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RTP Family Members Induce Functional
Expression of Mammalian Odorant Receptors

basis of odorant discrimination by olfactory neurons
(Lewcock and Reed, 2004; Malnic et al., 1999; Serizawa
et al., 2003).
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mainly because it has been difficult to express ORs onDuke University Medical Center
Research Drive the cell surface of heterologous cells and assay their

ligand binding specificity (Mombaerts, 2004). The rea-Durham, North Carolina 27710
son is that OR proteins are retained in the ER and subse-
quently degraded in the proteosome (Lu et al., 2003;
McClintock et al., 1997). Despite these difficulties, ex-Summary
tensive efforts have matched about 20 ORs with cognate
ligands with various degrees of certainty (Bozza et al.,Transport of G protein-coupled receptors (GPCRs) to

the cell surface membrane is critical in order for the 2002; Gaillard et al., 2002; Hatt et al., 1999; Kajiya et
al., 2001; Krautwurst et al., 1998; Malnic et al., 1999;receptors to recognize their ligands. However, mam-

malian GPCR odorant receptors (ORs), when heterolo- Mombaerts, 2004; Murrell and Hunter, 1999; Raming et
al., 1993; Spehr et al., 2003; Touhara et al., 1999; Zhaogously expressed in cells, are poorly expressed on the

cell surface. Here we show that the transmembrane et al., 1998). Adding the 20 N-terminal amino acids of
rhodopsin (Rho-tag) or a foreign signal peptide to theproteins RTP1 and RTP2 promote functional cell sur-

face expression of ORs expressed in HEK293T cells. N terminus facilitates surface expression of some ORs
in heterologous cells (Hatt et al., 1999; Krautwurst et al.,Genes encoding these proteins are expressed specifi-

cally in olfactory neurons. These proteins are associ- 1998). However, for most ORs, this or other modifica-
tions do not seem to promote cell surface expression.ated with OR proteins and enhance the OR responses

to odorants. Similar although weaker effects were For example, ODR-4, which is required for proper local-
ization of chemosensory receptors in C. elegans, has aseen with a third protein, REEP1. These findings sug-

gest that RTP1 and RTP2 in particular play significant small effect on facilitating cell surface expression of one
rat OR but not another OR (Gimelbrant et al., 2001).roles in the translocation of ORs to the plasma mem-

brane as well as in the functioning of ORs. We have These findings suggest that olfactory neurons have a
selective molecular machinery that promotes proper tar-used this approach to identify active odorant ligands

for ORs, providing a platform for screening the chemi- geting of OR proteins to the cell surface, but no compo-
nents of this machinery have been identified (Gimelbrantcal selectivity of the large OR family.
et al., 2001; McClintock and Sammeta, 2003).

For some GPCRs, accessory proteins are requiredIntroduction
for correct targeting to the cell surface membrane (for
review, see Brady and Limbird [2002]). These proteinsUsing the sense of smell, humans and other animals

can detect and discriminate a vast number of volatile include NinaA for Drosophila rhodopsin (Baker et al.,
1994); RanBP2 for mammalian cone opsin (Ferreira et al.,environmental chemicals. This ability is essential for ani-

mals to detect food sources, predators, prey, mating 1996); ODR-4 for C. elegans chemosensory receptors
(Dwyer et al., 1998); RAMPs for the mammalian calcito-partners, and potentially harmful compounds. These

abilities are initially determined by neurons in the olfac- nin receptor-like receptor (CRLR) (McLatchie et al.,
1998); the M10 and M1 family of MHC class I proteinstory epithelium, the olfactory sensory neurons (olfactory

neurons). In these neurons, seven transmembrane odor- and �2 microglobulin for V2Rs; the putative mammalian
pheromone receptors (Loconto et al., 2003); and finallyant receptor (OR) proteins, members of the G protein-

