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ABSTRACT: Olfactory receptors (ORs) constitute the
largest family of sensory membrane proteins in mammals.
They play a key role within the olfactory system in recognizing
and discriminating a nearly unlimited number of structurally
diverse odorous molecules. The molecular basis of OR-
mediated signal detection and transduction is poorly under-
stood. This is due to difficulties in functional expression of
ORs in high yields, preventing structural and biophysical
studies at the level of the receptor protein. Here we report on
recombinant expression of mouse receptor mOR256-17
yielding 106 ORs per cell in transiently transfected mammalian cells. For quantification and optimization of OR expression,
we employed different fluorescent probes. Green fluorescent protein fused to the C-terminus of mOR256-17 allowed
quantification of total cellular OR biosynthesis, and post-translational fluorescence labeling of a 12-amino acid polypeptide
sequence at the N-terminus permitted the selective visualization and quantification of ORs at the plasma membrane using cell
flow cytometry. Our dual-color labeling approach is generally applicable to quantification of membrane proteins for mammalian
cell-based expression. By screening a large odorant compound library, we discovered a selective spectrum of potent mOR256-17-
specific agonists essential for probing the receptor function for future scaled-up productions.

With more than 1000 intact genes in rodents and
approximately 350 in humans, olfactory receptors

(ORs) comprise the largest predicted family of G protein-
coupled receptors (GPCRs) in mammalian genomes.1−4 The
discovery of OR genes that are presumed to encode receptors
with a seven-transmembrane structure5 has led to the initiation
of extensive, ongoing studies of olfaction at a molecular level. In
native tissues, ORs are primarily expressed in specialized
olfactory sensory neurons (OSN) that are involved in the first
step of odor perception.5,6 When an odorant binds, ORs initiate
cascades of signal transduction events in OSN and function
together in a combinatorial pattern to detect and discriminate
tens of thousands of volatile molecules.6−9

In spite of intensive research, many fundamental aspects of
olfaction remain elusive.10−13 The molecular basis of the
specificity and sensitivity of ORs is poorly understood, and the
quantitative characterization of OR-mediated signaling de-
mands comprehensive structural and functional studies at the
receptor protein level. This need is also underlined by the fact
that among the hundreds of predicted mammalian ORs, only a
few have been functionally verified. In turn, for almost all
predicted ORs, the activating odorant molecules remain
unidentified. Furthermore, no high-resolution three-dimen-
sional (3D) structure of an OR has been determined, in
contrast to those of other mammalian GPCRs.14−18 Con-
sequently, a reliable structural basis of OR’s ligand recognition
is unknown. Therefore, only models of ligand binding sites of
ORs have been proposed on the basis of sequence comparisons
between ORs, by functional studies of mutant OR proteins, and
by comparisons with known 3D structures of other

GPCRs.19−21 Finally, quantitative thermodynamic and kinetic
constants for interactions between ORs and their activating
ligands or their downstream signaling proteins are totally
missing. Hence, methods for the efficient production of ORs in
their biologically active form are of crucial importance.
Although considerable progress has been made with respect

to the expression and structural characterization of membrane
proteins in general,22 for ORs these studies are still at the
beginning. Only a few ORs have been heterologously expressed
at a functional, albeit low level in the plasma membrane.23,24 In
the majority of the cases, the receptors were retained within the
endoplasmic reticulum of the cells, very likely because of
inefficient folding and poor coupling to the ER export
machinery.25−27 To overcome these hurdles, several efforts
have been undertaken, which only partly improved OR cell
surface expression. For instance, the N-terminal addition of the
rhodopsin signal sequence28 and the co-expression of receptor-
transporting and expression-enhancing proteins did promote cell
surface targeting of some OR proteins.29,30 Most potent was a
short version of receptor transport protein 1 (RTP1), which seems
to be the dominant RTP version expressed in olfactory neurons in
vivo.31 As no universal expression system has been discovered yet
for the functional production of ORs, the proper combination of
target receptor and expression host must be found empirically for
each case.32 HEK293 cells have been shown to be suitable for the
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functional expression of a few ORs19,20,33,34 and also for large-scale
OR production in one case.35

Here, we achieved by transient transfection a considerably
high yield of functional OR cell surface expression of mouse
mOR256-17 in HEK293 cells. This receptor is of interest
because, apart from the olfactory epithelium, it is expressed in
non-neuronal guidepost cells during critical phases in the embryonic
development of the olfactory system, implicating dual receptor
functions in axon guidance and olfaction.36,37 We found that cell
surface targeting of mOR256-17 is strictly dependent on the co-
expression of RTP1S, reaching high expression levels, suitable for
large-scale OR production for structural and biophysical studies.
Moreover, we provide a generic method for measuring cell surface
expression of ORs in heterologous cells employing post-translational
labeling of a 12-amino acid polypeptide fused to the amino terminus
of the receptor.38

By screening a panel of 250 odorant compounds, we
determined the molecular receptive range of mOR256-17 and
discovered ligands useful for probing receptor activity during
production and purification. The chemical structures of the
newly discovered mOR256-17-specific agonists may describe
some molecular features of natural ligands.

