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and Shuguang Zhang*‡

*Center for Biomedical Engineering, NE47-379, Massachusetts Institute of Technology, 77 Massachusetts Avenue, Cambridge, MA 02139-4307;
and †GE Healthcare, 800 Centennial Avenue, Piscataway, NJ 08854

Edited by Alan R. Fersht, University of Cambridge, Cambridge, United Kingdom, and approved August 22, 2008 (received for review May 17, 2008)

High-level production of membrane proteins, particularly of G pro-
tein-coupled receptors (GPCRs) in heterologous cell systems encoun-
ters a number of difficulties from their inherent hydrophobicity in
their transmembrane domains, which frequently cause protein ag-
gregation and cytotoxicity and thus reduce the protein yield. Recent
advances in cell-free protein synthesis circumvent those problems to
produce membrane proteins with a yield sometimes exceeding the
cell-based approach. Here, we report cell-free production of a human
olfactory receptor 17-4 (hOR17-4) using the wheat germ extract.
Using the simple method, we also successful produced two additional
olfactory receptors. To obtain soluble olfactory receptors and to
increase yield, we directly added different detergents in varying
concentrations to the cell-free reaction. To identify a purification
buffer system that maintained the receptor in a nonaggregated form,
we developed a method that uses small-volume size-exclusion col-
umn chromatography combined with rapid and sensitive dot-blot
detection. Different buffer components including salt concentration,
various detergents and detergent concentration, and reducing agent
and its concentrations were evaluated for their ability to maintain the
cell-free produced protein stable and nonaggregated. The purified
olfactory receptor displays a typical a �-helical CD spectrum. Surface
plasmon resonance measurements were used to show binding of a
known ligand undecanal to hOR17-4. Our approach to produce a high
yield of purified olfactory receptor is a milestone toward obtaining a
large quantity of olfactory receptors for designing bionic sensors.
Furthermore, this simple approach may be broadly useful not only for
other classes of GPCRs but also for other membrane proteins.

detergent screen � G protein-coupled receptor purification �
membrane protein � odorant interaction � surface plasmon resonance

Membrane proteins play vital roles in all living systems. Ap-
proximately 30% of all genes in almost all sequenced ge-

nomes code for membrane protein (1–3). However, our under-
standing of their structures and function falls far behind that of
soluble proteins. As of August 2008, there are only 167 unique
membrane protein structures of total 386 variations known (http://
blanco.biomol.uci.edu/Membrane�Proteins�xtal.html) among
�53,000 structures in the Protein Data Bank (http://www.rcsb.org/
pdb/home/home.do). The reason is that there are several notori-
ously difficult steps to obtain membrane proteins that include: (i)
production of large quantities, (ii) purification of stable and func-
tional membrane proteins, and (iii) long-term stabilization of
nonaggregated membrane proteins. Membrane proteins are ex-
quisitely fine nature-made molecular devices that will be very useful
for a wide range of applications including solar energy harvesting
and ultrasensitive sensing. To accelerate membrane protein struc-
tural studies and use them for design and fabrication of nanobio-
devices, new and simple methods are crucial.

Among membrane proteins, G protein-coupled receptors
(GPCRs) represent the largest family (4, 5). The olfactory receptors
are the most abundant GPCRs (6, 7) and perhaps are one of the
oldest sensory GPCRs. Although olfaction is an important part of

our perception, the olfactory receptor molecular structure currently
remains unknown. The question of how the finite numbers of
olfactory receptors recognize seemingly infinite odorants remains
a tantalizing enigma. This lack of understanding is mainly due to the
difficulty of obtaining large quantities of olfactory receptors.

Heterologous expression of olfactory receptors is extremely
difficult, with only a few examples found in the literature (8–10).
The heterologous expression system is often performed in Esche-
richia coli, yeast, or a mammalian cell line. Olfactory receptors
expressed in such systems are not only partly located in the
membrane but are also found in cell organelles or in inclusion
bodies, probably because of inappropriate processing, and the
expression levels are often low (11). In addition, expression in
mammalian cell lines is time consuming and expensive (12). For
structural, biochemical, and biophysical studies as well as nanobio-
device design, high-yield production is a prerequisite. Therefore,
the expression of the gene of interest is often driven by a strong
promoter, resulting in overloading of the different translocation
machineries in the cell (13, 14). When production levels increase, so
does the burden on the translocation machinery resulting in cellular
toxicity and eventually cell death. High-level production of mem-
brane proteins in cells as bacteria, yeast, and mammalian cells,
therefore, has an inherent fundamental problem.

