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Abstract: G-protein coupled receptors (GPCRs) constitute the largest family of intercellular
signaling molecules and are estimated to be the target of more than 50% of all modern drugs. As
with most integral membrane proteins (IMPs), a major bottleneck in the structural and biochemical
analysis of GPCRs is their expression by conventional expression systems. Cell-free (CF)
expression provides a relatively new and powerful tool for obtaining preparative amounts of IMPs.
However, in the case of GPCRs, insufficient homogeneity of the targeted protein is a problem as
the in vitro expression is mainly done with detergents, in which aggregation and solubilization
difficulties, as well as problems with proper folding of hydrophilic domains, are common. Here, we
report that using CF expression with the help of a fructose-based polymer, NV10 polymer (NVoy),
we obtained preparative amounts of homogeneous GPCRs from the three GPCR families. We
demonstrate that two GPCR B family members, corticotrophin-releasing factor receptors 1 and 2b
are not only solubilized in NVoy but also have functional ligand-binding characteristics with
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receptor 2b; ECD1, extracellular domain 1; IMAC, immobilized metal ion affinity chromatography; LMPG, 1-myristoyl-2-hydroxy-snglycero-3-[phosphor-rac-(1-glycerol)]; mUcn3, CRFR agonist mouse urocortin 3; NVoy, NV10 polymer (Expedeon Protein Solutions
Ltd., UK); P-CF, insoluble cell-free expression as precipitate; PDC, protein detergent complex; PN-CF, cell-free produced precipitate,
solubilized in LMPG with subsequent exchange of LMPG to NVoy; rUcn1, CRFR agonist rat urocortin 1; S-CF, soluble CF expression; SD-CF, soluble cell-free expression in presence of detergents; SEC-UV/LS/RI, size exclusion chromatography coupled with ultra
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transmembrane.
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different agonists and antagonists in a detergent-free environment as well. Our findings open new
possibilities for functional and structural studies of GPCRs and IMPs in general.
Keywords: cell-free; family B GPCR; functional ligand binding; CRFR; integral membrane protein;
polymer; NMR; static light scattering

Introduction
Integral membrane proteins (IMPs), situated at the
cell surface, are often the mediators of intercellular
communication and transmembrane (TM) transport
of substances and signals between the outside and
the inside of the cell. Among all IMPs, G-protein
coupled receptors (GPCRs) are the largest class of
cell-surface receptors which, according to the GPCR
database, are encoded by more than 1000 genes in
the human genome.1 Many physiological regulatory
mechanisms in the human body are controlled by
GPCRs, and it is estimated that about 50% of all
modern drugs target this family.2 The GPCR sequences are divided into three major families: the largest
subgroup, family A, also referred to as the rhodopsinlike family, comprises receptors for odorants, small
molecules, and peptides and glycoprotein hormones;
family B is characterized by a relatively long amino
terminus that contains several disulfide-linked cysteines; family C is characterized by a long amino terminus and a unique short and highly conserved third
intracellular loop.
To obtain preparative amounts of GPCRs, heterologous cell-based expression using E. coli, yeast,
insect, or mammalian cells have been widely optimized.3–7 However, the successful synthesis in cellular systems is still limited and preparative amounts
of GPCRs are in most cases beyond reach, although
a few notable successes in GPCR structure determination have been achieved, including the highly
abundant bovine rhodopsin,8 human b2-adrenergic
receptor expressed in insect cells,9,10 and crystallized
with monoclonal antibodies11 or expressed as T4-lysozyme fusion to aid crystallization,12 human A2A
adenosine receptor,13 and turkey b1-adrenergic
receptor.14
E. coli-based cell-free (CF) expression systems
have been optimized for large scale expression of
IMPs,15–18 and up to 6 mg GPCR per mL of CF reaction mixture (RM) has been produced in the individual continuous exchange CF (CECF) system.19 The
open nature of CF systems allows the expression of
IMPs in two basically different modes. In mode 1, insoluble cell-free expression as precipitate (P-CF), in
the absence of any hydrophobic environment, IMPs
are CF-produced as precipitate, which can be subsequently solubilized in mild detergents.17,20 In mode
2, soluble CF expression (S-CF), the addition of
certain detergents (SD-CF) or lipids (SL-CF) not
interfering with the protein expression machinery
allows a direct soluble expression of IMPs into deter-
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gent micelles19,21 or reconstitution into lipid molecules22,23 or nanolipoprotein particles.24 Preparative
scale CF production of diverse GPCRs by these
methods19–21 has enabled a significant functional
characterization of some members of the A GPCR
family.21,25–29
Successful solubilization of IMPs preserving
their native conformation is another prerequisite for
functional and structural analyses. However, nonspecific aggregation of detergent-solubilized proteins
is a common problem.30 Another major problem is
related to the balance between the concentration of
detergent needed to keep the hydrophobic TM domain of the protein soluble and the concentration
required to keep its hydrophilic domains properly
folded. To resolve these problems, extensive screening for optimal buffer and detergent conditions for
homogenous GPCR samples is often carried out.27,31
Another solution has been to bypass the use of
detergents. Tribet et al., for example, introduced
amphipols (APs), amphiphilic polyacrylate-derived
polymers grafted with hydrophobic chains,32 which
helped keep IMPs in their active form.33,34 Although
APs keep IMPs soluble in the absence of detergent
for a wide range of proteins,35 charged AP molecules
can cause the same problems in CF systems as those
found when charged detergents are used.19
In this article, we demonstrate that CF expression of various GPCRs from the three major families
can be achieved with a polyfructose-based uncharged
NV10 polymer (Expedeon Protein Solutions, UK)
(NVoy) (www.expedeon.com). GPCRs CF-expressed
in the presence of NVoy are homogeneous in solution, compactly folded, and yet show specific ligand
binding to their extracellular domains. We characterize NVoy-solubilized corticotrophin-releasing factor receptors 1 (CRFR1) and 2b (CRFR2b), both family B GPCRs, for their ligand-binding specificity and
affinity in the absence of detergents.

Results
GPCRs were S-CF expressed in the CF
expression system in the presence of
NVoy (SN-CF)
After establishing NVoy suitability for membrane
protein studies (see Supporting Information and
Supporting Information Fig. S1), we tested it for a
possible interference with the CF expression machinery. We analyzed the expression of the reporter
protein GFP in the presence and absence of the
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on SDS-PAGE are smaller than their actual size due
to anomalous SDS-PAGE migration of membrane
proteins.36
To compare SN-CF with CF expression in the
presence of APs, the commercially available AP polymer PMAL-B-100 was tested. PMAL-B-100 was
found to inhibit the GFP expression at concentrations above 0.011 mM. At 0.011 mM of PMAL-B-100,
there was no S-CF expression of the tested GPCRs.
CF expression of GPCRs on a preparative scale
often requires N-terminally fused Thioredoxin21,26 or
a 13-amino-acid-short T7-tag.19,20,25,28 In this study,
using a pIVEX vector, we have demonstrated the
expression of CCR1, CCR5, CRFR1, and CRFR2b in
preparative scale up to 1 mg/mL without any N-terminal modification (Table I). It has been speculated
that the coding region of the N-terminal T7 tag
allows efficient initiation of translation.19 While pET
vectors also contain a lac operator, the pIVEX system is based only on the bacteriophage T7 promoter
and the e translation enhancer. This constitutive
promoter system in pIVEX vectors might reduce
mRNA secondary structure formation within the
nontranslated region, improving the initiation of
translation and thus enhancing the CF expression of
GPCRs without the need of N-terminal tags.

