1% Brij78 as running buffer,
providing conditions for pseudo-first order binding kinet-
ics. Analysed was the interaction of CF produced ETB with
the linear and fluorescent labeled derivative fET-1A(1,3,11,15)

(Biosyntan, Berlin, Germany) of the natural 21mer peptide
ligand endothelin-1 (ET-1). As negative control, the ligand
fET-1A(1,3,11,15) was titrated first at concentrations between
0.25 and 2 lM for 36 s on a surface without ETB at a flow
rate of 0.42 ml/min and washing times of 500 s with a flow
rate of 0.6 ml/min. In presence of Brij78 CF produced and
purified ETB was loaded onto the Ni–NTA surface
(�1.5 ng/mm2) and the ligand fET-1A(1,3,11,15) was subse-
quently titrated in the same manner as described for the
negative control. The obtained TIRFS signals were cor-
rected for the fluorescence background and the interaction
rate constants ka and kd were determined by a mono-expo-
nential fit (BIAevaluation 3.1 software). The equilibrium
dissociation constants (KD) were calculated from the rate
constants and they represent mean values of 6
measurements.

3. Results

3.1. High-level cell-free expression of GPCRs

The coding regions derived from cDNAs of human
ETB, NPY and MTN, human and porcine V2R, and rat
CRF were cloned into the pET21cHx expression vector
for expression with an N-terminal T7-tag and a C-terminal
(His)10-tag. The presence of the small N-terminal 12 amino
acid T7-tag proved to be essential in order to increase the
expression yields of pV2R in CF systems (Klammt et al.,
2005). The N-terminal modification with the T7-tag was
therefore routinely used in this study for the CF expression
Please cite this article in press as: Klammt, C. et al., Cell-free produ
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of all analysed GPCRs. The CF reaction protocol was
modified for optimal expression and the purified plasmid
DNA templates were supplied to the CF RM at final con-
centrations between 15 and 20 lg/ml (Table 2). After
expression in the absence of detergent, the precipitated pro-
teins were removed from the RM by centrifugation and sol-
ubilized in LMPG. All six analysed GPCRs could be
produced as precipitates by CF expression in amounts of
at least 1 mg/ml (Fig. 1, Table 3) and the solubilization
of CF produced precipitates in LMPG was almost
quantitatively.

The steroid detergent digitonin and the polyoxyethylene
derivatives Brij35, Brij58 and Brij78 have been identified in
a previous screen to be most suitable for the soluble CF
expression of the GPCR pV2R (Klammt et al., 2005).
The GPCR ETB was produced in CF reactions supple-
mented with detergent in different concentrations and solu-
ble ETB from the supernatant of the RM after expression
was analysed by immunoblotting with the anti-T7-tag anti-
body. Highest amounts of soluble ETB were produced with
0.4–0.6% digitonin, 2% Brij58, 1% Brij78 or 0.1% Brij35
(Fig. 2). With Brij35, further increased concentrations of
up to 0.4% resulted in lower amounts of soluble ETB while
digitonin showed the opposite effect. The most efficient
production of soluble ETB of approx. 3 mg/ml RM was
obtained in presence of either 2% Brij58 or of 1% Brij78.
The detergent digitonin is in addition problematic because
of insolubility below 4 �C, and therefore the detergent
Brij78 at a final concentration of 1% was further chosen
for the soluble CF expression of the other GPCRs. With
this protocol, we obtained yields of soluble recombinant
protein of 3 mg/ml RM for hV2R and CRF, 0.5 mg/ml
for MTN, 0.8 mg/ml for NPY and up to 6 mg/ml for
pV2R (Table 3, Klammt et al., 2005). All CF soluble pro-
duced GPCRs appeared to form additional dimeric forms
as judged by Western blot analysis with the anti-T7-tag
antibody (Fig. 2). The proposed GPCR dimers remained
at least partially stable during SDS–PAGE analysis and
their fractions were not significantly reduced upon
increased reducing conditions in the sample buffer, indicat-
ing that they might not result from disulfide bridge
formation.