Cell-free protein production employing extract from various
sources such as rabbit, insect, wheat germ, and E. coli provide an
attractive alternative because the extract contains all of the neces-
sary components for transcription and translation but without
membranes. To compensate for the lack of a natural membrane,
addition of suitable detergent is crucial for the solubilization and
conservation of the freshly produced membrane protein. In addi-
tion to detergents, other additives, such as GroE and DnaK, can be
supplemented to the reaction to enhance folding (15).

Recent advances in cell-free protein production technology have
improved the protein yields, with the single most important devel-
opment being continuous-exchange feeding systems developed by
Spirin and colleagues (16) in which up to �9.7 mg of protein per
milliliter of reaction solution have been produced (17). Cell-free
production is also fast and convenient in a high-throughput setting
and is currently routinely used at RIKEN Japan for protein
synthesis for their structural genomics projects (18). Currently,
�1,000 soluble protein structures have been determined from
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proteins synthesized by the cell-free method (19). However, not a
single membrane protein structure has been determined from
proteins by using the cell-free method.

Klammt et al. (20) investigated the effects of 24 different deter-
gents on the cell-free production of membrane proteins including
the GPCR V2R in E. coli extracts. Most detergents did not affect
the yield of either total or soluble membrane proteins. However,
detergents such as phosphocholines inhibited the transcription and
translation machinery, despite their similarity to natural lipids in the
cell membrane. Glycosidases and CHAPS, although both are
known as mild detergents, also inhibited protein production. The
optimal detergent was found to be protein-specific. In the case of
a GPCR vasopressin receptor, digitonin and Brij generated the
highest yields of soluble receptor. Similar results have also been
reported for 10 other GPCRs produced in E. coli cell-free-based
extracts (20, 21). Although the selection of the optimal detergent is
crucial to achieve the highest possible yield of soluble membrane
protein, the composition of the buffer for subsequent purification
and storage is equally important.

The ultimate technique for screening buffers’ composition for
optimal membrane protein stability is a protein activity assay.
However, these assays are difficult to develop for many membrane
proteins (22, 23) and particularly for olfactory receptors. A more
feasible approach is to study the protein homogeneity by using
size-exclusion chromatography (SEC). SEC provides information
about the protein size and monodispersity because a single sym-
metrical protein peak may suggest that the protein is correctly
folded and stable, making it a promising candidate for functional
and structural studies (24, 25). By using a short SEC column with
a small bed volume, the protein quantity needed per run is small,
the short running time allowing for multiple runs per day and
efficient buffer scouting. Additionally, a small bed volume reduces
the required amount of buffer containing costly detergent.

Here, we report high-level protein production of three olfactory
receptors, hOR17-4, mOR23, and mS51, using cell-free protein
production technology as well as a time-efficient downstream buffer
optimization and stabilization method. The production yields �1
mg protein per 3 ml of cell-free reaction solution. This quantity is
sufficient to carry out secondary structural and odorant binding
analyses as well as initial crystallization screening trials.

Results and Discussion
General Considerations. Following the reports in the literature of
producing GPCRs by using E. coli extract and also for the lower-
price consideration of E. coli extract as compared with wheat
germ-based extract; we first used E. coli cell-free extracts from both
Roche Diagnostics and Qiagen. However, we found both produced
hOR17-4 in soluble and insoluble proteins at very low or nonde-
tectable levels (results not shown).

Because E. coli thioredoxin has been shown to greatly enhance
the levels of GPCRs in E. coli-based extracts, hOR17-4 was cloned
into a plasmid including a thioredoxin N-terminally of hOR17-4.
The addition of thioredoxin did, however, not affect the production
yield of hOR17-4. The production is driven by a T7-promotor, and
any vector carrying a T7 promotor and termination sequence and

ribosomal binding site should suffice for hOR17-4. Roche Diag-
nostics provides optimized vectors and linear generation template
kits for high-yield production. When production was performed by
using a linear template, the production levels were not improved.

For production in wheat germ extract, the hOR17-4 gene was
cloned into pVEX1.3 and pVEX1.4 including a six-residue
histidine tag at either C or N terminus, respectively. Compared
with production in E. coli, wheat germ lysate produced the
olfactory receptor in detectable amounts. In addition, pilot
studies showed that production from pVEX1.3 was far superior
to pVEX1.4 (results not shown).