coupled receptor (GPCR) superfamily, are synthesized an atypical Drosophila OR, OR83b for DORs (Larsson
in the endoplasmic reticulum (ER), transported, and et al., 2004). Curiously, with the exception of NinaA and
eventually concentrated at the cell surface membrane RanBP2, none of these accessory proteins shares any
of the cilia at the tip of the dendrite. OR proteins are sequence homology to with each other; their only com-
also present at axon terminals, where ORs may have mon feature is their association with the membrane.
roles in target recognition of developing olfactory axons To identify accessory proteins that are involved in
(Barnea et al., 2004; Feinstein et al., 2004; Mombaerts targeting ORs to the cell surface, we screened for genes
et al., 1996; Wang et al., 1998). In rodents, odorants are inducing cell surface expression of ORs in HEK293T
transduced by as many as 1000 different ORs encoded (293T) cells. We discovered RTP1 and RTP2 that pro-
by a multigene family (Axel, 1995; Buck and Axel, 1991; mote cell surface expression of ORs, are expressed
Firestein, 2001; Mombaerts, 1999; Young et al., 2002; specifically by olfactory neurons, interact with OR pro-
Zhang and Firestein, 2002). Each olfactory neuron ex- teins, and enhance responses to odorants when coex-
presses only one type of the ORs, forming the cellular pressed with ORs in 293T cells. Similar though much

weaker effects were seen with a third protein, REEP1.
Furthermore, these findings have allowed us to con-*Correspondence: hiroaki.matsunami@duke.edu
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struct a heterologous expression system to identify new OR-S46, mouse olfr62, and rat I7) were expressed in
293T cells with or without RTP1, RTP2, or REEP1. Co-ORs that respond to odorants.
transfection of BFP or GFP demonstrated that transfec-
tion efficiency was consistent (�70%). When the ORsResults
were transfected with RTP1 or RTP2, we observed far
more immunofluorescent cells and stronger signals inAfter hypothesizing that mammalian ORs may require
positive cells compared to when ORs alone were ex-accessory protein(s) for functional cell surface ex-
pressed (Figure 1A). The signal intensity and the numberpression, we instituted a search for such molecule(s)
of immunopositive cells varied when using different ORs(see Supplemental Figure S1 at http://www.cell.com/
at each condition. For example, in the case of rat I7, thecgi/content/full/119/5/679/DC1/). We constructed mod-
surface expression was significantly lower than that ofified LongSAGE (serial analysis of gene expression)
other ORs tested. Nonetheless, we observed occasional(Saha et al., 2002) libraries from single olfactory neurons
immunopositive cells only when the accessory proteinsas well as neurons from the vomeronasal organ and
were coexpressed. REEP1 appeared to enhance cellcollected genes that are expressed by these neurons
surface expression of the ORs tested, but the effects(see Supplemental Experimental Procedures for details).
were substantially smaller than those of RTP1 or RTP2.To identify candidate genes expressed by the olfactory
The enhancement of cell surface expression was spe-neurons, we also used Digital Differential Display (http://
cific for ORs and not for other GPCRs: neither RTP1,www.ncbi.nlm.nih.gov/UniGene/info_ddd.shtml). Can-
RTP2, nor REEP1 enhanced expression of the �2 adren-didate genes were investigated for ORFs that encode
ergic receptor (�2AR), mT2R5 (a mouse bitter taste re-membrane-associated proteins. We also selected genes
ceptor) (Chandrashekar et al., 2000), or a V2R phero-with similarities to known chaperones and cloned the
mone receptor (VR4) (Matsunami and Buck, 1997)cDNAs from olfactory epithelium cDNAs. We verified the
(Figure 1A and Supplemental Figure S2A). ExpressionmRNA expression of each gene by in situ hybridization.
of RTP1, RTP2, or REEP1 enhanced the cell surfaceAfter isolating and subcloning into mammalian expres-
expression of HA-tagged OR (Supplemental Figuresion vectors, we transfected each cDNA together with a
S2A), confirming that the effects of the accessory pro-mouse OR (MOR203-1) tagged with 20 N-terminal amino
teins were not Rho-tag dependent. Finally, enhance-

acids of rhodopsin (Rho-tag), into 293T cells. We mea-
ment of cell surface expression of MOR203-1 was not

sured whether these clones had any effect on the cell
observed when other members of the RTP and REEP

surface expression of ORs by staining living cells using families (RTP4 and REEP2) were coexpressed (data
antibodies against the Rho-tag (Laird and Molday, 1988). not shown).
When MOR203-1 was transfected alone, antibody stain- In order to quantify the numbers and intensity of im-
ing detected only faint cell surface expression in less munopositive cells, we performed fluorescence-acti-
than 1% of the cells (Figure 1A and see Supplemental vated cell sorting (FACS) analysis. To monitor transfec-
Table S1 on the Cell web site). tion and staining efficiency, HA-tagged �2AR was used.