■ MATERIALS AND METHODS

Plasmids. The wild-type coding sequence of mouse
olfactory receptor mOR256-17 and a C-terminal fusion with
the enhanced green fluorescent protein (EGFP) (mOR256-17-
EGFP) were subcloned from plasmid pCDNA3-mOR256-17-
EGFP (H. Breer, University of Hohenheim, Stuttgart,
Germany) and inserted into mammalian expression vector
pEAK8 (Edge BioSystems) using the HindIII and NotI
restriction sites (NEB Bioconcept). The 12-amino acid
polypeptide tag A1 (GDSLDMLEWSLM)38 was fused to the
N-terminus of mOR256-17-EGFP and the neurokinin-1
receptor NK1R-EGFP by two consecutive polymerase chain
reactions using the DNA polymerase Phusion (NEB Bio-
concept), and cloned into pEAK8 as HindIII/NotI fragments
(NK1R-EGFP was obtained following the procedure described
elsewhere.39 The 77-amino acid ACP (ACP)40 was subcloned
from pACP-NK1R,41 fused to the N-terminus of mOR256-17-
EGFP, and inserted into pEAK8 as a HindIII/BamHI fragment.
The short form of receptor-transporting protein RTP129

and RTP1S31 was amplified from pCI-RTP1 plasmid DNA
(H. Matsunami, Duke University, Durham, NC) and cloned
into pEAK8 using the HindIII and NotI restriction sites. All
constructs were verified by DNA sequencing.
Cell Culture, Transfection, and Labeling. Cell cultures

were grown in DMEM/F12 medium (Invitrogen) supple-
mented with 10% fetal calf serum (FCS) (Invitrogen) and 100
μg/mL penicillin-streptomycin (Sigma) and were maintained in
an incubator at 37 °C with 5% CO2. HEK293T-derived
Hana3A cells (H. Matsunami, Duke University) were
maintained under selective conditions with 1 μg/mL puromycin
(Sigma). Cells were transfected with plasmid DNA using
Lipofectamine 2000 (Invitrogen). A1- and ACP-tagged proteins
at the cell surface were labeled by incubating the cells 24 h after
transfection for 20 min with a fluorescent coenzyme A (CoA)
derivative (5 μM CoA-Cy5) (NEB Bioconcept), 1 μM ACP
synthase (NEB Bioconcept), and 10 mM MgCl2 in Dulbecco's
phosphate-buffered saline (D-PBS) (Invitrogen).
Confocal Fluorescence Microscopy. Cells grown on

an eight-chamber coverglass (Labtek) were transfected with

750 ng of pACP-OR256-17-EGFP or 750 ng of pA1-OR256-
17-EGFP, cotransfected with 375 ng of pACP-OR256-17-
EGFP or 375 ng of pA1-OR256-17-EGFP and 375 ng of
pRTP1S, or transfected with 750 ng of pA1-NK1R-EGFP. The
fusion proteins labeled with CoA-Cy5 and EGFP were imaged
using a confocal microscope (LSM510, Carl Zeiss, Jena,
Germany) equipped with a 63×, 1.2NA Zeiss water immersion
objective and appropriate filter sets operated in multitracking
mode.
Flow Cytometry. Cells transiently expressing A1-OR256-

17-EGFP or co-expressing A1-OR256-17-EGFP and RTP1S
were labeled with CoA-Cy5 and diluted in PBS, yielding
a density of 106 cells/mL. Fluorescence measurements were
taken on a CyAn ADP LX 9-color analyzer (DakoCytomation)
employing 488 and 633 nm excitation. The fluorescence of
EGFP and Cy5 was measured using 505−530 and 665−720 nm
band-pass filters, respectively. Data analysis was performed on
viable cells using SummitTM (DakoCytomation).
Quantification of OR Cell Surface Expression. Hana3A

cells grown on 25 mm diameter glass coverslips were
transfected with 2 μg of pA1-OR256-17-EGFP and 2 μg of
pRTP1S. Twenty-four hours after transfection and 20 min after
A1 had been labeled with CoA-Cy5, cells were diluted in PBS,
yielding a density of 1.4 × 106 cells/mL. Fluorescence
measurements were taken in a cuvette on an Eclipse (Varian)
spectrofluorometer. The emission spectra were recorded from
640 to 720 nm upon excitation at 633 nm. A calibration curve
was established by fitting a linear relation between the
fluorescence intensities of a set of samples of Cy5 at
concentrations ranging from 9 × 10−13 to 4.5 × 10−9 M.
Fluorescence spectra of the cell surface-labeled OR were
measured and corrected for unspecific labeling by subtracting
the emission spectrum of mock-transfected Hana3A cells
treated with CoA-Cy5. By comparison with the calibration
curve, the mean number of Cy5-labeled receptors per cell was
determined.
Quantification of OR Responses. Twenty hours before

transfection, Hana3A cells were seeded into 96-well plates
(Greiner) at a concentration of 3.5 × 106 cells/mL of culture
medium; 75 ng of pRTP1S, 150 ng of the cAMP response
element fused to the secreted alkaline phosphatase (pCRE-
SEAP),21 and either 75 ng of pOR256-17 or 75 ng of calf
thymus DNA were used for cotransfection. Odorant com-
pounds diluted in DMEM/F12 without FCS were added 7 h
after transfection. Cells were incubated for 16 h at 37 °C with
5% CO2. The culture medium was then mixed with an equal
volume of 1 M diethanolamine bicarbonate (pH 9.8)
containing 20 mM p-nitropheny1phosphate (pNPP) (Sigma)
and 1 mM MgCl2 (Sigma). Absorbance was measured at 410
nm using a multiwell absorbance plate reader (Molecular
Devices).