Effect of Detergents for Olfactory Receptor Yield and Solubility.
Detergents are a prerequisite when working with membrane pro-
teins in solution, and this also holds true for membrane proteins
produced in cell-free extracts because both E. coli and wheat germ
extracts are devoid of lipids. We therefore carefully studied the
optimal types and concentrations of various detergents in the
cell-free system. A panel of eight detergents was chosen based on
their efficacy in previous studies of GPCR production in cell-free
extracts or on their ability to solubilize GPCRs expressed in vivo
(Table S1). The detergents were all tested at concentrations above
their respective critical micelle concentration (CMC) value mea-
sured by the suppliers. The detergents’ effect on the amount of
soluble and insoluble produced hOR17-4 was quantitatively mea-
sured by using the dot-blot method (Fig. 1A). OG, DDM, Cymal5,
and Brij58 all reduced the production level, and Anzergent3-14,
FC14, and the Tri-mix either did not or only marginally affect the
production level. Digitonin was found to be very effective in
maintaining the solubility of the protein, with no insoluble protein
detected. This is in agreement with previous studies of other
GPCRs produced in E. coli-based systems (20).

To avoid large protein–detergent micelles and to avoid inhibiting
the production system at high concentrations of detergents, we
systematically optimized detergent concentration by either decreas-
ing or increasing its concentrations. Increasing the digitonin con-
centration resulted in very low levels of insoluble protein. In
addition to digitonin, the optimal concentration of FC14 and the
Tri-mix was also evaluated by increasing the concentration, because
the production levels were reasonable, but the protein was not
completely soluble. The yield of soluble receptor could not be
increased by increasing concentrations of FC14 or Tri-mix. This is
most likely because of an inhibitory effect of these detergents on the
cell-free production system (Fig. 1B). The most favorable digitonin
concentration was found to be 0.2% for hOR17-4 and was conse-
quently chosen as the optimal concentration for large-scale
hOR17-4 production (Fig. 1B).

To test whether the identified production conditions would also
be suitable for other olfactory receptors, mouse receptors mOR23
and mS51 were also produced. The initial detergent screen was
reduced to three detergents, namely FC14, Brij58, and the Tri-mix,
mainly chosen for their efficacy in producing soluble hOR17-4.
Production of soluble mOR23 was similar to the production of
hOR17-4, with the highest yield in digitonin, but at a slightly higher
digitonin concentration: 0.6% (Fig. 2). The mS51, on the other

Fig. 1. The effects of first screen of differ-
ent detergents on olfactory receptor pro-
duction levels in wheat germ cell-free pro-
duction system. (A) The amount of soluble
(black bars) and insoluble (gray bars) pro-
duced hOR17-4 in different detergents. (B)
Titration of detergent concentration for
production of soluble hOR17-4.
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hand, was not produced at all in digitonin, but Brij58 at 0.1% and
the Tri-mix at 1� produced high levels of soluble protein (Fig. 2).
Once the detergent composition was optimized, production in
cell-free extract was proven to be very efficient, as well as time-
saving, in producing soluble olfactory receptors compared with
other production systems.

Optimizing Buffer Conditions. The use of GFP as a reporter in
SEC-based buffer optimization is straightforward and time-saving.
Protein purification is not necessary, and detection can be carried
out on-line by using a chromatography system (25). However, one
drawback of the use of GFP fusions is that GFP has to be cleaved
off for down-stream applications such as crystallization. This pro-
cess has to be optimized so as to avoid loss of protein activity and
protein yield. We thus used an alternative approach where a sample
from each SEC fraction was dot-blotted on a membrane and
developed by using an antibody directed against a short C-terminal
tag. By using a short SEC column with only a 3-ml bed volume, up

to 12 runs with different buffers could be performed in a single day.
This time-saving step allowed us to investigate the effect of 12
different detergents, six different concentrations of NaCl, two pH
points, and the presence of a reducing agent at three different
concentrations.