Although a recent report showed that �2AR enhances
Enhanced Cell Surface Expression the expression of OR-M71 (Hague et al., 2004), coex-
of ORs by RTPs pression of �2AR did not enhance the cell surface ex-
Two unrelated clones (of 59 tested) enhanced both the pression of the ORs we tested (Supplemental Figure
number and staining intensity of cell surface expression S2B). FACS analysis showed that the majority of �2AR-
of MOR203-1 (Figure 1A). We named proteins encoded positive cells were OR negative when these two alone
by these clones RTP1, for receptor transporting protein were expressed, further indicating that �2AR did not
1 and REEP1, for receptor expression enhancing protein significantly enhance the cell surface expression of the
1. Subsequently, we found that RTP2, a close relative ORs (Figures 1B–1F). In addition, control FACS analysis
of RTP1, also enhanced cell surface expression of confirmed that coexpression of RTP1, RTP2, or REEP1
MOR203-1. We next asked if RTP1, RTP2, and REEP1 did not affect cell surface expression of �2AR (data not
had a similar effect in promoting cell surface expression shown). When olfr62 was transfected with RTP1 or RTP2

in various combinations, we observed more immunola-of other ORs. Four different ORs (mouse OREG, mouse

Figure 1. RTP1, RTP2, and REEP1 Promote Cell Surface Expression of Odorant Receptors in 293T Cells

(A) cDNAs encoding diverse ORs (MOR203-1, OREG, OR-S46, olfr62, and rat I7) are transfected with or without RTP1, RTP2, and/or REEP1.
Increased cell surface staining of ORs was seen in cells coexpressing the accessory proteins. In contrast, no difference in cell surface staining
was seen in cells expressing �2 adrenergic receptor (�2AR). Using living cell staining protocols, cell surface fluorescent signals are seen as
distinctive punctate staining. Scale bar, 50 �m.
(B) FACS analysis of the 293T cells expressing olfr62 with or without the accessory proteins. Cell surface expression of HA-tagged �2AR and
Rho-tagged olfr62 of individual cells are shown.
(C) Normalized numbers of labeled cells are shown for each transfection condition. After double immunofluorescent staining against Rho-
tagged receptors and the HA-tagged �2AR, FACS analysis was performed to quantify immunopositive cells. The number of double-positive
cells was normalized to that of �2AR-positive cells. Error bars represent � SEM (n � 4–8). More olfr62� cells were observed when expressed
with RTP1 and/or RTP2. In contrast, when mT2R5 receptor was used instead of olfr62, no enhancement was observed.
(D) Mean fluorescence of labeled cells. The mean fluorescence of olfr62 or mT2R5 in double-positive fraction was shown. Stronger fluorescence
was observed when olfr62 was expressed with RTP1 and/or RTP2. In contrast, when mT2R5 receptor was used instead of ORs, no enhancement
was observed.
(E and F) FACS analysis for three ORs (MOR203-1, OREG, and S46) and a V2R (VR4).
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beled cells and stronger signals in labeled cells com-
pared to when this ORs alone were expressed (Figures
1B–1D). Coexpression of REEP1 with olfr62 did not show
significant difference using this analysis, indicating that
REEP1 has only a small effect in facilitating cell surface
expression of ORs. In contrast, when control mT2R5
receptor was transfected with the accessory proteins,
we observed no significant difference either in number
of labeled cells or in fluorescence of labeled cells (Fig-
ures 1C and 1D). Similarly, we observed more surface
receptor signal when three other ORs were expressed
with RTP1 and/or RTP2, though cell surface signal of a
control receptor (VR4) remained low with coexpression
of the accessory proteins (Figures 1E and 1F, Supple-
mental Table S1).