■ RESULTS

Expression of mOR256-17 in Heterologous Cells. EGFP
was fused to the C-terminus of mOR256-17 to determine
the total amount of OR in individual cells. Furthermore, either
of two different polypeptide tags was attached to the
N-terminus of mOR256-17: the long ACP tag or the short A1
tag composed of 12 amino acids for post-translational labeling
using phosphopantheinyl transferase and non-membrane
permeable fluorescent CoA derivatives as substrates. To be
labeled, the ACP and A1 tags must be accessible at the
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extracellular membrane surface, allowing the attachment of
fluorescent probes selectively to the membrane-inserted and
correctly folded ORs. When performed at defined times after
transfection for a specific duration, it is possible to pulse
label functional ORs on the cell surface.42 To investigate the
mOR256-17 expression level in different cell types, we
transfected the relevant plasmid constructs into Hana3A cells
and imaged intracellular and membrane-localized receptors
after post-translational labeling using confocal microscopy
(Figure 1). Cells expressing A1-NK1R-EGFP, a prototypical
GPCR exhibiting a high level of expression in heterologous
cells, were used as a quantitative fluorescence standard.41 The
dual-color labeling strategy based on ACP and EGFP tags
revealed that an essential prerequisite for achieving cell surface
expression of mOR256-17 in heterologous cells was the
cotransfection of the gene for the accessory protein RTP1S.
Cotransfection of the short version RTP1S enhances the
expression of ORs in the plasma membrane and strengthens
OR responses in Ca2þ ion signaling.31 Even in Hana3A cells,
which were engineered to endogenously express the long RTP1
protein, RTP1S had to be cotransfected to achieve cell surface
expression of mOR256-17 (Figure 1). The cotransfection of
other plasmids encoding the accessory proteins, RTP2 and
REEP1, had no influence on mOR256-17 expression at the
plasma membrane (data not shown).
Interestingly, only the receptor comprising the 12-amino acid

A1 tag was detected on the cell surface membrane, whereas the
receptor fused to the 77-amino acid ACP tag was not integrated
into the plasma membrane at a detectable level; instead, it
accumulated in intracellular compartments (Figure 1). The
intensity of the fluorescence signals of Cy5-A1-mOR256-17 in
transiently transfected cells was comparable to that of Cy5-A1-
NK1R, indicating that a large number of OR molecules are
functionally integrated in the plasma membrane (Figure 1).
Quantification of the Expression of Functional

mOR256-17 at the Cell Membrane. Flow cytometry of

large populations of heterologous cells confirmed our micro-
scopical observation for individual cells that co-expression of
RTP1S is essential for plasma membrane expression of
mOR256-17. No functional ORs were labeled on the surface
of cells expressing A1-mOR256-17-EGFP in the absence of
RTP1S (Figure 2A). Co-expression of RTP1S, however,
resulted in the distinct appearance of fluorescent receptors in
the plasma membrane. Cells expressing mOR256-17-EGFP
with or without RTP1S exhibited very similar EGFP
fluorescence intensities, indicating that the co-expression of
RTPS had no detectable influence on the overall level of
expression of mOR256-17 (data not shown). The analysis of
mOR256-17 cell surface expression by flow cytometry revealed
a broad distribution of Cy5 fluorescence intensities with a
distinct high-intensity peak corresponding to one-third of the
transfected cell population (Figure 2A). This fraction exhibited
a high level of expression of 106 receptors/cell. Finally, we used
fluorescence spectroscopy to analyze the average cell surface
expression level of mOR256-17 in transiently transfected
Hana3A cells labeled with increasing concentrations of Cy5
until saturation was achieved. Following this approach,
we determined a mean value of 7 × 105 receptors per cell
(Figure 2B,C).
Screening of Specific Ligands of mOR256-17. By

screening transiently transfected Hana3A cells with an odorant
library of ∼250 compounds and using the SEAP reporter
activity as a read-out for receptor-mediated odorant responses,
we discovered the following mOR256-17-specific agonists: 4-
tert-butyl-1-cyclohexanone, (−)-carvone, and hexane nitrile
specifically, which activated the receptor in a concentration-
dependent manner (Figure 3). These odorants can be classified
into three chemical lead structures: saturated cyclic compounds,
unsaturated cyclic compounds, and noncyclic aliphatic
compounds (Figure 3). To investigate the molecular details
of mOR256-17-specific odorants and to create an activity map
of the odorant structures, we screened compounds with distinct

Figure 1. Subcellular localization of different mOR256-17 constructs expressed in Hana3A cells. Confocal micrographs show the entire receptor
population labeled with EGFP (row 1, excitation at 488 nm and emission at 505−530 nm) and the selective labeling of cell surface receptors with
CoA-Cy5 (row 2, excitation at 633 nm and emission at 665−720 nm). The overlay of the green and red fluorescence channel is shown in
combination with the transmission channel (row 3): (A) ACP-mOR256-17-EGFP expression, (B) co-expression of ACP-mOR256-17-EGFP with
RTP1S, (C) A1-mOR256-17-EGFP expression, (D) co-expression of A1-mOR256-17-EGFP with RTP1S, (D′) co-expression of A1-mOR256-17-
EGFP with RTP1S, and (E) A1-NK1R-EGFP expression (control). Scale bars are 20 μm, except for those in panel D (5 μm).
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modifications on the three lead structures for their potency in
activating mOR256-17.
Centered around the chemical structure of 4-tert-butyl-1-