Initially, the presence of 10 different detergents (Table S2) in the
run was evaluated. Immediately after cell-free production, the
protein was captured on anti-bovine rhodopsin monoclonal anti-
body 1D4-coated beads, and the new buffer was introduced during
the washing step. The beads were washed with 100-bed volumes for
complete detergent exchange. Exchange to buffers containing
C8E4, DDOMG, LDAO, or no detergent resulted in very low or
nondetectable levels of hOR17-4 in the eluate from the beads,
possibly because of receptor aggregation on the beads. The Tri-mix,
Cyclophos5, and DDM, on the other hand, resulted in high yields,
but the receptor eluted from the SEC with the void, indicating that
the protein had aggregated to complexes �600 kDa, which is the
exclusion volume of the SEC column (Fig. 3). Three of the

Fig. 2. The effects of additional screen of different detergents on olfactory receptor production levels in wheat germ cell-free production system. The amount
of soluble (black bars) and insoluble (gray bars) produced mOR23 (A) and mS51 olfactory receptor production (C) with Brij58, digitonin, and Tri-mix. Titration
of detergent concentration for production of soluble mOR23 (B) and mS51 (D and E).

Fig. 3. Size-exclusion chromatography analysis of hOR17-4 aggregation states. (A) We used Superdex 200 GL 5/150. SEC analysis in different detergents, running
buffer: SECbuffer [25mMTris�HCl (pH7), 150mMNaCl, 10%glycerol) supplementedwith3�CMCcyclofos5 (gray line), Tri-mix (graydashed line), 10�CMCFC14 (black
line), and SEC buffer only (black dotted line). The arrow indicates the void volume. (B) Monitoring the effect of hOR17-4 aggregation states in different buffers with
different pH, NaCl concentration, and reducing agent. (C) SDS/PAGE of the elution fractions from affinity purification with the same buffers as in B.
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detergents, Anzergent3–14, Brij58, and FC14, resulted in protein
eluting as monomers or as higher-molecular-mass oligomers (Fig.
3). The receptor in FC14 buffer eluted at 1.71 ml, corresponding to
114 kDa. The amount of FC14 that binds to the hOR17-4 molecule
has been calculated to be 76 kDa, and, when added to the molecular
mass of the receptor (36 kDa), it is very close to the observed
molecular mass of 112 kDa. The buffers including the three most
promising detergents were further optimized by varying the pH (pH
7.5 and 9.5), NaCl concentration (150 and 300 mM), and the
presence of a reducing agent TCEP (0 and 1.5 mM).

The elution profiles from SEC in the buffers containing Anzer-
gent3-14 and Brij58 were not affected by the different salt concen-
trations, pH, and reducing agent; the receptor was eluted as larger
aggregates/oligomeric forms. In the case of FC14 detergent-
containing buffers, there was a marked difference between the
buffers (Fig. 3). Higher pH decreased the monomer: aggregate
ratio, and higher salt concentration increased the same ratio. TCEP
fully prevented aggregation and, as indicated by the Gaussian-
shaped peak from SEC, the eluted protein monodispersity. Addi-
tion of TCEP also resulted in a purer sample from affinity purifi-
cation (Fig. 3C). As a consequence, FC14 was chosen as detergent
for further studies.

Because high salt and detergent concentration could be detri-
mental for crystallization, and because high concentration of re-
ducing agent could hamper protein activity, a careful screening of
those variables was performed to find the lowest concentration that
still kept the protein in a monodispersed form. Increasing detergent
concentration, up to 200� CMC, resulted in faster elution; 1.56 ml
compared with 1.71 ml. This corresponds to a difference in calcu-
lated molecular mass of 100 kDa, indicating a lower protein/
detergent ratio at 200� CMC compared with 3� CMC (Fig. 4A).
A low protein/detergent ratio has been reported to impede crys-
tallization and protein activity. The 3� CMC resulted in the most
well defined peaks. The salt concentration was screened between 50
and 300 mM NaCl, and concentrations �150 mM were found with
lower yields of receptor (Fig. 4B). Interestingly, varying salt con-
centration did not affect the receptor retention volume. Addition of
reducing agent prevented aggregation at concentrations as low as 1
mM (Fig. 4C). The optimal buffer conditions were finally identified
after testing different combinations of the salt, detergent, and
TCEP concentrations identified above. Two buffers, one with
TCEP and one without, were chosen for further studies. Buffer 1:
25 mM Tris (pH 7), 10% glycerol, 3� CMC FC14, and 200 mM
NaCl and buffer 2: 25 mM Tris (pH 7), 10% glycerol, 3� CMC
FC14, 150 mM NaCl, and 1 mM TCEP. SEC in a TCEP-containing
buffer resulted in a single Gaussian-shaped peak, indicative of a
monodispersed protein sample. SEC without TCEP resulted in
monomer and dimer as well as aggregation peaks, but monomers
could be separated from the other forms. Models of hOR17-4
predict the presence of disulfide bonds, and their reduction by
TCEP could hinder protein folding and function. TCEP, however,
breaks down over time, and disulfide bonds will form again.