RTP1, RTP2, and REEP1 Genes Encode
Transmembrane Proteins
RTP1 and RTP2 genes encode proteins with 263 and 223
amino acids, respectively, and share a 73% sequence
identity in amino acid level (Figure 2A). Neither protein
seems to have a signal sequence, but both have a single
putative transmembrane domain located near the C-ter-
minal end. Immunostaining of the N- and C-terminal-
tagged RTP1 suggest that the N-terminal end is intracellu-
lar (data not shown) and the C-terminal end is extracellular
(see below). BLAST searches of the mouse genome
identified two additional members, RTP3 and RTP4.
There were no obvious RTP homologs outside verte-
brate species.

The REEP1 gene encodes a protein of 201 amino acids
containing two putative transmembrane domains (Figure
2A). Immunostaining of C-terminal-tagged REEP1 protein
suggests that the C-terminal end is extracellular (see
below). BLAST searches identified homologous genes
in diverse eukaryotic species. REEP1 showed limited
similarities with yeast YOP1, barley HVA22, and human
DP1/TB2 (Figure 2B). In the mouse genome, REEP1 has
at least five additional homologous genes (designated
REEP2–6) (Figure 2C).

Figure 2. The RTP and the REEP FamiliesRTP1, RTP2, and REEP1 Are Specifically
Expressed in Olfactory Neurons (A) Deduced amino acid sequences of RTP1 and RTP2. Solid bar

indicates putative transmembrane domain. Shaded amino acids areNorthern blot analysis with RNAs extracted from various
conserved between RTP1 and RTP2. There are two more membersmouse tissues revealed that REEP1 and especially RTP1
(RTP3 and 4) on the mouse genome.and RTP2 are most prominently expressed in olfactory
(B) Deduced amino acid sequences of REEP1. Solid bar indicates

and vomeronasal organs. REEP1 RNA was also de- putative transmembrane region (TM). The first TM region could func-
tected at significant levels in the brain (Figure 3A). Long tion as a signal peptide.
exposure revealed faint signals for RTP1 and RTP2 in the (C) Unrooted phylogenetic tree of REEP family members. At least

six REEP family members (REEP1–6) were identified on the mousebrain (data not shown). We did not observe expression in
genome. Yeast YOP1P, barley HVA22, and human DP1 are homolo-testis, where a subset of ORs are expressed (Spehr et
gous to REEP proteins.al., 2003)

In the olfactory epithelium, RTP1, RTP2, and REEP1
were expressed specifically in olfactory neurons, which

which was expressed at lower levels (Figure 3B). Finally,is evident from comparison with OMP expression, a
REEP1 was expressed by a subset of brain cells (Fig-marker for mature olfactory sensory neurons (Figure 3B).
ure 3C).To avoid crosshybridization between RTP1 and RTP2

RNA, which are 87% identical at nucleotide level across
the coding sequence, we used nonhomologous 3�UTR RTP1 and REEP1 Can Interact with ORs

Given the ability of RTP1 and possibly REEP1 to promoteregions as probes in addition to probes corresponding
to the open reading frames. The signals were identical. cell surface expression of ORs, they may interact with

OR proteins. This was assessed using coimmunopreci-No expression of other REEP or RTP genes was de-
tected in olfactory neurons, with the exception of RTP4, pitation assays. HA-tagged MOR203-1 and Flag-tagged
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Figure 3. Expression of RTP1, RTP2, and REEP1

(A) Northern blot analysis. Total RNA was used for Northern blotting analysis. Only olfactory epithelium and vomeronasal organ RNAs showed
�3.5 kb and �2.6 kb bands corresponding to RTP1 and RTP2 mRNA, respectively. Olfactory epithelium, vomeronasal organ, and brain showed
�3.6 kb bands corresponding to REEP1 mRNA. Ethidium bromide staining for 18S rRNA is shown as a control.
(B) In situ hybridization analysis in the olfactory epithelium. Among RTP members, RTP1 and RTP2 are strongly expressed by the olfactory
neurons. RTP4 was also expressed by the olfactory neurons but at a much lower level. OMP is a marker for mature olfactory neurons.
Among REEP members, only REEP1 was expressed specifically by the olfactory neurons. REEP6 was expressed by supporting cells. Higher
magnification of RTP1, RTP2, and REEP1 hybridization suggests that all olfactory neurons may express all three molecules. Scale bar, 200
�m (70 �m in high-magnification pictures).
(C) In situ analysis of REEP1 in the brain. REEP1 was expressed by a subset of brain cells. Scale bar, 200 �m.