Figure 1. CF expression of GPCRs of all three sub-families.
A: Western blot verification of solubilized and purified
GPCRs by Anti-His6 antibody (lane 1, 2, 5, 6) or Anti T7 tag
antibody (lane 3, 4, 7–10). GPCRs CCR1 (1), CCR5 (2),
SSR2 (3), SSR5 (4), CRFR2b (7), GPCRC5b (9), and RAI3
(10) were obtained from SN-CF; CRFR1 (5) and CRFR2b
from PN-CF (6); and CRFR2b from PL-CF (8). B:
Coomassie-stained analysis of the soluble fraction of the
CF reaction mixture in presence of 0.5 mM NVoy before
(11) and after 18 h of GFP expression (12); of 18 h GFP
expression in absence of NVoy (13); and of purified GPCRs.
CCR1 (14), CCR5 (15) SSR2 (16), CRFR1 (17), CRFR2b (18),
GPRC5b (19), and RAI3 (20) where obtained from PN-CF.
The corresponding GPCR family type is indicated below the
lanes. CF-expressed proteins, running as monomers and
dimers on SDS-PAGE, are marked with arrows.

polymer. In both cases, with 0.5 mM NVoy (Fig. 1,
lane 12) and without NVoy (Fig. 1, lane 13), GFP
expressed up to 3 mg/mL in the individual CF system. Following these results, we analyzed the S-CF
expression of various GPCRs in the presence of
NVoy. Using NVoy at 0.5 mM in the RM enabled
soluble expression of GPCRs from the three major
GPCR families (Table I). All tested GPCRs were
purified by immobilized metal ion affinity chromatography (IMAC) against a C-terminal His6-tag in
the presence of NVoy but no detergent, and verified
by Western blot using antibodies against the His6 or
an optional N-terminal T7 tag [Fig. 1(A)]. It is noteworthy that the apparent sizes of expressed GPCRs
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GPCRs were P-CF expressed and solubilized
with LMPG; LMPG was subsequently
exchanged to NVoy (PN-CF)
In the absence of detergents, lipids, or polymer, CFproduced GPCRs precipitated in the RM and were
harvested by centrifugation. We found that precipitated GPCRs could not be solubilized by up to 5 mM
of NVoy alone. However, we observed that NVoy efficiently exchanged detergents of protein detergent
complexes (PDCs) using affinity chromatography, for
which insoluble GPCR precipitates were first solubilized by 1-myristoyl-2-hydroxy-sn-glycero-3-[phosphor-rac-(1-glycerol)] (LMPG). This procedure of
GPCR precipitate solubilization in LMPG with subsequent exchange of LMPG to NVoy (PN-CF) and
purification of the soluble GPCR in NVoy resulted in
more than 75% pure GPCR samples, as shown on
SDS-PAGE in Figure 1(B), where proteins run as a
mixture of monomers and dimers. Approximately
50–60% of the total CF-produced GPCRs can be
purified and recovered by IMAC.

CRFR-NVoy complexes are homogenous
and stable
Stability and homogeneity are indispensable prerequisites for functional and structural analysis of
IMPs. Size exclusion chromatography (SEC) can
determine protein quality by separating aggregated
protein from nonaggregated protein fractions. CFproduced GPCRs in the presence of detergents,
whether expressed in SD-CF or in P-CF, tend to
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Table I. CF Expressed GPCRs Including a C-Terminal His6 Tag
Family

Origin

GPCR

Abbreviationa

N-term.
tagb

MW (kDa)c

CF expression
level (mg/mL)d

A
A
A
A
B

Human
Human
Human
Human
Human

CCR1
CCR5
SSR2
SSR5
CRFR1

—
—
T7
T7
—

42.35
42.75
42.59
41.65
46.88

1
1
0.5
0.5
1

B

Mouse

CRFR2b

—

48.87

1

B

Mouse

CRFR2bT7

T7

50.21

0.2

C
C

Human
Human

CAC chemokine receptor type 1
CAC chemokine receptor type 5
Somatostatin receptor type 2
Somatostatin receptor type 5
Corticotropin-releasing factor
receptor 1
Corticotropin-releasing factor
receptor type 2b
Corticotropin-releasing factor
receptor type 2b
GPCR family C group 5 member B
Retinoic acid-induced protein 3

GPRC5b
RAI3

T7
T7

44.61
43.22

0.7
0.1

a

Used GPCR abbreviation.
N-terminal fused tag.
c
MW of GPCR including tags.
d
CF expression level in P-CF, SD-CF, and SN-CF, determined by Western blot analysis.
b

aggregate, with over 75% of GPCRs ending up in the
void volume during SEC.27 In contrast, CRFR1 and
CRFR2b obtained from P-CF, solubilized in LMPG
that is subsequently exchanged to NVoy during
IMAC purification, show almost no protein aggregation [Fig. 2(A,B)] and give the first evidence of the
high level of homogeneity of the sample. Using SEC
combined with ultra violet (UV), static light scattering (LS), and refractive index (RI) measurement
(SEC-UV/LS/RI) with CRFR1 and CRFR2b, we were
able to obtain protein and polymer molar masses in
the protein-NVoy complex [Fig. 2(C)]. CRFR1 and
CRFR2b form monomers with the estimated molar
mass of 40.1 and 48.2 kDa, respectively. Approximately 20 NVoy molecules are bound to each CRFR
molecule, accounting for the molecular weight of the
polymer fraction of about 100 kDa.
Additionally, we used single particle analysis by
electron microscopy (EM) to evaluate sample homogeneity. The analysis of both CRFRs in the presence
of NVoy showed homogenous, monodispersed, and
compact structures [indicated by arrows in Fig.
2(D,E)]. Single particle projections were extracted
from the micrographs, reference aligned, and classified by multistatistical analysis to calculate class
averages. Side view class averages of CRFR1 and
CRFR2b display a pair of rods with the length of
6–7 nm and the center-to-center distance of 3–4 nm
between the rods [Fig. 2(D,E)].
Stability and structural homogeneity of the protein sample were also estimated using NMR, which
is a powerful tool to analyze structural quality of
proteins at the molecular level. The spectral dispersion of the NMR signals gives information about the
protein fold. Although the size of the protein drastically affects the signal line width in solution NMR,
the [1H,15N]-TROSY-HSQC spectra of the 150 kDa
U-15N-CRFR2b-complex with NVoy, produced by SN-
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CF and measured at pH 4.0 and 310 K, show a set
of about 100 sharp peaks well dispersed between 7.7
and 8.7 ppm in the proton dimension [Fig. 2(F)].