Large-Scale Purification. For further studies of secondary and ter-
tiary structure as well as crystallization studies, pure receptor at
high concentration is needed. Crystallization is usually required at
concentration �5 mg/ml, and CD measurements require concen-
trations �0.2 mg/ml. Large-scale purification of the hOR17-4
receptor from up to 6 ml of reaction solution was carried out by
increasing the bed volume of 1D4 antibody-coated beads. The same
pattern as in the buffer optimization experiments was observed,
with TCEP resulting in a purer sample. The 1D4 monoclonal
antibody is highly specific, and compared with a Ni2�-chelate-based
affinity purification, the 1D4 was able to purify the receptor from
very low levels in the reaction solution to 70% purity in one step
(results not shown). For further purification, the eluted fractions
were concentrated and applied to a 24-ml SEC column. The peaks
containing hOR17-4 were pooled and concentrated again. The
yield was determined to be �0.3 mg of pure hOR17-4 per milliliter
of cell-free reaction solution. Eleven GPCRs have previously been
produced in cell-free lysates at high levels. The yield of unpurified
receptors ranged between 0.15 and 6 mg per milliliter of reaction
lysate (20, 21). A few of the receptors have been purified, but no
yields have been reported. Each purification step always results in
protein loss; for example, a 50% yield has been reported for a
two-step purification scheme of the GPCR neurotensin (26). The
yield of pure hOR17-4 is well in agreement with what could be
expected from the literature describing unpurified GPCRs pro-
duced in cell-free systems.

Secondary Structure Analysis of Purified Receptors. Correct protein
structural folding largely depends on the mode of production and
on the properties of the buffer milieu in which the protein is stored.
Olfactory receptors are one member of the GPCRs, which are
predicted to have mostly �-helical structure with seven transmem-
brane helices. The GPCR �-helical feature has been verified by
three high-resolution structures that have been recently solved
(27–29). Both CD spectra from purified hOR17-4 in buffer with and
without reducing agent (buffer 1 and buffer 2) display the typical
�-helical features (Fig. 5). The mean residue ellipticity was more
distinct from hOR17-4 purified in buffer 2 that contains the
reducing agent TCEP.

Surface Plasmon Resonance (Biacore T100) Detection of Odorant
Interaction with hOR17-4. The CD measurements suggest that
hOR17-4 is correctly folded. We ask whether the receptor is able
to bind to the odorants. The activity of a solubilized olfactory
receptor is very difficult to assess because its ligands are mostly
�300 Da, the receptor itself is �100 times larger, �36,000 Da. In
addition, the ligand-binding pocket is predicted to be buried within
the protein, which can make it difficult to measure odorant binding
through traditional methods. Biacore is an SPR-based label-free
technology that is sensitive enough to enable detection of extremely
small changes in mass when an odorant binds to the receptor
captured on the sensor chip surface. Dose-dependent specific
binding of undecanal, a known ligand, to the hOR17-4 receptor

Fig. 4. Fine coarse size-exclusion chromatography analysis of hOR17-4 aggregation states. Different concentrations of FC14 (A), NaCl (B), and TCEP (C) using
a Superdex 200 GL 5/150. Running buffer is SEC buffer supplemented with 10� CMC FC14 if not stated otherwise.
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captured on the Biacore sensor surface was observed in the present
study. (Fig. 6A). Furthermore, the data generated could be used to
derive an affinity constant, KD, of �22 �M (Fig. 6B), in agreement
with other in vitro experiments that have shown that odorants bind
to hOR17-4 with EC50s in the micromolar range (30).

Whereas these experiments represent a preliminary investi-
gation into understanding such intriguing interactions, future
experiments where odorants or ligands having more homoge-
nous solution behavior are used will likely yield more detailed
mechanistic and functional information.

Conclusion
Our study of producing three olfactory receptors by using wheat
germ cell-free extracts proved the simple technology to be very
useful in obtaining correctly folded and active GPCR membrane
proteins. Together with efficient buffer scouting using small-
volume size-exclusion chromatography, appropriate detergent
and other buffer components could be identified. In addition,
the high-yield production provided sufficient olfactory receptor
to initiate detailed structural analysis.