3.2. Effect of different types of supplied detergents on the

oligomerization of CF produced pV2R

The mode of CF expression and the type of supplied
detergent can have a tremendous effect on the functional
folding of a synthesized membrane protein (Klammt
et al., 2005; Schwarz et al., 2006). The dimerization and
higher order oligomer formation of CF produced pV2R
in presence of 9 different types of detergents was therefore
analysed in order to obtain first evidences for variations in
protein conformation. Aliquots of the supernatants were
separated by SDS–PAGE and synthesized GPCRs were
identified by immunoblots with the anti-T7-tag antibody.
Prominent bands of pV2R monomer and presumed dimers
ction of G protein-coupled receptors for functional ..., J. Struct.



Fig. 1. CF production of GPCRs as precipitate. 2 ll samples of the precipitated fraction of the RM (P) and of the solubilized precipitate in 5% LMPG (L)
were separated on 16% Tris–glycerine polyacrylamide gels and stained with Coomassie-blue. M, marker proteins in kDa; S, supernatant of RM. Black
arrows indicate the synthesized GPCRs.

Table 3
GPCRs produced in cell-free systems

GPCR (Abbr.) Origin Fusion/tagsa Sizeb(kDa) Expressionc Referencee

N-C term. Pellet Supernatant (detergent)

Endothelin B (ETB) Human T7-His10 52.5 3 3 (B58, B78) This work
Vasopressin type 2 (hV2R) Human T7-His6 43.6 3 3 (B78) This work
Vasopressin type 2 (pV2R) Porcine T7-His6 42.9 3 6 (B58, B78) I
Corticotropin Rat T7-His6 47.8 3 3 (B78) This work
Releasing factor (CRF)
Neuropeptide Y4 (NPY) Human T7-His10 45.1 2 0.8 (B78) This work
Melatonin 1B (MTN) Human T7-His10 43.1 1 0.5 (B78) This work
Muscarinic acetyl-choline (M2) Human TrxA-His6 52.6 0.13d 0.15d (B35) II
b2 Adrenergic (b2AR) Human TrxA-GSa 94.7 1 n.d. II
b2 Adrenergic (b2AR) Human TrxA-His6 63.3 0.13d 0.15d (B35) II
Neurotensin (NTR) Rat TrxA-His6 59.6 0.13d 0.15d (B35) II

n.d., not done.
a Fusions/tags used for efficient GPCR expression.
b Size of expression construct including fusions/tags.
c Yield in mg protein per ml reaction mixture; B35, Brij35; B58, Brij58; B78, Brij78.
d Yields of batch mode reactions only available.
e I, Klammt et al., 2005; II, Ishihara et al., 2005.

Fig. 2. CF production of soluble GPCRs. Western blot analysis of GPCRs synthesized in presence of diverse types and concentrations of detergents.
Samples of the supernatant fractions (B35, B58, B78 (ETB): 10 nl; digitonin: 250 nl; B78 (hV2R, NPY, MTN): 500 nl) were separated on 12% Tris–
glycerine polyacrylamide gels. B35, Brij35; B58, Brij58; B78, Brij78. Black arrows indicate the GPCR monomers, grey arrows indicate presumed dimeric
complexes.
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were detected after CF expression in presence of Brij72,
Brij97, Brij98, DDM, DiC8PC, digitonin, Genapol X-100
and LMPG (Fig. 3). Only the expression in presence of
Please cite this article in press as: Klammt, C. et al., Cell-free produ
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DPC did not result in detectable pV2R oligomers after
SDS–PAGE analysis. Presumed pV2R tetramers were fur-
thermore visible in samples expressed in presence of Brij72,
ction of G protein-coupled receptors for functional ..., J. Struct.