cyclohexanone, we have tested different sizes of carbon cycles
and various alkyl substituents at different positions on the ring.
We found two additional OR-activating compounds, 4-tert-
butyl-1-cyclohexanol and 4,4-dimethyl-1-cyclohexanone, both
sharing a bulky substituent at position 4 and a six-membered
carbon ring (Figure 3A). We observed that the EC50 value
increased 2-fold when the carbonyl group was substituted with
an alcohol group, and it increased 5-fold when the tert-butyl
group was replaced with a dimethyl group (Figure 3). These
results indicate that mOR256-17 accepts different polar groups
but is more specific for a carbonyl group and exhibits a
preference for bulky aliphatic groups. Furthermore, the
compounds sharing a substituted hexyl ring at positions 2
and 3 exhibited no SEAP activity, pointing to the prerequisite
for a bulky group in position 4 for activating mOR256-17
(Figure 3). This structure−activity relation is supported by the
observation that cyclohexane and molecules without a hexyl
ring did not activate the receptor (Figure 3). However,

norbornanone, which carries a bridged ring structure, induced
a weak reporter response at high concentrations. In contrast,
camphor, which also has a bridged ring structure, did not
activate the receptor (Figure 3).
The second most potent agonist, (R)-(−)-carvone, has a

substituted six-membered carbon cycle that is structurally
related to 4-tert-butyl-1-cyclohexanone, but it possesses a
carbon−carbon double bond in the ring and a bulky alkenyl
group at position 2 (Figure 3A). The bulky alkenyl group of the
carvone cycle seems to replace the tert-butyl group of 4-tert-
butyl-1-cyclohexanone. Additionally, we have observed different
EC50 values obtained for (R)-(−)-carvone and (S)-(+)-carvone
revealing a stereoenantiomer selection of mOR256-17 for the
former (Figure 3). In the case of limonene, only the R
enantiomer was recognized by the receptor with a weak SEAP
response at a high EC50 value, while the S enantiomer did not
activate the receptor (Figure 3). To investigate the relevance of
an unsaturated carbon cycle for activation of the receptor, we
have tested a series of benzene derivatives (Figure 3). However,
none of them generated a detectable SEAP activity, indicating
that only specific ring structures interact with the receptor.
Finally, we also discovered that aliphatic odorants, such as
hexane nitrile, specifically activate mOR256-17 (Figure 3).
However, they are less potent agonists than cyclic compounds.
The structure of hexane nitrile has challenged us to consider
aliphatic compounds as mOR256-17-specific compounds.
Therefore, we analyzed molecules with different carbon chain
lengths and functional groups (Figure 3A). However, in this last
series of odorant compounds, no molecules were found to
activate mOR256-17 (Figure 3).

■ DISCUSSION

Although research has progressed in detecting downstream OR
signaling,43−45 the molecular mechanism of olfaction at the
receptor level remains poorly understood. The development of
simple and efficient methods for high-yield production of
recombinant native ORs in combination with functional assays
is therefore a prerequisite for fostering structural and functional
investigations of ORs. In this study, we have achieved high
levels of expression of mouse olfactory receptor mOR256-17 in
HEK293-derived mammalian cells. We yielded an average level
of surface expression of 7 × 105 ORs/cell. One-third of the
transfected cell population expressed even up to 106 ORs/cell.
This expression level is to the best of our knowledge the
highest so far observed for ORs in mammalian cells using
transient transfection and is close to that of a strongly
expressing GPCR, the neurokinin1 receptor NK1. This is an
important finding considering the frequently encountered
difficulties of OR production in heterologous cells.10,46

The high level of OR expression in HEK293 cells has only
been achieved thus far for a synthetic human codon-optimized
OR.35 Our approach did not involve receptor modifications on
the DNA level for efficient OR production. Recombinant
expression of ORs has previously also been attempted in
bacterial and insect systems, which yielded only small quantities
of the full-length receptors.47,48 A recent study reported
significant synthesis of full-length OR in Escherichia coli,
however, without providing evidence of functional activity.49

The use of cell systems lacking the mammalian post-
translational machinery might result in the absence of critical
protein modifications. For instance, glycosylation is an
important modification of most GPCRs that correlates to the

Figure 2. Flow cytometry to quantify mOR256-17 expressed on the
surface of Hana3A cells. (A) After post-translational labeling with
CoA-Cy5, the Cy5 fluorescence was measured on cells expressing A1-
mOR256-17-EGFP together with RTP1S (black line) and in the
absence of RTP1S (blue line). The shaded area corresponds to a
distinct fraction of cells showing a particularly high level of cell surface
receptors. Nontransfected Hana3A cells labeled with Cy5 were used
as a negative control (blue line). (B) Fluorescence spectrum of
Hana3A cells co-expressing OR and RTP1S that were labeled with
CoA-Cy5 under saturating conditions (5 μM) (red). Fluorescence
spectra of solutions of CoA-Cy5 at concentrations ranging from
1 pM to 4.5 nM were used for calibration (black). (C) Fluorescence
intensities (665 nm) vs concentration as measured in panel B to
determine the average concentration of Cy5-labeled ORs per cell
(red).
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cellular localization and function of the receptors.50 ORs have
conserved N-linked glycosylation sites at their N-termini that
are structural determinants for OR trafficking.26 Studies
focusing on other GPCRs, like rhodopsin and the AT1
angiotensin receptor, have shown that loss of glycosylation
may lead to a decreased receptor function or stability.51,52