Because most membrane proteins are natural molecular devices,
our work will likely facilitate the design of membrane protein based
nano–bio devices for a wide range of applications, from detection
of infinitesimal amounts of odorants, emitted from diverse diseases
and environment to direct harvest of solar energy.

Materials and Methods
Reagents. All detergents where purchased from Anatrace except Digitonin EMD
(Merck). The cell-free protein production kits (both E. coli and wheat germ
systems) were purchased from Roche Diagnostics. Protein purification materials
are purchased from GE Healthcare Life Science. Others are described below.

Cell-Free Production. Generation of DNA template. The ORF for the human
olfactory receptor 17-4 (hOR17-4) (UniProt accession number P34982) was gen-
erated by using PCR-based gene synthesis. By using the free program DNAWorks
(http://helixweb.nih.gov/dnaworks),oligonucleotidesweredesignedtobuild the
ORFsof theolfactoryreceptors forPCR-basedgenesynthesis.TheORFofhOR17-4

was optimized for E. coli class II codon usage with the addition of a six-residue-
long C-terminal histidine tag, followed by a stop codon and N- and C-terminal
att-sites. The following parameters were used for automatic design of the oligos:
oligosize45nucleotides,annealingtemperature58°C,25nMoligonucleotide,10
mM sodium, and 2.0 mM Mg2�, and the codon frequency threshold was set at
100%. The PCR product was cloned into pDEST42 and pBAD-DEST49 (Invitrogen)
for nonfused and thioredoxin-fused protein production, respectively, according
to manufacturer’s instructions. Linear templates for production in RTS 100 HY E.
colikitwasgeneratedbyusingRTSE. coliLinearTemplateGenerationSet (Roche)
according to the manufacturer’s instructions with a six-residue-long C-terminal
histidine tag. For production of hOR17-4, OR23, and S51 in wheat germ extract,
a human codon-optimized version was produced in a similar manner but with
NcoI and SmaI restriction sites for cloning into pIVEX1.3 WG and pVEX1.4 WG,
which includes a six-residue-long C- or N-terminal histidine tag, respectively,
according to the manufacturer’s instructions. A third construct for production in
wheat germ extract was generated with the nine-residue-long Rho-tag
(TETSQVAPA) insteadoftheC-terminalhistidinetag.Theconstructsencodingthe
olfactory receptors were verified by DNA sequencing. Plasmid DNA template for
cell-free production was obtained from the Genopure Maxi kit (Roche) with an
OD260/280 � 1.7. The plasmid was aliquoted and stored at �20°C, and the same
batch was used throughout the study.
Cell-free production in E. coli extracts.

Production of hOR17-4 in E. coli extracts was performed by using the RTS 100
HY E. coli kit, RTS E. coli Disulphide kit, and EasyXpress Protein Synthesis Mini kit
(Qiagen) according to the manufacturer’s instructions in pDEST42 and pBAD-
DEST49 production plasmids. A linear template was also used in the case of the
RTS 100 HY E. coli kit.
Cell-free production in wheat germ extracts. Small-scale production in wheat germ
lysate was performed in 50-�l reaction chambers by using a RTS 100 Wheat Germ
CECF kit. Large-scale 1-ml reactions were carried out by using a RTS 500 Wheat
Germ CECF kit.

An initial screen was set up to test the effect of detergents on the yield of
soluble receptor hOR17-4 by adding different detergents to the reaction cham-
bers, see Table S1. The concentrations tested were all above the CMC of the
respective detergent. The concentrations of respectively Digitonin, Brij58, DDM,
OG, and DDM were based on previous results of production of GPCRs in E. coli
cell-free systems (20). The optimal concentration of FC14, Digitonin, and the
Tri-mix to keep the freshly produced receptor soluble was further tested at
concentrations between 0.014% and 0.055%, 0.2% and 0.6%, and 1–3�, respec-
tively. Initial detergent screening for soluble production of OR23 and S51 was
performedinFC14,Digitonin,andtheTri-mix,andtheoptimalconcentrationwas
identified by titration of the detergent that resulted in the highest production in
the initial screen with hOR17-4. When the production cycle had terminated, the
reaction solution was centrifuged for 10 minutes at 16,000 � g at 4°C to separate
soluble and insoluble proteins.