Fig. 3. Effect of detergent type on the CF production of pV2R. Proteins
were solubly CF expressed in presence of different detergents. Aliquots
(0.01–3 ll) of the RM supernatants were separated on 16% Tris–glycerine
polyacrylamide gels and analyzed by immunoblotting with the anti-T7-tag
antibody. Detergent concentrations and loaded sample volumes were as
follows: GX-100, 0.1% and 2 ll; B72 and B97, 0.2% and 3 ll; B98, 0.2%
and 0.01 ll; DDM, 0.1% and 1 ll; digitonin, 0.4% and 0.1 ll; DiC8PC,
0.1% and 1 ll; DPC, 0.1% and 1 ll; LMPG, 0,01% and 2 ll. The putative
oligomeric forms of V2R are indicated by arrows. GX-100, Genapol X-
100; B72, Brij72; B97, Brij97; B98, Brij98. In case of DDM and digitonin
CF expression, putative protein degradation bands are visible.
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Brij97, Brij98 and Genapol X-100. Additional bands
observed in the samples with DDM and digitonin with
lower apparent molecular weight than the pV2R monomer
might result from degradations. Preparation and treatment
of all analysed samples have been identical and the ana-
lysed pV2R oligomer formation might therefore reflect
variations either in protein complex formation or in pro-
tein complex stability that are modulated by the different
micellar structures of the supplied detergents.

3.3. Reconstitution of CF produced GPCRs into liposomes

Reconstitution of membrane proteins into lipid mem-
branes is a prerequisite for most approaches of functional
characterizations. The CF produced GPCRs hV2R, ETB
and CRF were solubilized in LMPG and reconstituted into
liposomes based on E. coli lipid mixtures. Freeze-fracture
analysis of the resulting proteoliposomes revealed homog-
enously distributed MP particles of similar size in all three
samples (Fig. 4). These results indicate that the proteins
inserted into the lipid membrane are not aggregated giving
evidence of a rather functional reconstitution of the CF
produced GPCRs.

3.4. Single particle analysis of purified GPCRs

Electron micrographs of negatively stained hV2R and
CRF particles exhibit homogenous and mono-disperse bi-
lobed structures, indicating high sample quality (Fig. 5A
and B). Single particle projections were extracted from
the micrographs, reference-free aligned, and classified by
multi-statistical analysis to calculate class averages. Side
view class averages of both hV2R and CRF display a pair
of rods with a length of 6.5 nm and a center-to-center dis-
Please cite this article in press as: Klammt, C. et al., Cell-free produ
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tance of 3.5 nm between the rods. These values are in excel-
lent agreement with the dimensions observed for the
rhodopsin dimer (Fotiadis et al., 2003, 2006) (Fig. 5C),
and the projections of hV2R, CRF and rhodopsin show
a high structural similarity.

3.5. Ligand binding studies with CF produced ETB

TIRFS enables the determination of association and dis-
sociation rate constants (ka and kd, respectively) and thus
the calculation of the equilibrium dissociation constant
KD. The high sensitivity of TIRFS allows the detection of
binding events even at low surface densities. In this study,
CF in presence of Brij78 expressed and purified ETB was
immobilized through the his-tag onto biocompatible sur-
faces functionalized with Tris–NTA loaded with nickel ions
and ligand binding was analysed on a home-made com-
bined TIRFS-RIf set-up (Fig. 6A). This combination
enables simultaneously fluorescence and mass sensitive
detection. We have characterized the interaction of ETB
with the linear fluorescent labeled ligand fET-1A(1,3,11,15),
a derivative of the natural circular peptide ligand ET-1
(De Leon and Garcia, 1995). The ligand fET-1A(1,3,11,15),
once bound to immobilized ETB at the chip surface, is
selectively excited at the surface by the evanescent field
illumination. Thus, ligand binding can be monitored in
real time. The rate constants ka and kd values of the
fET-1A(1,3,11,15)/ETB complex were determined from the
association and dissociation phase of the binding curve.
Concentrations of fET-1A(1,3,11,15) between 0.25 and 2 lM
were titrated before and after loading the chip surface with
ETB. Whereas the RIf signal confirmed and quantified the
immobilization of ETB on the Tris–NTA surface, the
TIRFS signal monitors the amount of excited fET-1A(1,3,11,15)