These findings indicate that the production of ORs in
mammalian cells might be crucial for functional expression
and purification. Apart from these obvious advantages,
mammalian expression systems also offer the possibility of
probing OR function directly in the same heterologous cell type
used for protein production.20,21,33,53 This is not possible in
bacterial or insect cell expression systems or in the recently
emerging cell-free OR production systems.54−56

The transport of ORs to the plasma membrane is a highly
regulated process. The olfactory-specific chaperones RTP1,

RTP2, and REEP have been shown qualitatively to enhance the
cell surface functional expression of a number of ORs in
heterologous cells, but a generally applicable solution for
achieving high-yield heterologous cell surface expression of
ORs of different species does not exist.29,34,57 We have found
that the N-terminal fusion of a rhodopsin signal sequence,
which is widely used to promote cell surface expression of ORs
of differenct species in mammalian cells,28 has no detectable
influence on the surface expression of mOR256-17. Therefore,
we expressed native mOR256-17 without recombinant
modifications. The only requirement for achieving a high
level of mOR256-17 expression in the plasma membrane was
the co-expression of RTP1, whereas no enhancing influence
was observed for RTP2 and REEP1.
For analyzing the functional activity of mOR256-17 during

the production process, the knowledge of its cognate ligand is

Figure 3. Molecular features of odorants activating mOR256-17. (A) Chemical structures of three classes of mOR256-17-specific agonists.
(1) Saturated cyclic compounds, (2) unsaturated cyclic compounds, and (3) noncyclic aliphatic compounds: EC50 ≤ 10 μM (dark orange), EC50 =
10−40 μM (orange), EC50 > 40 μM (light orange), and no activation (light blue). (B) List of mOR256-17-specific odorants and EC50 values.
(C) Normalized dose−response profiles of representative ligands of each structural class of odorant (left, saturated cyclic compounds; middle,
unsaturated cyclic compounds; right, noncyclic aliphatic compounds) measured on the wild-type receptor.
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essential. Therefore, we screened a large odorant library and
have discovered six mOR256-17-specific agonists. Five of these
share some structural similarities: a six-carbon ring structure
(either saturated or unsaturated) with a keto or alcohol group
and a compact bulky, hydrophobic residue at the 4 or 5 ring
position. One odorant comprises a saturated aliphatic chain
together with a nitrile group structurally unrelated to the other
principal agonists. Two of the activating odorants are potent
agonists with EC50 values in the micromolar range, which
compare well to the ranking of effective odorant agonits in
other studies.21,34,58 This preference for a distinct odorant
structure has already been observed for other ORs: rat OR-I7
responds exclusively to aldehydes,59 and mOR42-3 and
mOR42-1 accept only aliphatic dicarboxylic acids.60 Even
higher ligand specificity has been found for some ORs. For
example, hOR17-4 responds to bourgeonal, lilial, and
florolozone,61 and M71 responds to acetophenone and
benzaldehyde.62 Other studies indicate that certain ORs accept
a wide range of agonists even with structurally unrelated
odorants.21,63 The knowledge of ligand structures that activate
individual receptors is critical in view of current efforts to gain
some basic understanding of the principle of olfactory coding at
the receptor level.8,11,34

The ectopic expression of a number of specific ORs in some
non-olfactory human tissues64 indicates other potential
biochemical functions of certain ORs apart from sensing
odorants. Experimental proof for this hypothesis has been
documented in spermatozoa65,66 and in prostate cancer cells.67

Functional studies at a molecular level that require large
amounts of receptor to elucidate additional functions of
mOR256-17 have been lagging. This OR has been proposed
to perform homophilic interactions at axonal terminals between
neighboring neurons and to play a role in the directed neuronal
wiring of the olfactory system.68 Furthermore, during
embryonic development, the receptor is expressed not only
in a large number of olfactory sensory neurons but also in
adjacent nonsensory cells, pointing to its potential role in the
development of the olfactory system.36 The functional
overexpression of mOR256-17, as exemplified in this study,
makes the receptor amenable for biochemical and biophysical
studies. Our thorough description of mOR256-17 activating
ligands will be essential for probing its function in future scale-
up productions. The dual-color labeling approach described
here will be generally useful for quantifying membrane proteins
in mammalian expression systems and optimizing their cellular
protein yields.

■ AUTHOR INFORMATION

Corresponding Author
*H.P.: e-mail, horst.pick@epfl.ch; phone, +41-21-6933132; fax,
+41-21-6936190. H.V.: e-mail, horst.vogel@epfl.ch; phone,
+41-21-6933155; fax, +41-21-6936190.

Funding
We thank the Swiss National Science Foundation (SytemsX,
CINA) for financial support.

■ ACKNOWLEDGMENTS

We thank Heinz Breer and Hiroaki Matsunami for kindly
providing plasmid vectors.

■ ABBREVIATIONS

OR, olfactory receptor; mOR256-17, mouse olfactory receptor
256-17; GPCR, G protein-coupled receptor; RTP1, receptor-
transporting protein; PPtase, phosphopantetheine transferase;
ACP, acyl carrier protein; A1, peptide tag as a substrate for
PPtase; CoA, coenzyme A; EGFP, enhanced green fluorescent
protein; pCRE-SEAP, cAMP-response-element-secreted alka-
line phosphatase reporter plasmid.