To analyze the effect of the different detergents, 1.5 �l of the soluble and
insoluble fractionwasdottedonaProtranBA85nitrocellulosemembrane (What-
man). The membrane was blocked, washed, and probed with either a 1D4
antibody directed against the Rho-tag or an anti-His antibody (Novagen/Merck),
and developed as previously described (31). The intensity of the spot was re-
corded using an AlphaImager (Alpha Innotech).

Olfactory Receptor Purification. Purification of the receptor was carried out by
using Sepharose-4B beads (GE Healthcare) with covalently linked 1D4 antibodies
specific for the Rho tag. The antibody-coated beads were prepared as described
(32). For small-scale purification from 75 �l of production reaction solution, 50 �l
of beads washed in PBS was used. The reaction solution–bead mix was incubated
end-over-end for 4 hours at 4°C. Purification was thereafter performed in empty
spin columns, and unbound material was removed by gravity flow. The beads
were washed five times by using, in total, 5 ml of purification buffer. Finally,

Fig. 5. CD spectra of hOR17-4. Purified hOR17-4 diluted to 0.3 mg/ml in
Buffer 1 (black line) 25 mM Tris (pH 7), 10% glycerol, 3� CMC FC14 and 200 mM
NaCl; and buffer 2 (gray line) 25 mM Tris (pH 7), 10% glycerol, 3� CMC FC14,
150 mM NaCl, and 1 mM TCEP. It is noteworthy that the identical amount of
protein has different helical content in two different buffers.

Fig. 6. Surface plasmon resonance detection of the
interaction between hOR17-4 with the known hOR17-
4-binding odorant undecanal. (A) Responses from in-
jections at 1.2, 3.7, 11, 33, and 100 �M. Sensorgram are
double-referenced and solvent-corrected. Experi-
ments with an odorant that is a known nonbinder for
hOR17-4 did not show any interaction (results not
shown). (B) Equilibrium binding responses plotted ver-
sus undecanal concentration and fitted to a simple
binding isotherm to yield an affinity of �22 �M for
hOR17-4.
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hOR17-4 was eluted by adding 50 �l of purification buffer containing 200 �M
peptide TETSQVAPA to the beads, and the column was capped and incubated for
1 hour at room temperature with shaking. The protein was collected by centrif-
ugation at 800 � g for 10 s.

Large-scale purification was performed as described above with the following
exceptions. The amount of 1D4 antibody-coated beads was increased to a final
3:2ratioofcell-freereactionsolutiontobeads.Thereceptorwaselutedin5–7bed
volumes of buffer supplemented with the elution peptide. The eluted protein
was concentrated to one-third of the volume by using a 10-NMWL Microcon spin
filter (Millipore) and injected on a Superdex 200 10/300 24-ml SEC column (GE
Healthcare Life Science) for further purification and to remove elution peptide
from the sample. For stabilization studies and crystallization, the eluted receptor
was concentrated by using a 10-NMWL Amicon Ultra-4 Centrifugal Filter (Milli-
pore). Protein concentration was measured throughout the study by a reducing
agent-compatible microplate BCA assay (Pierce).

Optimization of Buffer Conditions. After small-scale affinity purification using
monoclonal antibody of anti-bovine rhodopsin 9-residue TETSQVAPA C-terminal
tag 1D4-coupled beads, the oligomeric state of the protein eluted in different
buffers was assayed by using a short 3-ml size-exclusion column, Superdex 200
5/150GL (GE Healthcare Life Science). Fifty-microliter fractions were collected in
microwell plates. and 1.5 �l of each fraction was dotted on a cellulose membrane
(Protran BA85 nitrocellulose membrane) to assay protein amount. The intensity
recorded from each spot was inserted in an activity histogram in the ÄKTA
software Unicorn version 5.11 (GE Healthcare Life Science) and smoothed over
two fraction volumes. For buffer optimization, a 1-ml wheat germ reaction was
used for scouting up to 12 buffers.

Secondary Structural Analysis Using CD. CD measurements of the hOR17-4
were performed with protein at 0.3 mg/ml. The investigations were carried
out on an Aviv 202 Spectropolarimeter (Aviv Biomedical) by using a 1-mm
path-length cell, equilibrated at 25°C. Spectra were recorded between 200
and 250 nm with 1-nm resolution with a 2-s averaging time. The final spectra
were baseline-corrected by subtracting the corresponding buffer spectra
obtained under identical conditions. Results were expressed as the molar
mean residue ellipticity (�) at a given wavelength.