REEP1, RTP1, or ICAP-1, a negative control (Zawistow- aggregate formation may occur in the lysis buffer or
SDS sample buffer (data not shown). Similarly, whenski et al., 2002) were transfected in 293T cells. Flag-

tagged REEP1 and RTP1 facilitated cell surface expres- we precipitated the HA-MOR203-1 proteins, REEP1 or
RTP1 proteins were coprecipitated, whereas ICAP-1sion of olfr62, confirming the function of these molecules

(data not shown). After the cell extracts were precipi- was not detectable (Figure 4C, lanes 1–3). These results
indicate that RTP1 and REEP1 can complex with ORs.tated with anti-Flag antibodies, proteins were eluted in

SDS sample buffer at room temperature, whereupon Based on the protein interaction, we hypothesized
that the functional expression of the accessory proteinsWestern blotting analysis was performed to detect the

OR proteins. OR proteins were detected as 45 kd or might be regulated by the OR proteins. When only
C-terminal Flag-tagged RTP1 was transfected into 293Thigher molecular weight bands after precipitation of

REEP1 or RTP1 (Figure 4B, lanes 1 and 2). In contrast, cells, little cell surface signal was detected, indicating
that the majority of RTP proteins were inside the cells.the majority of a control GPCR, �2AR, did not form high

molecular weight oligomers using these elution condi- In contrast, cotransfection of RTP1 and OR greatly en-
hanced cell surface RTP1 (Figure 4D). This demon-tions (data not shown). Since OR proteins were detected

as high molecular weight bands even when only cell strated mutual dependence of ORs and RTP1 for cell
surface expression and suggested that effective cellsurface MOR203-1 proteins were immunoprecipitated

and detected by Western blot, we speculate that the surface expression of the both ORs and RTP1 requires
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Figure 4. Association of Odorant Receptors, RTP1, and REEP1

(A) Control Western blot analysis indicating expression of HA-tagged MOR203-1, Flag-tagged REEP1, RTP1, and ICAP1 in 293T cells.
(B) When Flag-RTP1 or Flag-REEP1 was precipitated, HA-MOR203-1 proteins were coprecipitated (lanes 1 and 2). However, when Flag-ICAP-1
(a negative control protein) was precipitated, HA-MOR203-1 proteins were not detected (lane 3).
(C) When HA-MOR203-1 was precipitated, Flag-REEP1 and Flag-RTP1 were copurified when coexpressed (lanes 1 and 2). Negative control
protein (Flag-ICAP-1) was not coprecipitated (lane 3). Asterisks indicate nonspecific Ig proteins.
(D) Little cell surface expression was observed when RTP1 was transfected in 293T cells. However, when RTP1 and an odorant receptor
(OREG) were cotransfected, more RTP1 staining signal was observed.
(E) A small amount of cell surface signal was observed when REEP1 was transfected in 293T cells. Coexpression of an OR (olfr62) did not
change the expression of REEP1. Scale bars, 50 �m

the formation of a relatively stable receptor complex levels of OREG-dependent luciferase activity (Katada et
al., 2003). Coexpression of OREG with RTP1 or RTP2between the two. When we expressed the C-terminal-

tagged REEP1, a small amount of cell surface REEP1 markedly enhanced odorant-dependent luciferase ac-
tivity, while REEP1 showed a small enhancement (Figurewas observed. Unlike RTP1, coexpression of the OR

proteins did not facilitate cell surface expression of 5B). Since RTP4 is also expressed at low levels in olfac-
tory epithelium, we coexpressed this protein with OREG,REEP1 (Figure 4E).
but this did not produce any increase in luciferase re-
porter gene activity (data not shown).Enhanced OR Function by RTP1 and RTP2