bound to the receptor (Fig. 6B). The background fluores-
cence obtained from adsorption of fET-1A(1,3,11,15)to the
empty chip surface was subtracted from the TIRFS signal
prior fitting the ligand binding curves by a monoexponen-
tial function in order to determine the rate constants ka and
kd. The binding constant KD of the fET-1A(1,3,11,15)/ETB
complex could be determined to be 2.9 ± 2.0 · 10�8 M
from the rate constants ka (2.5 · 105 ± 1. 3 · 106) and kd

(6.1 · 10�3 ± 2. 7 · 10�3).

4. Discussion

Crucial factors contributing to the expression efficiency
of a MP are the availability of efficient translocation path-
ways as a prerequisite for functional folding, susceptibility
of recombinant MPs for proteolytic degradation and toxic-
ity to the host cells. The advantage of CF expression is that
these problems are either eliminated or at least minimized.
In E. coli cells, two main strategies for the overproduction
of MPs have been established: The production of func-
tional MPs in the plasma membrane and the production
of unfolded MPs in inclusion bodies. The production of
detergent solubilized MPs in E. coli CF extracts represents
ction of G protein-coupled receptors for functional ..., J. Struct.
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now a third and newly emerging strategy. In accordance
with previous results (Klammt et al., 2005, 2006), the
long-chain polyoxyethylene derivatives Brij35, Brij58,
Brij78 and Brij98 have been found to be especially suitable
for the high-level expression of a wider variety of GPCRs.
Expression levels of individual GPCRs in E. coli cells are
highly variable (Sarramegna et al., 2003). Expression as
inclusion bodies might be the most promising strategy in
order to produce preparative amounts of GPCRs in
E. coli, but efficient refolding protocols are mostly not
yet available (Lundstrom et al., 2006). The few exceptions
approaching preparative amounts of functional GPCR
production in E. coli cells include the muscarinic M1 recep-
tor (Hulme and Curtis, 1998) and the neurotensin receptor
(Grisshammer et al., 2005; Tucker and Grisshammer,
1996). The CF production of GPCR precipitates could
become an attractive alternative approach to the genera-
tion of inclusion bodies in E. coli cells. Precipitate forma-
tion of MPs in CF systems is a reliable procedure as
simply detergents as hydrophobic compartment have to
be omitted from the reaction. Neither special fusion-tags
nor altered reaction conditions have to be implemented.
CF generated MP precipitates can furthermore be solubi-
lized in relatively mild detergents like LMPG (Klammt
et al., 2004) and this observation could indicate a less dena-
tured state if compared with proteins in inclusion bodies.

One major problem upon GPCR overexpression in con-
ventional living systems is the efficient translocation into
the hosts’ plasma membrane that is based on complex traf-
ficking signals and transport systems (Rached et al., 2005).
Although relatively large amounts of MPs might be pro-
duced in cellular systems, often only a small proportion
becomes finally membrane associated (Tate, 2001). Post-
translational modifications like N-glycosylation or palmi-
toylation are known to be important for the functional
expression of integral MPs (Massotte, 2003). However,
their primary role appears to be the correct targeting of
the MPs to the membrane and non-modified MPs are fre-
quently not impaired in their functional activities (Tate
and Blakely, 1994). MP overproduction in eukaryotic
expression systems results usually in incomplete posttrans-
lational modifications due to system overloads (Tate,
2001). MP samples are therefore highly heterogeneous
and often not suitable for structural approaches like crys-
tallization. Differences in membrane lipid composition in
heterologous hosts can furthermore affect or even prevent
the correct membrane insertion of recombinant MPs. The
Fig. 5. Single particle analysis of CF produced GPCRs in comparison
with solubilized Rhodopsin from disc membranes. Electron micrographs
of negatively stained purified hV2R (A) and CRF (B) particles with side
view class averages. The scale bars correspond to 40 nm in the overviews
and to 4 nm for the hV2R averages in (A) and to 2 nm for the CRF
averages in (B). (C) Electron micrograph of negatively stained DDM-
solubilized disk membranes. Rhodopsin dimers were selected and magni-
fied in the gallery at the right. Scale bars represent 40 nm in the overview
and 2 nm in the gallery.