Surface Plasmon Resonance (Biacore T100) Odorant Binding Assay. SPR analyses
were conducted by using a Biacore T100 (GE Healthcare). Sensor surface prepa-
ration and interaction analyses were performed at 25°C in a PBS [10 mM sodium

phosphate, 137 mM sodium chloride, 2.7 mM potassium chloride (pH7.4)] run-
ning buffer containing 3% DMSO. Sensor chip CM4, amine coupling reagents
[N-ethyl-N�-dimethylaminopropylcarbodiimide, EDC; N-hydroxysuccinimide,
NHS; and 1 M ethanolamine HCl (pH 8.5)] and PBS, were obtained from GE
Healthcare.

Monoclonal anti-polyhistidine antibody (R & D Systems) was diluted to 5
�g/ml in 10 mM sodium acetate (pH 4.75) and immobilized onto series S sensor
chip CM4 via standard amine-coupling procedures (33). Typical immobilization
levels were �12,000 resonance units (RU). Control surfaces were prepared simi-
larly and were used as reference surfaces for odorant binding experiments.

Cell-free lysate containing the expressed olfactory receptor was centri-
fuged for 10 min at 14,000 � g at 4°C to remove larger particles. The neat
supernatant, containing �0.6 mg/ml olfactory receptor, was immediately
captured on the antipolyhistidine-derivatized CM4 surface by using a 4-min
injection at 10 �l/min. Resultant receptor surface densities were �4,000 RU.

Fresh odorant undecanal samples were prepared by dilution in running buffer
containing 3% (vol/vol) DMSO to obtain a concentration series of 1.2, 3.7, 11, 33,
and 100 �M of odorant undecanal. For odorant interaction analyses, odorant
samples were flowed over control and receptor-derivatized surfaces for 60 s at a
flow rate of 60 �l/min. Zero-concentration blank buffer cycles were included as
negative control samples. Solvent-correction procedures were included to com-
pensate for any DMSO-related bulk refractive index variations and performed as
described (34). Nonspecific odorant binding to antipolyhistidine-derivatized sen-
sor surfaces was absent for all analyses reported.

Data analysis was carried out by using Biacore T100 evaluation software
(v1.1.1; GE Healthcare). Data were prepared by subtraction of reference surface
dataandblankbuffer sampledata,aprocedurecommonlyreferredtoas ‘‘double
referencing’’ (35). Solvent correction was applied as described (34). A plot of the
corrected equilibrium odorant binding responses versus odorant concentration
was fitted by using the following equation to yield the KD value: Req � KA C
Rmax/KA C � 1, where Req is the odorant binding response at equilibrium, C is the
odorant concentration, Rmax is the maximum binding capacity of the captured
receptor, and KA is the association equilibrium constant. KD, the dissociation
equilibrium constant, is calculated as the inverse of KA (KD � 1/KA).
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Table S1. Detergents used for cell-free production of olfactory receptors

Detergent Charge CMC, %†

Concentration
(� CMC)‡

Anzergent 3-14 zw 0.007 3
Brij 58 ni 0.00045 3,300
Cymal 5 ni 0.12 4
Digitonin 0.089 4
DDM ni 0.0087 11
FC14 zw 0.0046 3
Tri-mix (CHAPS, CHS, DDM) zw a ni 0.49 na 0.0087 2 na 115

a, anionic; zw, zwitter ionic; ni, nonionic; na, not applicable.
†CMC in H2O from www.anatrace.com.
‡Concentration of detergent used during initial cell-free experiments.
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Table S2. Detergents used initially for cell-free production of olfactory receptors

Detergent Charge CMC, %†

Concentration
(� CMC)‡

Anzergent 3-14 zw 0.007 3
Brij 58 ni 0.00045 22
C8E4 ni 0.25 3
Tri-mix (CHAPS, CHS, DDM) zw a ni 0.49 na 0.0087 2 na 115
Cyklophos 5 zw 0.15 3
Cymal 5 ni 0.12 3
DDM ni 0.0087 4.5
DDOMG zw 0.041 3
FC14 zw 0.0046 10
LDAO zw 0.023 4

a , anionic; zw, zwitter ionic; ni, nonionic; na, not applicable.
†CMC measured in H2O from www.anatrace.com.
‡Concentration of detergent used during buffer screening.
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