Polymer-solubilized CRFRs have ligand-binding
specificity
Demonstrating protein function provides strong evidence of the quality of protein fold. We analyzed the
ability of purified CRFR1 and CRFR2b to bind different agonists and antagonists. CRFR1 and
CRFR2b were produced by SN-CF or PN-CF, purified
and tested in NVoy. Additionally, CRFR2b produced
by P-CF was solubilized, purified, and tested in
LMPG. We tested the CRFR antagonist astressin
and the agonists rat urocortin 1 (rUcn1), mouse urocortin 2 (mUcn2), and mouse urocortin 3 (mUcn3).
The detailed binding data for the four tested ligands
are given in Table II. CRFR2b purified from SN-CF
showed nanomolar binding to rUcn1, astressin, and
mUcn2 [Fig. 3(A), Table II], whereas mUcn3 bind
with lower affinity (Table II). CRFR2b prepared by
SN-CF and that prepared by PN-CF both showed
similar binding to astressin, estimated at 10 nM
[Fig. 3(B)]. CRFR1 produced by PN-CF also showed
affinity for astressin similar to that of CRFR2b [Fig.
3(B)]. In addition, the CRFR agonist sauvagine
showed very low affinity (>500 nM) with little competitive displacement of labeled astressin for all
samples [Fig. 3(C)].
The fraction of active receptors was estimated
based on the total specific binding and assuming
that the Kd for astressin bound to the receptor
expressed in NVoy was the same as the Kd for
astressin bound to receptors expressed in mammalian cells, and a 1:1 ligand:receptor ratio. The purified samples contained at most 10% of CRFR2b capable of binding ligands. There was no correlation
between the amount of functional receptor and the
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Figure 2. Protein analysis of CF-expressed CRFR1 and CRFR2b in the presence of NVoy. CRFR1 (A) and CRFR2b (B)
obtained from PN-CF were analyzed by SEC. The aggregated fraction (red) and monomeric fraction (black) are indicated by
arrows. C: 90 LS detector signal from SEC-UV/LS/RI analysis of CRFR2b in NVoy with a given molar mass distribution
between CRFR2b (green), polymer (blue), and their complex (red). CRFR1 (D) and CRFR2b (E) expressed by PN-CF were
analyzed by single particle analysis. Electron micrographs of negatively stained overviews show monodispers nonaggregated
particles (indicated by arrows). The corresponding side view class averages are at the bottom. The scale bars (red)
correspond to 60 nm in the overviews and the size of each average is 16 nm. F: [1H,15N]-TROSY-HSQC spectra of CRFR2b
in NVoy. Approximately 20 lM U-15N-CRFR2b, produced by SN-CF, in 1 mM NVoy, 10 mM NaCl, 20 mM MES/Bis-Tris (pH
4.0) were measured at 310 K on a 700 MHz spectrometer equipped with a cryogenic probe. Characteristic Trp Ne1H and Gly
HN cross peaks are indicated.

expression mode. The different receptor samples in
NVoy were functionally stable for weeks at 4 C and
showed no decrease in binding affinity after storage.
The active fraction of CRFR2b is easily purified with
the astressin-Affi-Gel 15 resin. The receptor is
bound to the resin, the nonspecifically bound fraction is washed off with high salt buffer, and all of

the specifically bound CRFR2b is eluted with low
pH. Relative intensities of the Western blot bands
showing fractions of the purified proteins [Fig. 3(D)]
demonstrate that 10% of the total sample is bound
to the astressin resin, confirming the similar estimation of the active fraction from the ligand-binding
study. Given the CRFR CF expression level of 1 mg

Table II. Inhibitory Binding Constants, Ki (nM) for Various CRF Family Ligands Binding to CF Produced CRF
Receptors Measured by Competitive Displacement of 125I-[D-Tyr0]astressin
Receptor
CRFR2b
CRFR2b
CRFR2b
CRFR1
CRFR1

Preparation
a

PL-CF
SN-CFb
PN-CFc
SN-CF
PN-CF

Astressin
8.7
11.9
9.9
27
8.3

(4.5–16.9)
(10.6–13.3)
(7.2–13.7)
(12–64)
(5.1–13.4)

rUcn1
4.0
4.8
5.9
46
13.9

(3.6–4.4)
(3.4–6.7)
(5.2–6.8)
(27–79)
(11.3–17)

mUcn2

mUcn3

51 (50–52)
35.2 (24.2–51.4)
74 (64–84)
>1000
492 (433–560)

461 (117–1800)
317 (55–1830)
205 (176–238)
>1000
>1000

The average of at least three independent experiments is given together with 95% confidence limits shown in parentheses.
PL-CF, solubilized in LMPG and purified.
b
SN-CF, soluble CF expressed and purified in surfactant NVoy.
c
PN-CF, solubilized in LMPG, exchanged to NVoy and purified.
a
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Figure 3. Ligand binding of CF expressed CRFR1 and CRFR2b in the presence of NVoy. A: Competitive displacements
of [125I-D-Tyr0]astressin, bound to CRFR2b from SN-CF, with the ligands astressin (red), rUcn1 (blue) and mUcn2 (green).
B: Competitive displacement of 125I-[D-Tyr0]astressin by astressin is compared for different CF preparations. CRFR2b was
expressed by SN-CF (red) and PN-CF (green). In addition CRFR1 from PN-CF (black) is shown. Error bars of three
measurements are indicated. C: Comparison of competitive displacement of 125I-[D-Tyr0]astressin by astressin and sauvagine.
D: Ligand-affinity purification of functional fraction from PN-CF produced CRFR2b. Total amount of receptor loaded on
astressin-Affi-Gel 15 (1), nonbound receptor fraction in flow through (FTH) (2), nonspecifically bound receptor in wash fraction
(wash) (3), specifically bound receptor, eluted by low pH (4), and noneluted receptor on resin (5) are verified by Western blot
against the C-terminal His6-tag of CRFR2b.

per mL of the CF RM and its 50–60% recovery from
subsequent purification, of which 10% constitutes
the active fraction, 50 lg pure, active CRFR can be
obtained from 1 mL of the CF RM. This means that
1 mg of pure, functional receptor can time- and costeffectively produced within 2 days at a cost less than
$1500 by our optimized CF expression system.43

Discussion
Detergent can be substituted by polymer in
membrane protein studies
Detergents are often required in the biochemical
analysis of IMPs. However, detergent-solubilized
proteins tend to aggregate.30 One way to bypass the
use of detergents is employing APs.32 NVoy shares
some properties of detergents and APs, but in contrast to common APs like A8-3532 and PMAL-B100,34 which are both polyacrylate-derived, of limited
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solubility, and charged, NVoy is neutral and highly
soluble in aqueous solution due to its polyfructose
backbone. NVoy is also more soluble and forms larger
micelle-like structures compared with the recently
reported glucose-based amphiphilic telomers.38,39
So far, the membrane extraction of IMPs has been
limited to the use of detergents. To our knowledge,
APs have not been shown to extract IMPs from native
membranes. We also failed to solubilize IMPs, such as
Etk and YcjF-GFP, in PMAL-B-100. However, by using
NVoy at concentrations above 3 mM, we have demonstrated the successful extraction of Etk and YcjFGFP from E. coli membranes. Whereas YcjF-GFP can
be extracted by many detergents, Etk can only be
extracted by phosphocholine-derived detergents. Thus,
NVoy and possibly other NVoy-like polymers might
have universal applicability for IMP extraction.
Globular proteins are often influenced by detergent environment. For instance, the catalytic
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activity of tobacco etch virus protease is often inhibited in the presence of detergents.40 In contrast, we
have shown the successful cleavage of YcjF-GFP in
the presence of NVoy at 5 mM.