Poor odorant-evoked signaling activity in heterologous Other GPCRs can exhibit change in ligand specificity
depending on accessory proteins (McLatchie et al.,cell culture systems expressing ORs has been attributed

to the poor cell surface expression of ORs. The identifi- 1998). To investigate whether RTP1, RTP2, or REEP1
alter the ligand selectivity of ORs, we tested OREG andcation of RTP1, RTP2, and REEP1 allowed us to directly

address this issue. We employed a luciferase reporter OR-S46 with their agonists and related chemicals. No
substantial changes in relative chemical selectivity weregene assay in which a cAMP-responsive element (CRE)

mediates luciferase gene expression (Figure 5A). Be- observed when the receptors were coexpressed with
the accessory proteins (Figure 5C). Similar results werecause OR activation leads to an increase in cAMP, we

could measure activation of the mouse odorant receptor obtained when we measured cAMP production using
293T cells expressing OREG with RTP1, RTP2, or REEP1OREG by its ligand eugenol in the presence and absence

of RTP1, RTP2, and REEP1 (Kajiya et al., 2001; Touhara in the presence of various concentrations of odorants
(data not shown). These results suggested that, RTP1,et al., 1999). As reported previously, eugenol increased
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RTP2, and REEP1 do not dramatically change the ligand MOR31-6, MOR32-5, and MOR32-11) whose cognate
ligands are unknown. At a suprathreshold concentrationselectivity of the ORs. We cannot exclude the possibility

that the accessory proteins may modify ligand selectiv- of 100 �M, all these ORs were odorant selective, re-
sponding to only a small subset of the odorants testedity of some other ORs.
(Figure 6A). This specificity was retained at lower, more
physiologically relevant concentrations; many of theseConstructing a Functional Assay to Identify
ORs responded to odorants present in micromolar con-Odorant-Receptor Interactions
centrations. We evaluated the cell surface expressionTo facilitate analysis of odorant-OR interactions, we es-
of these ORs by living cell immunofluorescence. Sometablished 293T cell lines that stably expresse RTP1,
ORs (S18, MOR31-4, MOR31-6, and MOR32-5) wereRTP2, REEP1, and G�olf, the G protein � subunit that
strongly expressed, while other ORs (S6, S50, MOR23-1,couples to OR (Belluscio et al., 1998; Jones and Reed,
and MOR32-11) were weakly expressed (Supplemental1989). To establish such cells, linearlized expression
Figure S5), suggesting that weak expression was suffi-vectors containing mouse RTP1, RTP2, REEP1, and G�olf

cient to produce a significant response to odorants atORFs were transfected into 293T cells with PGK-Pac
physiologically relevant concentrations. Finally, we(puromycin resistant gene) (Watanabe et al., 1995).
tested two additional orphan class II ORs, MOR203-1Among the puromycin-resistant clones, clone 3A
and olfr62, against a panel of139 odorants (see Supple-showed a large response to eugenol when OREG was
mental Data). MOR203-1 responded to high concentra-transfected and was named Hana3A. RT-PCR analysis
tions of nonanoic acid (Figure 6B). Olfr62 responded toindicated that Hana3A cells express exogenous RTP1,
coumarine and piperonal (Figure 6C). We subsequentlyRTP2, REEP1, and G�olf (Supplemental Figure S3). En-
tested several related aromatic compounds and foundhanced cell surface expression was observed when
2-coumaranone as a preferred ligand for olfr62 (FigureOREG or other ORs were transfected in Hana3A cells
6C). When parental 293T cells for these ORs were usedand immunostained (Supplemental Figure S4). To test
in this luciferase assay, little or no response to the odor-whether Hana3A cells also increased the ligand re-
ants was observed (data not shown), further demonstra-sponse in the luciferase assay, we cotransfected the
ting the importance of RTP1, RTP2, and REEP1 in func-CRE-luciferase reporter gene along with either OREG
tional OR expression.(HA-tagged), OR-S46, or OR-S50 and stimulated the

cells with their ligands, eugenol, nonanoic acid, and
Discussionnonanedioic acid, respectively (Malnic et al., 1999;