■ REFERENCES

(1) Araneda, R. C., Kini, A. D., and Firestein, S. (2000) The
molecular receptive range of an odorant receptor. Nat. Neurosci. 3,
1248−1255.
(2) Zozulya, S., Echeverri, F., and Nguyen, T. (2001) The human

olfactory receptor repertoire. Genome Biol. 2, 0018.0011−0018.0012.
(3) Godfrey, P. A., Malnic, B., and Buck, L. B. (2004) The mouse

olfactory receptor gene family. Proc. Natl. Acad. Sci. U.S.A. 101, 2156−
2161.
(4) Malnic, B., Godfrey, P. A., and Buck, L. B. (2004) The human

olfactory receptor gene family. Proc. Natl. Acad. Sci. U.S.A. 101, 2584−
2589.
(5) Buck, L., and Axel, R. (1991) A novel multigene family may

encode odorant receptors: A molecular basis for odor recognition. Cell
65, 175−187.
(6) Firestein, S. (2001) How the olfactory system makes sense of

scent. Nature 413, 211−218.
(7) Hatt, H. (2004) Molecular and cellular basis of human olfaction.

Chem. Biodivers. 1, 1857−1869.
(8) Malnic, B., Hirono, J., Sato, T., and Buck, L. B. (1999)

Combinatorial receptor codes for odors. Cell 96, 713−723.
(9) Zarzo, M. (2007) The sense of smell: Molecular basis of odorant

recognition. Biol. Rev. 82, 455−479.
(10) Mombaerts, P. (2004) Genes and ligands for odorant,

vomeronasal and taste receptors. Nat. Rev. Neurosci. 5, 263−278.
(11) Buck, L. B. (2004) Olfactory receptors and odor coding in

mammals. Nutr. Rev. 62, S184−S188, (discussion, S224−S241).
(12) Krautwurst, D. (2008) Human olfactory receptor families and

their odorants. Chem. Biodivers. 5, 842−852.
(13) Breer, H. (2008) The sense of smell: Reception of flavors. Ann.

N.Y. Acad. Sci. 1126, 1−6.
(14) Cherezov, V., Rosenbaum, D. M., Hanson, M. A., Rasmussen,

S. G., Thian, F. S., Kobilka, T. S., Choi, H. J., Kuhn, P., Weis, W. I.,
Kobilka, B. K., and Stevens, R. C. (2007) High-resolution crystal
structure of an engineered human β2-adrenergic G protein-coupled
receptor. Science 318, 1258−1265.
(15) Park, J. H., Scheerer, P., Hofmann, K. P., Choe, H. W., and

Ernst, O. P. (2008) Crystal structure of the ligand-free G-protein-
coupled receptor opsin. Nature 454, 183−187.
(16) Scheerer, P., Park, J. H., Hildebrand, P. W., Kim, Y. J., Krauss,

N., Choe, H. W., Hofmann, K. P., and Ernst, O. P. (2008) Crystal
structure of opsin in its G-protein-interacting conformation. Nature
455, 497−502.
(17) Palczewski, K., Kumasaka, T., Hori, T., Behnke, C. A.,

Motoshima, H., Fox, B. A., Le Trong, I., Teller, D. C., Okada, T.,
Stenkamp, R. E., Yamamoto, M., and Miyano, M. (2000) Crystal
structure of rhodopsin: A G protein-coupled receptor. Science 289,
739−745.
(18) Jaakola, V. P., Griffith, M. T., Hanson, M. A., Cherezov, V.,

Chien, E. Y., Lane, J. R., Ijzerman, A. P., and Stevens, R. C. (2008) The
2.6 angstrom crystal structure of a human A2A adenosine receptor
bound to an antagonist. Science 322, 1211−1217.
(19) Katada, S., Hirokawa, T., Oka, Y., Suwa, M., and Touhara, K.

(2005) Structural basis for a broad but selective ligand spectrum of a

Biochemistry Article

dx.doi.org/10.1021/bi2008596 |Biochemistry 2011, 50, 7228−72357233

mailto:horst.pick@epfl.ch
mailto:horst.vogel@epfl.ch


mouse olfactory receptor: Mapping the odorant-binding site. J. Neurosci.
25, 1806−1815.
(20) Pick, H., Etter, S., Baud, O., Schmauder, R., Bordoli, L.,

Schwede, T., and Vogel, H. (2009) Dual activities of odorants on
olfactory and nuclear hormone receptors. J. Biol. Chem. 284, 30547−
30555.
(21) Baud, O., Etter, S., Spreafico, M., Bordoli, L., Schwede, T.,

Vogel, H., and Pick, H. (2011) The mouse eugenol odorant receptor:
Structural and functional plasticity of a broadly tuned odorant binding
pocket. Biochemistry 50, 843−853.
(22) Bill, R. M., Henderson, P. J., Iwata, S., Kunji, E. R., Michel, H.,

Neutze, R., Newstead, S., Poolman, B., Tate, C. G., and Vogel, H.
(2011) Overcoming barriers to membrane protein structure
determination. Nat. Biotechnol. 29, 335−340.
(23) McClintock, T. S., and Sammeta, N. (2003) Trafficking

prerogatives of olfactory receptors. NeuroReport 14, 1547−1552.
(24) Mombaerts, P. (2004) Genes and ligands for odorant,

vomeronasal and taste receptors. Nat. Rev. Neurosci. 5, 263−278.
(25) Lu, M., Staszewski, L., Echeverri, F., Xu, H., and Moyer, B. D.