GPCRs can be expressed in a detergent-free,
soluble CF expression system
CF expression has emerged as an alternative to conventional cell-based heterologous expression systems, which is capable of producing functional and
preparative amounts of large eukaryotic transporters41 and several family A GPCR members.21,26–28 In
addition, CF expression has been successfully used
to crystallize human VDAC42 and to determine by
NMR membrane domain structures of three classes
of histidine kinase receptors43 and the C-terminal
fragment of presenilin 1.44 A complete sample preparation by CF expression takes less than 24 h including overnight sample incubation. The open nature of
CF systems also allows flexibility in the choice of
additives to RM, which in turn has permitted different modes of CF synthesis of IMP.
NVoy, which is a nondetergent polymer and, as
we have shown, does not interfere with the transcriptional and translational machinery, provides a
new S-CF mode for IMPs (SN-CF), in addition to SDCF19,21 and SL-CF.22–24 As demonstrated in the
Results section, we have successfully used the SNCF mode for all three major GPCR families.

CRFR samples are homogenous and not
aggregated in the presence of NVoy
Detergents often destabilize solubilized IMPs and
promote nonspecific protein aggregation.30 For CF
expression in particular, it has been reported that
without addition of strong reducing agents, olfactory
receptors were found to be highly aggregated in all
tested detergent and buffer conditions.27 However,
using SEC analysis, we were able to demonstrate a
high level of sample homogeneity and almost no
aggregation of the PN-CF-expressed CRFRs. In addition, single particle analysis of the PN-CF-produced
CRFR1 and CRFR2b in the presence of NVoy reveals
homogenous distribution of particles. The observed
surface topologies on carbon-coated copper grids in
EM predominantly indicate the formation of homodimers with a minor amount of monomeric receptors
and show no aggregation. We assume that this
dimer formation is promoted by the absorption process of diluted receptor samples on grids, used for
EM analysis. Furthermore, NVoy can aid the single
particle analysis by Cryo-EM, whereas the analysis
of detergent-solubilized membrane proteins is often
hindered by the fact that detergents reduce the surface tension of water, hampering the control of ice
thickness, and the distribution of protein.45
The solution NMR analysis of GPCRs has so far
been limited by the inefficiency of cellular expression
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systems in the preparation of isotopically labeled
samples and by massive line broadening resulting
from large PDC sizes and the intrinsic internal mobility of the TM part, as demonstrated in Supporting
Information Figure S2 for CRFR2b in LMPG
micelles. In contrast to the detergent solubilized
sample, U-15N-labeled CRFR2b produced by SN-CF
shows sharp cross peaks in [1H,15N]-TROSY-HSQC
spectra for 25% of the CRFR2b amino acids. From
a comparison of the number of cross peaks in the
glycine and the tryptophan side chain regions of the
spectra with the number of glycine and tryptophan
residues in the C-terminal and the extracellular
domains of the receptor, as well as from the comparison of the obtained spectra with the published spectra of the ECD1,46 we conclude that the residues
represented by the cross peaks in our spectra most
likely belong to the flexible part of the ECD1 and
the C-terminus. Other signals are completely broadened because the rest of the molecule is buried
within the massive 100 kDa NVoy micelle. Nevertheless, the observed spectral dispersion of the signals in [1H,15N]-TROSY-HSQC spectra gives evidence of folded and stable ‘‘NMR-visible’’ CRFR2b
regions.

CRFR samples in the presence of NVoy show
selective ligand binding activity
In contrast to family A GPCRs, where ligands bind
to the TM domain, CRFRs are targeted by diverse
ligands that bind to the extracellular domains. Family A GPCRs have been previously expressed in CF
systems and functionally analyzed.21,25–28 In this
study, we have analyzed the ability of CF expressed
CRFR1 and CRFR2b to bind different ligands and
were able to show specific ligand binding of these
two family B GPCRs. This is especially important as
CRFRs possess a relatively large ECD1, which is
involved in ligand binding, and it is a common problem that a detergent distorts the folding of the
hydrophilic domains of detergent-solubilized proteins. The CRFR antagonist astressin and agonist
rUcn1 have been shown to bind both CRFRs,47
whereas the agonists mUcn2 and mUcn3 selectively
bind type 2 CRFRs.48 CF-expressed CRFR1 and
CRFR2b show nanomolar binding to astressin and
rUcn1 in the presence of NVoy. Furthermore, we
measured selective binding of mUcn2 to CRFR2b,
demonstrating the high quality of the CF produced
CRFR samples. The inhibitory binding constants we
measured are comparable with those obtained for
individually expressed ECD1 and 1–2 orders of magnitude higher than the constants measured for
receptors in their native environment of CHO membrane fractions.49,50 These results suggest a correct
folding of the ECD1. As we have previously demonstrated the proper folding of the TM region of CFexpressed family A GPCRs, we can presume that the
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TM domains of CF-expressed family B GPCRs are
also properly folded. This is further supported by
the fact that ECD1 of the family B GPCRs are functional and there are spatial relations between the
ECD and TM regions in the protein. However, as
none of the tested ligands targets the TM region, the
proper folding of the TM segments cannot be firmly
concluded based on the obtained data and still needs
to be experimentally addressed. The observed affinities of the agonists mUcn2, mUcn3, and sauvagine
for CF produced CRFR samples are significantly
lower than that of astressin and rUcn1. However, it
has been shown that the affinity of some agonists to
CRFRs is increased in the presence of G-proteins.51
In particular, the CRFR2 binding to Ucn2 and Ucn3
was decreased in the absence of G-proteins, whereas
binding to Ucn1 was not affected.52 We also observed
high affinity CRFR2b binding to rUcn1 but reduced
affinity to mUcn2 and mUcn3. Thus, the lower affinity for some of the agonists may result from the absence of G-proteins. For sauvagine and some CRF
ligands, ECD1 glycosylation of CRFR1 has been
reported to be important for binding of some
ligands.53 This could explain the reduced sauvagine
affinity to CF expressed nonglycosylated receptors,
although reduced binding of some agonists could
also be a result of the presence of detergent or polymer as it is widely accepted that detergents may
affect the folding of IMPs and distort TM regions.
Also, the detergent may bind to the ligands and may
shield them from interacting with the receptor.
Purification of soluble CF-expressed GPCRs in
the presence of detergents is often impeded by the
presence of E. coli extract proteins.28 The CF expression of GPCRs as precipitate and their subsequent
solubilization in LMPG are the first purification step.
As NVoy completely exchanges LMPG on IMAC (PNCF), which constitutes the next step of protein purification, we can obtain pure GPCRs in a desirable
polymer environment. When compared with SN-CF
expression, the samples from PN-CF show similar
(CRFR2b) or better (CRFR1) ligand binding (Table II)
with the benefit of enhanced purity.