Touhara et al., 1999). Little luciferase induction was ob-
Continued progress in understanding olfactory codingserved when HA-OREG was expressed in 293T cells. In
has been significantly hampered by the inability to func-contrast, when Hana3A cells were used, we observed
tionally express ORs in heterologous cells in order toa dramatic enhancement in luciferase activity following
identify cognate ligands. To overcome this problem, weeugenol stimulation (Figure 5D). Similar results were ob-
searched for molecules that are required for cell surfacetained using two additional ORs, OR-S46 and OR-S50.
expression of ORs. We have identified transmembraneSignificantly, the OR-S50 gene did not produce a lucifer-
proteins, RTP1, and RTP2 that promote functional cellase response in 293T cells, whereas the same receptor
surface expression of ORs in 293T cells. They are ex-transfected into the Hana3A cells produced robust lucif-
pressed specifically by olfactory neurons in the olfactoryerase activity (Figure 5D). Expression of G�olf alone in
epithelium and interact with OR proteins. Similar though293T cells had little or no effect on OR activation using
much weaker effects were seen with a third transmem-this assay (data not shown).
brane protein, REEP1. Using cells expressing these pro-In order to confirm the increased OR function in the
teins, we identified new ORs that respond to odorants.presence of the accessory proteins, we measured the
Our study demonstrated the importance of the acces-amount of cAMP upon ligand stimulation using 293T
sory proteins of ORs in functional cell surface expressioncells expressing G�olf and Hana3A cells. When OREG
and in decoding OR-ligand specificities.was transfected and several different chemicals were

added to stimulate the OR, more cAMP was produced
in Hana3A cells (Figures 5E and 5F). We observed similar RTP1, RTP2, and REEP1 May Function

during Receptor Folding, Transport,relative ligand selectivity in these two cell lines. In con-
trast, when the �2AR was expressed and isoproterenol and/or Odorant Recognition

What are the roles of RTP1, RTP2, and possibly REEP1was used, no significant differences in cAMP production
were observed (Figure 5G). This further supports a spe- in OR trafficking? Expression of GPCRs is a complex

process that includes protein folding, posttranslationalcific role of the accessory proteins in functional OR ex-
pression. modifications, and transport through cellular compart-

ments including the ER and Golgi apparatus. In addition,Previous studies demonstrated that single olfactory
neurons that are activated by aliphatic alcohols and mounting evidence indicates that the proper targeting

of GPCRs to the plasma membrane may involve homo-acids express specific ORs, primarily class I (fish-like)
ORs (Malnic et al., 1999; Zhang and Firestein, 2002). or heterodimerization (Angers et al., 2002). Though these

proteins can function at any of these steps of OR expres-Using our assay, we tested four ORs (S6/79, S18, S46,
and S50) previously assayed using other techniques sion, three possibilities are presented in Figure 7 regard-

ing their possible interaction(Malnic et al., 1999) against a panel of aliphatic alcohols,
aldehydes, and acids and some other odorants. We also First, these proteins could promote correct folding of

ORs in the ER. NinaA, a cyclophilin homolog of Drosoph-tested five “orphan” class I ORs (MOR23-1, MOR31-4,
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Figure 5. Expression of RTP1, RTP2, or REEP1 Enhances Odorant Receptor Activation

(A) Diagram showing cAMP-responsive element (CRE) and luciferase was used to monitor activation of ORs. Activation of ORs increases
cAMP, which enhances the expression of luciferase reporter gene through the CRE.
(B) Normalized luciferase activities � SEM (n � 4). RTP1, RTP2, and REEP1 expressed in various combinations together with OREG, enhanced
luciferase activities compared to OR alone.
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Figure 6. The Recognition Profiles of Odor-
ant Receptors to Odorants

(A) Test odorants are shown on the left. The
color indicates relative luciferase activities
(n � 4). Each OR responded to different sub-
set of odorants.
(B and C) Normalized lluciferase activities
(n � 4). One hundred thirty-nine chemicals
were used for initial ligand screening of
MOR203-1 and olfr62. MOR203-1 responded
to nonanoic acid. Olfr62 responded to five
related aromatic compounds.

ila, was identified as a chaperone protein for rhodopsin 2002). While the precise roles of HVA22s are not known,
since a number of stress-induced proteins such as heatand thought to facilitate the correct folding (Baker et

al., 1994; Shieh et al., 1989). The plant homologs of shock proteins function as chaperones, it is conceivable
that HVA22s and, by analogy, perhaps REEP1 act asREEP1, HVA22s, are stress-induced genes and may

allow plants to tolerate adverse conditions (Chen et al., chaperones to promote folding.