(2004) Endoplasmic reticulum degradation impedes olfactory G-
protein coupled receptor functional expression. BMC Cell Biol. 5, 34.
(26) Katada, S., Tanaka, M., and Touhara, K. (2004) Structural

determinants for membrane trafficking and G protein selectivity of a
mouse olfactory receptor. J. Neurochem. 90, 1453−1463.
(27) Bush, C. F., and Hall, R. A. (2008) Olfactory receptor trafficking

to the plasma membrane. Cell. Mol. Life Sci. 56, 2289−2295.
(28) Krautwurst, D., Yau, K. W., and Reed, R. R. (1998)

Identification of ligands for olfactory receptors by functional
expression of a receptor library. Cell 95, 917−926.
(29) Saito, H., Kubota, M., Roberts, R. W., Chi, Q., and Matsunami,

H. (2004) RTP family members induce functional expression of
mammalian odorant receptors. Cell 119, 679−691.
(30) Von Danneker, L. E., Mercadante, A. F., and Malnic, B. (2006)

Ric-8B promotes functional expression of odorant receptors. Proc.
Natl. Acad. Sci. U.S.A. 103, 9310−9314.
(31) Zhuang, H., and Matsunami, H. (2007) Synergism of accessory

factors in functional expression of mammalian odorant receptors.
J. Biol. Chem. 282, 15284−15293.
(32) Hamana, H., Shou-xin, L., Breuils, L., Hirono, J., and Sato, T.

(2010) Heterologous functional expression system for odorant
receptors. J. Neurosci. Methods 185, 213−220.
(33) Jacquier, V., Pick, H., and Vogel, H. (2006) Characterization of

an extended receptive ligand repertoire of the human olfactory receptor
OR17-40 comprising structurally related compounds. J. Neurochem. 97,
537−544.
(34) Saito, H., Chi, Q., Zhuang, H., Matsunami, H., and Mainland,

J. D. (2009) Odor coding by a mammalian receptor repertoire. Sci.
Signaling 2, ra9.
(35) Cook, B. L., Steuerwald, D., Kaiser, L., Graveland-Bikker, J.,

Vanberghem, M., Berke, A. P., Herlihy, K., Pick, H., Vogel, H., and
Zhang, S. (2009) Large-scale production and study of a synthetic G
protein-coupled receptor: Human olfactory receptor 17-4. Proc. Natl.
Acad. Sci. U.S.A. 106, 11925−11930.
(36) Schwarzenbacher, K., Fleischer, J., Breer, H., and Conzelmann,

S. (2004) Expression of olfactory receptors in the cribriform
mesenchyme during prenatal development. Gene Expression Patterns
4, 543−552.
(37) Schwarzenbacher, K., Fleischer, J., and Breer, H. (2006)

Odorant receptor proteins in olfactory axons and in cells of the
cribriform mesencyme may contribute to fasciculation and sorting of
nerve fibers. Cell Tissue Res. 323, 211−219.
(38) Zhou, Z., Cironi, P., Lin, A. J., Xu, Y., Hrvatin, S., Golan, D. E.,

Silver, P. A., Walsh, C. T., and Yin, J. (2007) Genetically encoded
short peptide tags for orthogonal protein labeling by Sfp and AcpS
phosphopantetheinyl transferases. ACS Chem. Biol. 2, 337−346.

(39) Meyer, B. H., Martinez, K. L., Segura, J. M., Pascoal, P., Hovius,
R., George, N., Johnsson, K., and Vogel, H. (2006) Covalent labeling
of cell-surface proteins for in-vivo FRET studies. FEBS Lett. 580,
1654−1658.
(40) George, N., Pick, H., Vogel, H., Johnsson, N., and Johnsson, K.

(2004) Specific labeling of cell surface proteins with chemically diverse
compounds. J. Am. Chem. Soc. 126, 8896−8897.
(41) Meyer, B. H., Segura, J. M., Martinez, K. L., Hovius, R., George,

N., Johnsson, K., and Vogel, H. (2006) FRET imaging reveals that
functional neurokinin-1 receptors are monomeric and reside in
membrane microdomains of live cells. Proc. Natl. Acad. Sci. U.S.A.
103, 2138−2143.
(42) Jacquier, V., Prummer, M., Segura, J. M., Pick, H., and Vogel, H.

(2006) Visualizing odorant receptor trafficking in living cells down to
the single-molecule level. Proc. Natl. Acad. Sci. U.S.A. 103, 14325−
14330.
(43) Breer, H. (2003) Olfactory receptors: Molecular basis for

recognition and discrimination of odors. Anal. Bioanal. Chem. 377,
427−433.
(44) DeMaria, S., and Ngai, J. (2010) The cell biology of smell.