Conclusion
This study shows the first CF expression of members
of all three GPCR families and demonstrates ligand
binding for B family GPCRs. The use of NVoy
allowed us to overcome detergent related aggregation problems and enabled the production of nonaggregated high quality samples from PN-CF and the
newly introduced SN-CF mode. We showed that
NVoy extracted IMPs from the membrane without
influencing globular proteins, demonstrating general
applicability of this polymer for IMPs. CF systems
are still a new avenue for expressing IMPs, but we
showed its applicability to difficult IMPs, such as
GPCRs, which can now be synthesized in prepara-
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tive amounts. A common problem with detergentsolubilized membrane proteins is that the balance
between detergent concentration which needs to be
high enough to keep the protein soluble and yet low
enough not to affect the folding of its hydrophilic
domains, is very difficult to achieve. With these
results, we show that nondetergent-like polymers
can easily keep that balance and may be an excellent alternative to surfactants. They may improve
protein stability and maintain the protein’s function,
thereby enabling new possibilities for functional and
structural studies of GPCRs and difficult to obtain
IMPs in general.

Materials and Methods
CF expression
GPCRs were produced in an individual CECF system according to previously described protocols16,17,19 with further optimizations. Chemicals for
CF expression were purchased from Sigma-Aldrich
unless otherwise stated. CF extracts were prepared
from E. coli strain A19 after previously described
protocols16,17 and T7-RNA polymerase was expressed
using the pT7-911Q plasmid54 and purified as
described elsewhere.55 Preparative scale CF reactions were performed in 25 kDa MWCO dispodialyzers (Spectrum Laboratories, CA) using 1 mL or
5 mL of RM set with a volume ratio between
RM:feeding mixture (FM) of 1:17. Dispodialyzers
were placed in suitable plastic tubes holding the FM
and incubated for 18 h on a roller device (Labortechnik Froebel GmbH, Germany). The reaction conditions for the CF reaction were as follows. RM and
FM: 270 mM potassium acetate; 14.5 mM magnesium acetate; 100 mM Hepes-KOH pH 8.0; 3.5 mM
Tris-acetate pH 8.2; 0.2 mM folinic acid; 0.05% sodium azide; 2% polyethyleneglycol 8000; 2 mM
Tris(2-carboxyethyl)phosphine hydrochloride (TCP)
(Pierce, IL); 1.2 mM ATP; 0.8 mM each of CTP, UTP,
GTP; 20 mM acetyl phosphate (Fluka, Germany);
20 mM phosphoenol pyruvate (AppliChem GmbH,
Germany); 1 tablet per 50 mL complete protease inhibitor (Roche Applied Science, IN); an GPCR amino
acid distribution optimized amino acid mixture containing 2.5 mM of the amino acids I, L, F, V; 1.875
mM A, R, N, Q, G, K, S, T, Y; 1.25 mM D, C, E, H,
M, P, W in the FM; RM: 1.5 mM of the amino acids
I, L, F, V; 1.125 mM A, R, N, Q, G, K, S, T, Y; 0.75
mM D, C, E, H, M, P, W; 40 lg/mL pyruvate kinase
(Roche Applied Science, IN); 500 lg/mL E. coli tRNA
(Roche Applied Science, IN), 0.3 U/lL RNase Inhibitor (SUPERase-InTM, Ambion, TX); 0.5 U/lL T7RNA polymerase; 40% S30 extract and 15 lg/mL of
pET21a derived plasmid DNA or 7.5 lg/mL of
pIVEX2.3 derived plasmid DNA. S-CF was performed in the presence of 0.5 mM NVoy (Expedeon
Protein Solutions, UK) in RM and 0.05 mM NVoy in
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FM. For testing, the AP polymer PMAL-B-100 (Calbiochem, NJ), 0.011 mM was used in RM and FM.
For CF expression as precipitate (P-CF), a precipitate containing recombinant proteins expressed
in the absence of detergents was removed from the
RM by centrifugation at 20,000g for 10 min and suspended in 50% volume equal to the RM volume in
2% (w/v) LMPG, 20 mM Tris-HCl pH 7.4, 500 mM
NaCl. The suspension was incubated for 30 min
shaking at 1000 rpm at 25 C followed by centrifugation at 20,000g for 10 min to remove residual precipitate. The supernatant was diluted 1:10 in dilution
buffer ready for affinity purification.
For CF U-15N labeling, RM and FM were supplemented with 0.5 mM of 15N algal amino acid mixture (CIL, MA) and 1 mM of the 15N amino acids N,
C, Q, W (CIL, MA).

GPCR purification and reconstitution
Precipitate was removed from the RM after CF
expression by centrifugation at 20,000g for 10 min.
After expression in soluble mode in the presence of
NVoy, the RM was centrifuged at 20,000g for 10 min
and the supernatant was diluted 1:10 in dilution
buffer (100 mM Tris-HCl pH 7.4, 500 mM NaCl,
20 mM imidazole) to reduce NVoy concentration
from 0.5 mM to 0.05 mM. Diluted solubilized precipitates and RMs were applied to 1 mL Co2þ-loaded
HiTrap HP columns (GE Healthcare, NJ) equilibrated in column buffer (20 mM Tris-HCl pH 7.4,
500 mM NaCl) supplemented with 20 mM imidazol
and the corresponding additive, 0.01% 1-myristoyl-2hydroxy-sn-glycero-3-[phospho-rac-(1-glycerol)] (LMPG)
(Avanti Lipids, AL) or 0.05 mM NVoy. Affinity chromatography was performed with 1 mL/min flow rate with
washing steps of six column volumes of column buffer
supplemented with 20 and 50 mM imidazol, respectively. Bound protein was finally eluted with 375 mM
imidazol in column buffer and 0.3 mL fractions were
collected. In case of LMPG to NVoy exchange, CoITA
columns were washed with 20 column volumes of column buffer supplemented with 20 and 50 mM imidazol, respectively. For buffer exchange, protein containing fractions were dialyzed in 3.5 kDa MWCO Slide-A
Lyzer Dialysis Cassettes (Pierce, IL) using the corresponding buffer and detergent, NVoy was not added to
dialysis buffer.

R Protein KW-803, Waters Corporation, MA)
(ShodexV
on an HPLC instrument (WatersTM 626 Pump, 600S
Controller, Millipore Corporation, MA). The data
were analyzed using the Astra V 5.3.2.12 Software
(Wyatt Technology Corporation, CA). The mathematical background for LS, RI, and UV for determine
the IMP weight by this setup is extensively
described elsewhere.56
dn/dcNVoy was determined as described elsewhere57 by analyzing the RI of different polymer
concentrations using the Astra template file for
dn/dc determination after injecting 3 mL of 0, 0.05,
0.1, 0.25, 0.3, 0.4, 0.5, and 0.6 mM NVoy solubilized
in running buffer (20 mM Tris-HCl pH 7.4, 300 mM
NaCl) into running buffer at 1 mL/min flow rate
with 10 mL offset between injections. All solutions
were filtered with 0.2 lm Nylon membrane filters
(PALL Life Sciences, MI). The polymer complex size
was measured by injecting 0.2 mM NVoy into water
at 0.8 mL/min flow rate at the given setup. GPCRs
were analyzed by injecting purified protein into
HPLC buffer (20 mM Tris-HCl pH 7.4, 300 mM
NaCl, 0.02 mM NVoy) at 0.8 mL/min. After baseline
adjustment, alignment of the measurements and
band broadening correction, the data was analyzed
by applying the Astra protein conjugate template.