Fig. 4. Freeze-fracture analysis of GPCR proteoliposomes. Freeze-frac-
ture electron microscopy of hV2R (A), CRF (B) and ETB (C) reconsti-
tuted in E. coli lipid mixtures. CF produced GPCR precipitates were
resolubilized in 1% LMPG in 15 mM sodium phosphate, pH 7.5, and
reconstituted into E. coli lipid mixture at a protein:lipid ratio of 1:750 as
described in the methods section. Big arrows indicate liposomes and the
small arrows indicate reconstituted protein particles.

b
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Fig. 6. Ligand binding of CF produced ETB analysed by total internal reflection fluorescence spectroscopy (TIRFS). (A) Principle of simultaneous-
TIRFS/RIf detection. The protein is immobilized on a Ni–Tris–NTA chip by complex formation with a terminal poly(His)n-tag. The fluorescence labeled
ligand bound to the immobilized ETB is selectively excited by the evanescent field of a total internal reflected laser beam and the fluorescence is monitored
in real time. (B) RIf/TIRFS sensorgrams of ETB immobilized on Ni–NTA chip and titrated with fET-1A(1,3,11,15). Concentrations of fET-1A(1,3,11,15) of
0.25–2 lM were titrated with an empty chip as negative control first, subsequently ETB receptor have been loaded to 1.5 ng/mm2 followed by titration
with the same concentrations of fET-1A(1,3,11,15). The sensorgram shows the RIf signal (grey) and the TIRF signal in black. The length of fET-1A(1,3,11,15)

and ETB injections are indicated by black bars.
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complete absence of cholesterol in bacterial membranes
e.g. is suspected to prevent the functional expression of sev-
eral GPCRs. Finally, space in cell membranes is limited
and the maximal tolerated loads of recombinant MPs
might be far below preparative scale amounts of expression
(Tate, 2001).

CF expression of GPCRs and other MPs as detergent
solubilized proteins completely avoids the involvement of
membranes and the requirement for specific targeting or
translocation systems. It represents therefore an attractive
shortcut for MP sample preparation intended for structural
approaches. Both major techniques for structure determi-
nation, X-ray crystallography as well as liquid state
NMR spectroscopy, require detergent solubilized MP sam-
ples. Therefore, the implementation of membrane directed
expression in conventional protocols for MP overproduc-
tion instantly generates significant problems in the down-
stream purification processes. The detergent extraction of
recombinant MPs out of native membranes is a very criti-
cal step, often resulting in protein denaturation and in tre-
mendous losses in yields. In addition, the high level
production of GPCRs in yeast or insect cells usually
required intensive optimizations of expression and fermen-
tation conditions (Lundstrom et al., 2006). In contrast, the
protocol for CF production of MPs is considerably simpli-
fied and many steps like cell transformation, extended fer-
mentation procedures, harvesting and cell disruption as
well as membrane solubilization are eliminated. The whole
sample production usually lasts less than 24 h and the reac-
tion has to be incubated simply over night.