J. Cell Biol. 191, 443−452.
(45) Mamasuew, K., Hofmann, N., Breer, H., and Fleischer, J. (2011)

Grueneberg ganglion neurons are activated by a defined set of
odorants. Chem. Senses 36, 271−282.
(46) McClintock, T. S., and Sammeta, N. (2003) Trafficking

prerogatives of olfactory receptors. NeuroReport 14, 1547−1552.
(47) Kiefer, H., Krieger, J., Olszewski, J. D., Von Heijne, G.,

Prestwich, G. D., and Breer, H. (1996) Expression of an olfactory
receptor in Escherichia coli: Purification, reconstitution, and ligand
binding. Biochemistry 35, 16077−16084.
(48) Nekrasova, E., Sosinskaya, A., Natochin, M., Lancet, D., and

Gat, U. (1996) Overexpression, solubilization and purification of rat
and human olfactory receptors. Eur. J. Biochem. 238, 28−37.
(49) Song, H. S., Lee, S. H., Oh, E. H., and Park, T. H. (2009)

Expression, solubilization and purification of a human olfactory
receptor from Escherichia coli. Curr. Microbiol. 59, 309−314.
(50) Duvernay, M. T., Filipeanu, C. M., and Wu, G. (2005) The

regulatory mechanisms of export trafficking of G protein-coupled
receptors. Cell. Signalling 17, 1457−1465.
(51) Kaushal, S., Ridge, K. D., and Khorana, H. G. (1994) Structure

and function in rhodopsin: The role of asparagine-linked glycosylation.
Proc. Natl. Acad. Sci. U.S.A. 91, 4024−4028.
(52) Jayadev, S., Smith, R. D., Jagadeesh, G., Baukal, A. J., Hunyady,

L., and Catt, K. J. (1999) N-linked glycosylation is required for optimal
AT1a angiotensin receptor expression in COS-7 cells. Endocrinology
140, 2010−2017.
(53) Touhara, K. (2007) Deorphanizing vertebrate olfactory

receptors: Recent advances in odorant-response assays. Neurochem.
Int. 51, 132−139.
(54) Robelek, R., Lemker, E. S., Wiltschi, B., Kirste, V., Naumann, R.,

Oesterhelt, D., and Sinner, E. K. (2007) Incorporation of in vitro
synthesized GPCR into a tethered artificial lipid membrane system.
Angew. Chem., Int. Ed. 46, 605−608.
(55) Kaiser, L., Graveland-Bikker, J., Steuerwald, D., Vanberghem,

M., Herlihy, K., and Zhang, S. (2008) Efficient cell-free production of
olfactory receptors: Detergent optimization, structure, and ligand
binding analyses. Proc. Natl. Acad. Sci. U.S.A. 105, 15726−15731.
(56) Junge, F., Schneider, B., Reckel, S., Schwarz, D., Dotsch, V., and

Bernhard, F. (2008) Large-scale production of functional membrane
proteins. Cell. Mol. Life Sci. 65, 1729−1755.
(57) Matsunami, H., Mainland, J. D., and Dey, S. (2009) Trafficking

of mammalian chemosensory receptors by receptor-transporting
proteins. Ann. N.Y. Acad. Sci. 1170, 153−156.
(58) Shirokova, E., Schmiedeberg, K., Bedner, P., Niessen, H.,

Willecke, K., Raguse, J. D., Meyerhof, W., and Krautwurst, D. (2005)

Biochemistry Article

dx.doi.org/10.1021/bi2008596 |Biochemistry 2011, 50, 7228−72357234



Identification of specific ligands for orphan olfactory receptors. G
protein-dependent agonism and antagonism of odorants. J. Biol. Chem.
280, 11807−11815.
(59) Araneda, R.C., Peterlin, Z., Zhang, X., Chesler, A., and Firestein,

S. (2004) A pharmacological profile of the aldehyde receptor
repertoire in rat olfactory epithelium. J. Physiol. 555, 743−756.
(60) Abaffy, T., Malhotra, A., and Luetje, C. W. (2007) The

molecular basis for ligand specificity in a mouse olfactory receptor: A
network of functionally important residues. J. Biol. Chem. 282, 1216−
1224.
(61) Hanson, M. A., and Stevens, R. C. (2009) Discovery of new

GPCR biology: One receptor structure at a time. Structure 17, 8−14.
(62) Bozza, T., Feinstein, P., Zheng, C., and Mombaerts, P. (2002)

Odorant receptor expression defines functional units in the mouse
olfactory system. J. Neurosci. 22, 3033−3043.
(63) Grosmaitre, X., Fuss, S. H., Lee, A. C., Adipietro, K. A.,

Matsunami, H., Mombaerts, P., and Ma, M. (2009) SR1, a mouse
odorant receptor with an unusually broad response profile. J. Neurosci.
29, 14545−14552.
(64) Feldmesser, E., Olender, T., Khen, M., Yanai, I., Ophir, R., and

Lancet, D. (2006) Widespread ectopic expression of olfactory receptor
genes. BMC Genomics 7, 121.
(65) Spehr, M., Gisselmann, G., Poplawski, A., Riffell, J. A., Wetzel,

C. H., Zimmer, R. K., and Hatt, H. (2003) Identification of a testicular
odorant receptor mediating human sperm chemotaxis. Science 299,
2054−2058.
(66) Fukuda, N., Yomogida, K., Okabe, M., and Touhara, K. (2004)

Functional characterization of a mouse testicular olfactory receptor
and its role in chemosensing and in regulation of sperm motility. J. Cell
Sci. 117, 5835−5845.
(67) Neuhaus, E. M., Zhang, W., Gelis, L., Deng, Y., Noldus, J., and

Hatt, H. (2009) Activation of an olfactory receptor inhibits
proliferation of prostate cancer cells. J. Biol. Chem. 284, 16218−16225.
(68) Strotmann, J., Levai, O., Fleischer, J., Schwarzenbacher, K., and

Breer, H. (2004) Olfactory receptor proteins in axonal processes of
chemosensory neurons. J. Neurosci. 24, 7754−7761.

Biochemistry Article

dx.doi.org/10.1021/bi2008596 |Biochemistry 2011, 50, 7228−72357235