Single particle analysis
Different concentrations of GPCR particles were
adsorbed onto 400 mesh carbon-coated copper grids
(Ted Pella, CA), negatively stained with 2% (w/v)
uranyl acetate, blotted, and air-dried. A constant
NVoy concentration was kept during the dilutions.
Grids were imaged in a JEOL JEM-2100F transmission electron microscope (JEOL, Japan) equipped
with a field-emission gun under low-dose conditions.
Images were recorded at a nominal magnification of
50,000 under minimum dose procedures on a Tietz
4096  4096 pixel CCD camera (TVIPS, Germany),
resulting in a pixel size of 2 Å. Between 200 and
2000 particles were selected for each GPCR using
the EMAN boxer program.58 Reference-free alignment of the particles followed by Singular Value
Decomposition and k-means classification were performed iteratively with the EMAN package58 to
obtain the final class averages.

NMR measurement
SEC-UV/LS/RI analysis
The analyses of NVoy (NVoy ¼ NV10, Expedeon Protein Solutions, UK) and NVoy—protein complexes
were performed by measuring the relative RI signal
(Optilab rEX, Wyatt Technology Corporation, CA),
LS signals from three angles (45 , 90 , 135 ) (miniDAWN, Wyatt Technology Corporation, CA), UV
extinction at 280 nm (WatersTM 996 Photoiode Array
Detector, Millipore Corporation, MA) combined with
an analytical polymer-based size exclusion column
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NMR samples of CRFR2b from SN-CF were purified
by Co2þ-loaded HiTrap HP columns on FPLC as
described above and dialyzed against 20 mM MESBisTris pH 4.0, 10 mM NaCl overnight. The samples
were concentrated to 300 lL in 30 kDa MWCO Vivaspin 2 concentrators (Sartorius Stedim Biotech
GmbH, Germany) and supplemented with 5% D2O
and 0.5 mM 4,4-dimethyl-4-silapentane-1-sulfonic
acid (DSS). [15N, 1H] TROSY spectra were obtained
on a Bruker 700 MHz spectrometer equipped with
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four radiofrequency channels and a triple-resonance
Cryo-probe with a shielded z-gradient coil. CRFR2b
in NVoy was measured at 310 K with 256 scans.

Radioreceptor assays and affinity purification
Soluble proteins were incubated in triplicate wells
with [125I-DTyr0]-astressin (150,000 cpm), together
with increasing concentrations of unlabeled peptide
(astressin, rUcn1, mUcn2, mUcn3, sauvagine), in
0.2 mL assay buffer (50 mM Hepes pH 7.5, 0.1%
(w/v) BSA, 0.005% TritonX-100) for 90 min at RT in
MultiScreenHTS GV microtiter plates (Millipore, Germany) precoated with 0.1% (w/v) polyethylenimine.
In the case of assays using receptors in LMPG, the
buffer was adjusted to 0.01% detergent to maintain
the critical micellar concentration. The mixture was
aspirated under vacuum, and the plates were
washed twice with 50 lL of assay buffer. Counts
bound in the well were quantified by c-counting.
The Ki’s were calculated by PRISM (GraphPad, CA)
fitting program. All assays were performed at least
three times in triplicate. The fraction of active receptors was calculated assuming the Kd for the receptor
was the same as the Kd for astressin bound to the
receptor expressed in mammalian cells, assuming a
1:1 receptor:ligand complex and assuming a MW
of 40 kDa for the receptor. For affinity purification,
80 lg CRFR2b were bound to an astressin affinity
gel prepared by coupling astressin to Affi-Gel 15 (BioRad Labs, CA), using dimethylformamide according
to company’s procedure. A total of 100 lL CRFR2b
from PN-CF were diluted 10 times in dilution buffer
(20 mM TRis-HCl pH 7.4, 50 mM NaCl, 0.05 mM
NVoy) and incubated with 50 lL astressin-Affi-Gel
15 for 3 h at RT. Subsequently, the affinity gel was
washed three times with 100 lL dilution buffer and
protein was eluted at low pH (20 mM MES pH 4,
50 mM NaCl, 0.05 mM NVoy) in five steps of 100 lL
each. The result was analyzed by Western blot.

4.

5.

6.

7.

8.

9.

10.

11.

12.

13.

Acknowledgment
We acknowledge Mr. E.C. Chiu, Ms. K. Lewis, Ms. S.
Pisani, Mr. K. Sukhija, and J. Vaughan for technical
help, Dr. C. Tzitzilonis for cloning and providing the
plasmid DNA for SSR2 and SSR5, Prof. Dr. R. Riek for
helpful discussions, and Prof. Dr. J. Rivier for peptides.
W.V. is a CMRF Senior Investigator.

14.

15.

References
1. Horn F, Bettler E, Oliveira L, Campagne F, Cohen FE,
Vriend G (2003) GPCRDB information system for G protein-coupled receptors. Nucleic Acids Res 31:294–297.

16.

2. Sarramegna V, Muller I, Milon A, Talmont F (2006)
Recombinant G protein-coupled receptors from expression to renaturation: a challenge towards structure.
Cell Mol Life Sci 63:1149–1164.
3. Chiu ML, Tsang C, Grihalde N, MacWilliams MP
(2008) Over-expression, solubilization, and purification

17.

Klammt et al.

18.