Besides the speediness and efficiency of CF systems in
the production of GPCRs, one further important question
is whether the quality of CF produced detergent solubilized
MPs will be suitable for structural and functional charac-
terizations. Single particle analysis of CF produced hV2R
and CRF reveals homogenously distributed particles very
Please cite this article in press as: Klammt, C. et al., Cell-free produ
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similar to that of the related rhodopsin (Fotiadis et al.,
2003, 2006). The observed topologies indicate predomi-
nantly the formation of homodimers and this result is fur-
ther supported by the detection of putative dimer bands for
all expressed GPCRs upon gel electrophoresis. GPCR
dimer formation is a widely accepted mechanism and a
proven concept for the modulation of receptor function
in signal transduction pathways (Bai, 2004; Hansen and
Sheikh, 2004; Hebert and Bouvier, 1998; Kristiansen,
2004; Rios et al., 2001). Ligand binding, signal transfer
and G-protein activation are some key functions of GPCR
that are supposed to be affected by dimerization. For the
analysed proteins MTN (Ayoub et al., 2002), CRF (Kra-
etke et al., 2005), NPY (Dinger et al., 2003), V2R (Zhu
and Wess, 1998) and ETB (Gregan et al., 2004) the homo-
dimerization in cellular membranes has been reported. In
all cases, the formation of homodimers was found to be
independent from the interaction with ligands which is in
agreement with our results obtained after expression in
CF extracts of E. coli that are devoid of any ligands.
Monomer sizes and intermolecular distances of the ana-
lysed GPCRs match very nicely with the published dimen-
sions of rhodopsin (Fotiadis et al., 2006). The homogenous
appearance of the CF produced GPCR samples that are
mostly composed of dimers is therefore a good indication
for a structural folding of the proteins.

We have analysed the in vitro binding kinetics of a
GPCR for the first time with a modified approach of sur-
face plasmon resonance spectroscopy. Interaction of ETB
with the specific peptide ligand fET-1A(1,3,11,15) (Hiley
et al., 1990) was clearly detectable demonstrating a func-
tional folding of the CF produced protein. Nevertheless,
the calculated dissociation constant of approx. 29 nM
was considerably higher if compared to published KD val-
ues between 50 and 300 pM (Elshourbagy et al., 1993;
Schiller et al., 2000). However, the binding kinetics of
ction of G protein-coupled receptors for functional ..., J. Struct.
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ETB has so far only been analysed in vivo by radioligand-
assays and with protein inserted into native lipid mem-
branes. The ligand binding affinity of GPCRs clearly
depends on the environment of the protein and on the cel-
lular context. It is further known that interaction with G-
protein subunits or receptor activity-modifying proteins
in vivo can dramatically alter the affinity of GPCRs to their
ligands (Hay et al., 2006; Kristiansen, 2004). The artificial
environment of Brij78 detergent micelles, the use of the lin-
ear ET-1 derivative fET-1A(1,3,11,15) and the complete
absence of any natural ETB interaction partners in combi-
nation with the new in vitro determination approach by
TIRFS most likely account for the observed reduced affin-
ity. Further experience with the TIRFS analysis of other
GPCR/ligand combinations will be necessary in order to
critically evaluate the determined binding kinetics. In addi-
tion, coexpression of GPCRs with cognate G-proteins or
ligands, expression in mixed micelles or doping of detergent
micelles with catalytic amounts of lipids like cholesterol
might be interesting approaches in order to further opti-
mize the ligand binding activity of CF produced GPCRs.

In general, the results presented on the CF expression
of GPCRs are encouraging and could represent the basis
for a variety of new approaches on their functional and
structural analysis. In this context, also the tremendous
advantages of CF expression in the production of specif-
ically labelled proteins for structural NMR analysis
should be realized (Ozawa et al., 2004; Torizawa et al.,
2004; Trbovic et al., 2005). The high rate of success in
high-yield GPCR expression, the speediness of sample
preparation and the amounts of purified solubilized
GPCRs that can be obtained in a single day make CF
expression highly competitive to any other established
MP expression system. Finally it should be considered
that CF systems still bear a large potential for further
developments. Supplementation of lipids or mixed
micelles for MP expression will be interesting and proto-
cols for the efficient synthesis of MPs directly into pre-
formed liposomes of desired compositions that can be
studied without further manipulations are among the
expected advancements in the next future.
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