of G protein-coupled receptors for structural biology.
Comb Chem High Throughput Screen 11:439–462.
Mancia F, Hendrickson WA (2007) Expression of
recombinant G-protein coupled receptors for structural
biology. Mol Biosyst 3:723–734.
Lundstrom K, Wagner R, Reinhart C, Desmyter A,
Cherouati N, Magnin T, Zeder-Lutz G, Courtot M,
Prual C, Andre N, Hassaine G, Michel H, Cambillau C,
Pattus F (2006) Structural genomics on membrane proteins: comparison of more than 100 GPCRs in 3 expression systems. J Struct Funct Genomics 7:77–91.
Grisshammer R, White JF, Trinh LB, Shiloach J (2005)
Large-scale expression and purification of a G-proteincoupled receptor for structure determination—an overview. J Struct Funct Genomics 6:159–163.
Sarramegna V, Talmont F, Demange P, Milon A (2003)
Heterologous expression of G-protein-coupled receptors:
comparison of expression systems fron the standpoint
of large-scale production and purification. Cell Mol Life
Sci 60:1529–1546.
Palczewski K, Kumasaka T, Hori T, Behnke CA,
Motoshima H, Fox BA, Le Trong I, Teller DC, Okada T,
Stenkamp RE, Yamamoto M, Miyano M (2000) Crystal
structure of rhodopsin: a G protein-coupled receptor.
Science 289:739–745.
Rasmussen SG, Choi HJ, Rosenbaum DM, Kobilka TS,
Thian FS, Edwards PC, Burghammer M, Ratnala VR,
Sanishvili R, Fischetti RF, Schertler GF, Weis WI,
Kobilka BK (2007) Crystal structure of the human
beta2 adrenergic G-protein-coupled receptor. Nature
450:383–387.
Cherezov V, Rosenbaum DM, Hanson MA, Rasmussen
SG, Thian FS, Kobilka TS, Choi HJ, Kuhn P, Weis WI,
Kobilka BK, Stevens RC (2007) High-resolution crystal
structure of an engineered human beta2-adrenergic G
protein-coupled receptor. Science 318:1258–1265.
Day PW, Rasmussen SG, Parnot C, Fung JJ, Masood
A, Kobilka TS, Yao XJ, Choi HJ, Weis WI, Rohrer DK,
Kobilka BK (2007) A monoclonal antibody for G protein-coupled receptor crystallography. Nat Methods 4:
927–929.
Rosenbaum DM, Cherezov V, Hanson MA, Rasmussen
SG, Thian FS, Kobilka TS, Choi HJ, Yao XJ, Weis WI,
Stevens RC, Kobilka BK (2007) GPCR engineering
yields high-resolution structural insights into beta2-adrenergic receptor function. Science 318:1266–1273.
Jaakola VP, Griffith MT, Hanson MA, Cherezov V,
Chien EY, Lane JR, Ijzerman AP, Stevens RC (2008)
The 2.6 angstrom crystal structure of a human A2A
adenosine receptor bound to an antagonist. Science
322:1211–1217.
Warne T, Serrano-Vega MJ, Baker JG, Moukhametzianov R, Edwards PC, Henderson R, Leslie AG, Tate CG,
Schertler GF (2008) Structure of a beta1-adrenergic
G-protein-coupled receptor. Nature 454:486–491.
Schwarz D, Junge F, Durst F, Frolich N, Schneider B,
Reckel S, Sobhanifar S, Dotsch V, Bernhard F (2007)
Preparative scale expression of membrane proteins in
Escherichia coli-based continuous exchange cell-free
systems. Nat Protoc 2:2945–2957.
Klammt C, Schwarz D, Dotsch V, Bernhard F (2007)
Cell-free production of integral membrane proteins on
a preparative scale. Methods Mol Biol 375:57–78.
Klammt C, Lohr F, Schafer B, Haase W, Dotsch V,
Ruterjans H, Glaubitz C, Bernhard F (2004) High level
cell-free expression and specific labeling of integral
membrane proteins. Eur J Biochem 271:568–580.
Elbaz Y, Steiner-Mordoch S, Danieli T, Schuldiner S
(2004) In vitro synthesis of fully functional EmrE, a

PROTEIN SCIENCE VOL 20:1030—1041

1039

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

1040

multidrug transporter, and study of its oligomeric
state. Proc Natl Acad Sci USA 101:1519–1524.
Klammt C, Schwarz D, Fendler K, Haase W, Dotsch V,
Bernhard F (2005) Evaluation of detergents for the
soluble expression of alpha-helical and beta-barrel-type
integral membrane proteins by a preparative scale
individual cell-free expression system. FEBS J 272:
6024–6038.
Klammt C, Schwarz D, Lohr F, Schneider B, Dotsch V,
Bernhard F (2006) Cell-free expression as an emerging
technique for the large scale production of integral
membrane protein. FEBS J 273:4141–4153.
Ishihara G, Goto M, Saeki M, Ito K, Hori T, Kigawa T,
Shirouzu M, Yokoyama S (2005) Expression of G protein coupled receptors in a cell-free translational system using detergents and thioredoxin-fusion vectors.
Protein Expr Purif 41:27–37.
Wuu JJ, Swartz JR (2008) High yield cell-free production of integral membrane proteins without refolding or
detergents. Biochim Biophys Acta 1778:1237–1250.
Kalmbach R, Chizhov I, Schumacher MC, Friedrich T,
Bamberg E, Engelhard M (2007) Functional cell-free
synthesis of a seven helix membrane protein: in situ
insertion of bacteriorhodopsin into liposomes. J Mol
Biol 371:639–648.
Katzen F, Fletcher JE, Yang JP, Kang D, Peterson TC,
Cappuccio JA, Blanchette CD, Sulchek T, Chromy BA,
Hoeprich PD, Coleman MA, Kudlicki W (2008) Insertion of membrane proteins into discoidal membranes
using a cell-free protein expression approach. J Proteome Res 7:3535–3542.
Junge F, Luh LM, Proverbio D, Schafer B, Abele R,
Beyermann M, Dotsch V, Bernhard F (2010) Modulation of G-protein coupled receptor sample quality by
modified cell-free expression protocols: a case study of
the human endothelin A receptor. J Struct Biol 172:
94–106
Kamonchanok S, Balog CI, van der Does AM, Booth R,
de Grip WJ, Deelder AM, Bakker RA, Leurs R, Hensbergen PJ (2008) GPCR proteomics: mass spectrometric
and functional analysis of histamine H1 receptor after
baculovirus-driven and in vitro cell free expression.
J Proteome Res 7:621–629.
Kaiser L, Graveland-Bikker J, Steuerwald D, Vanberghem M, Herlihy K, Zhang S (2008) Efficient cell-free
production of olfactory receptors: detergent optimization, structure, and ligand binding analyses. Proc Natl
Acad Sci USA 105:15726–15731.
Klammt C, Srivastava A, Eifler N, Junge F, Beyermann M, Schwarz D, Michel H, Doetsch V, Bernhard F
(2007) Functional analysis of cell-free-produced human
endothelin B receptor reveals transmembrane segment
1 as an essential area for ET-1 binding and homodimer
formation. FEBS J 274:3257–3269.
Klammt C, Schwarz D, Eifler N, Engel A, Piehler J,
Haase W, Hahn S, Dotsch V, Bernhard F (2007) Cellfree production of G protein-coupled receptors for functional and structural studies. J Struct Biol 158:
482–493.
Prive GG (2007) Detergents for the stabilization and
crystallization of membrane proteins. Methods 41:
388–397.
Gautier A, Mott HR, Bostock MJ, Kirkpatrick JP, Nietlispach D (2010) Structure determination of the sevenhelix transmembrane receptor sensory rhodopsin II by
solution NMR spectroscopy. Nat Struct Mol Biol 17:
768–774.

PROTEINSCIENCE.ORG

32. Tribet C, Audebert R, Popot JL (1996) Amphipols: polymers that keep membrane proteins soluble in aqueous
solutions. Proc Natl Acad Sci USA 93:15047–15050.
33. Pocanschi CL, Dahmane T, Gohon Y, Rappaport F, Apell
HJ, Kleinschmidt JH, Popot JL (2006) Amphipathic
polymers: tools to fold integral membrane proteins to
their active form. Biochemistry 45:13954–13961.
34. Gorzelle BM, Hoffman AK, Keyes MH, Gray DN, Ray
DG, Sanders CR (2002) Amphipols can support the activity of a membrane enzyme. J Am Chem Soc 124:
11594–11595.
35. Popot JL, Berry EA, Charvolin D, Creuzenet C, Ebel C,
Engelman DM, Flotenmeyer M, Giusti F, Gohon Y,
Hong Q, Lakey JH, Leonard K, Shuman HA, Timmins
P, Warschawski DE, Zito F, Zoonens M, Pucci B, Tribet
C (2003) Amphipols: polymeric surfactants for membrane biology research. Cell Mol Life Sci 60:1559–1574.
36. Rath A, Glibowicka M, Nadeau VG, Chen G, Deber CM
(2009) Detergent binding explains anomalous SDSPAGE migration of membrane proteins. Proc Natl Acad
Sci USA 106:1760–1765.
37. Maslennikov I, Kefala G, Johnson C, Riek R, Choe S,
Kwiatkowski W (2007) NMR spectroscopic and analytical ultracentrifuge analysis of membrane protein detergent complexes. BMC Struct Biol 7:74.
38. Bazzacco P, Sharma KS, Durand G, Giusti F, Ebel C,
Popot JL, Pucci B (2009) Trapping and stabilization of integral membrane proteins by hydrophobically grafted glucose-based telomers. Biomacromolecules 10:3317–3326.
39. Sharma KS, Durand G, Giusti F, Olivier B, Fabiano
AS, Bazzacco P, Dahmane T, Ebel C, Popot JL, Pucci B
(2008) Glucose-based amphiphilic telomers designed to
keep membrane proteins soluble in aqueous solutions:
synthesis and physicochemical characterization. Langmuir 24:13581–13590.
40. Mohanty AK, Simmons CR, Wiener MC (2003) Inhibition of tobacco etch virus protease activity by detergents. Protein Expr Purif 27:109–114.
41. Keller T, Schwarz D, Bernhard F, Dotsch V, Hunte C,
Gorboulev V, Koepsell H (2008) Cell free expression
and functional reconstitution of eukaryotic drug transporters. Biochemistry 47:4552–4564.
42. Deniaud A, Liguori L, Blesneac I, Lenormand JL,
Pebay-Peyroula E (2010) Crystallization of the membrane protein hVDAC1 produced in cell-free system.
Biochim Biophys Acta 1798:1540–1546.
43. Maslennikov I, Klammt C, Hwang E, Kefala G, Okamura M, Esquivies L, Mors K, Glaubitz C, Kwiatkowski W, Jeon YH, Choe S (2010) Membrane domain
structures of three classes of histidine kinase receptors
by cell-free expression and rapid NMR analysis. Proc
Natl Acad Sci USA 107:10902–10907.
44. Sobhanifar S, Schneider B, Lohr F, Gottstein D, Ikeya
T, Mlynarczyk K, Pulawski W, Ghoshdastider U, Kolinski M, Filipek S, Guntert P, Bernhard F, Dotsch V
(2010) Structural investigation of the C-terminal catalytic fragment of presenilin 1. Proc Natl Acad Sci USA
107:9644–9649.
45. Flotenmeyer M, Weiss H, Tribet C, Popot JL, Leonard
K (2007) The use of amphipathic polymers for cryo
electron microscopy of NADH: ubiquinone oxidoreductase (complex I). J Microsc 227:229–235.
46. Grace CR, Perrin MH, DiGruccio MR, Miller CL, Rivier
JE, Vale WW, Riek R (2004) NMR structure and peptide hormone binding site of the first extracellular domain of a type B1 G protein-coupled receptor. Proc
Natl Acad Sci USA 101:12836–12841.
47. Perrin MH, Sutton SW, Cervini LA, Rivier JE, Vale
WW (1999) Comparison of an agonist, urocortin, and an

Polymer-Based Cell-Free Expression of GPCRs

48.

49.

50.

51.

52.

antagonist, astressin, as radioligands for characterization of corticotropin-releasing factor receptors. J Pharmacol Exp Ther 288:729–734.
Lewis K, Li C, Perrin MH, Blount A, Kunitake K,
Donaldson C, Vaughan J, Reyes TM, Gulyas J, Fischer
W, Bilezikjian L, Rivier J, Sawchenko PE, Vale WW
(2001) Identification of urocortin III, an additional
member of the corticotropin-releasing factor (CRF) family with high affinity for the CRF2 receptor. Proc Natl
Acad Sci USA 98:7570–7575.
Grace CR, Perrin MH, Cantle JP, Vale WW, Rivier JE,
Riek R (2007) Common and divergent structural features of a series of corticotropin releasing factor-related
peptides. J Am Chem Soc 129:16102–16114.
Perrin MH, DiGruccio MR, Koerber SC, Rivier JE, Kunitake KS, Bain DL, Fischer WH, Vale WW (2003) A soluble form of the first extracellular domain of mouse type
2beta corticotropin-releasing factor receptor reveals differential ligand specificity. J Biol Chem 278:15595–15600.
Perrin MH, Haas Y, Rivier JE, Vale WW (1986) Corticotropin-releasing factor binding to the anterior pituitary receptor is modulated by divalent cations and
guanyl nucleotides. Endocrinology 118:1171–1179.
Hoare SR, Sullivan SK, Fan J, Khongsaly K, Grigoriadis DE (2005) Peptide ligand binding properties of the
corticotropin-releasing factor (CRF) type 2 receptor:
pharmacology of endogenously expressed receptors, G-

Klammt et al.

53.

54.

55.

56.

57.

58.

protein-coupling sensitivity and determinants of CRF2
receptor selectivity. Peptides 26:457–470.
Assil IQ, Abou-Samra AB (2001) N-glycosylation of
CRF receptor type 1 is important for its ligand-specific
interaction. Am J Physiol Endocrinol Metab 281:
E1015–E1021.
Ichetovkin IE, Abramochkin G, Shrader TE (1997) Substrate recognition by the leucyl/phenylalanyl-tRNA-protein transferase. Conservation within the enzyme
family and localization to the trypsin-resistant domain.
J Biol Chem 272:33009–33014.
Savage DF, Anderson CL, Robles-Colmenares Y, Newby
ZE, Stroud RM (2007) Cell-free complements in vivo
expression of the E. coli membrane proteome. Protein
Sci 16:966–976.
Hayashi Y, Matsui H, Takagi T (1989) Membrane protein
molecular weight determined by low-angle laser lightscattering photometry coupled with high-performance gel
chromatography. Methods Enzymol 172:514–528.
Strop P, Brunger AT (2005) Refractive index-based
determination of detergent concentration and its application to the study of membrane proteins. Protein Sci
14:2207–2211.
Ludtke SJ, Baldwin PR, Chiu W (1999) EMAN: semiautomated software for high-resolution single-particle
reconstructions. J Struct Biol 128:82–97.

PROTEIN SCIENCE VOL 20:1030—1041

1041