(C) Relative luciferase activities � SEM (n � 4). OREG or OR-S46 was used to ask if RTP1, RTP2, or REEP1 could change ligand specificities
of ORs. To obtain relative activation to different odorants, luciferase activity to 300 �M of vanillin (OREG) or decanoic acid (OR-S46) was
regarded as 1 in each expression condition.
(D) Normalized luciferase activities � SEM (n � 8). Enhanced response in Hana3A cells, a stable cell line expressing RTP1, RTP2, REEP1,
and G�olf, when three different ORs were expressed.
(E and F) cAMP assays (n � 4). Enhanced cAMP production to various concentrations of eugenol and other odorants in Hana3A cells compare
to 293T cells when OREG was transfected. Relative ligand selectivity in these cells is similar.
(G) In contrast, cAMP production was not different between Hana3A cells and 293T cells expressing G�olf when �2AR was transfected and
isoproterenol was used.
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(Dulac and Axel, 1995), T2R taste receptors (Adler et
al., 2000; Matsunami et al., 2000), the �2C adrenergic
receptor (Hurt et al., 2000), and the thyrotropin-releasing
hormone receptor (Yu and Hinkle, 1997), appear to re-
quire cofactor(s) for their cell surface expression. Thus,
RTP and REEP members may regulate trafficking of
such GPCRs. In situ hybridization analysis has shown
that RTP1, RTP2, REEP3, and REEP5 are all expressed
by the VNO neurons. In addition, REEP members are
differentially expressed in subset of brain cells (M.K.
and H.M., unpublished data). Our strategy to create a
list of genes expressed in specific cell types using SAGE
and/or digital differential display and screen genes that
promote cell surface expression of the receptors could
be applied in such cases.

Figure 7. Models for the Roles of RTP1, RTP2, and REEP1 in Odor- Functional Expression of Odorant Receptors
ant Receptor Expression Enables Efficient Investigations of Odorant

Receptor-Odorant Interactions
We have established an expression system that should
allow rapid identification of ligands for ORs. We testedThe second possibility is that these proteins could

facilitate the transport of specific vesicles/cargos that this system with 12 ORs. Four of the ORs we tested
(S6/S79, S18, S46, and S50) were expressed in singleinclude ORs. Consistent with this idea, a REEP1 homo-

log in yeast, YOP1P, has been implicated in Rab-medi- olfactory neurons responding to aliphatic odorants (Mal-
nic et al., 1999). In our study, response profiles of OR-ated vesicle transport (Calero et al., 2001). A Drosophila

homolog of REEP1 (CG30193) interacts with sec23 (Giot S50 but not of OR-S18 agreed with this previous report.
Olfactory neurons S6 and S79 express the same ORet al., 2003). Its yeast homolog has been implicated in

protein transport from the ER to the Golgi (Hicke and (OR-S6/S79), and both responded to nonanedioic acid,
although only the olfactory neuron S79 responded toSchekman, 1989).

Finally, these proteins could act as a coreceptor with two odorants, heptanoic acid and octanoic acid (Malnic
et al., 1999). In our experiments, OR-S6/S79 respondedORs. This is an attractive possibility in the case of RTP1,

as its own cell surface expression is enhanced by coex- to nonanedioic acid but not to heptanoic acid or octa-
noic acid, supporting the olfactory neuron S6 responsepression of ORs (Figure 4D). In this scenario, ORs may

contain ER retention signal(s) that are masked by the profile. The differences may be due to the variation of
responses when recording from single olfactory neu-association with RTPs (or REEP1), a mechanism similar

to the regulation of cell surface expression of GABA rons. When multiple single olfactory neurons that ex-
pressed the same OR were recorded against the same(B)R1 receptor by the association of GABA(B)R2 (Jones

et al., 1998; Kaupmann et al., 1998; White et al., 1998). set of odorants using calcium imaging, their response
profiles were similar but different (Bozza et al., 2002).A recent report has shown that �2AR promotes cell

surface expression of one out of three ORs tested in We identified seven new ORs that respond to different
odorants in our test panels, demonstrating the applica-heterologous cells (Hague et al., 2004). Since we ob-

served no evidence that �2AR promoted the expression bility of our system to decode the ligand specificity of
ORs. The profiles of the ORs in response to variousof the ORs we tested, �2AR might be involved in func-

tional expression of a small fraction of ORs. Obviously, odorants are consistent with the idea of “combinatorial
receptor code,” in which one OR responds to multiplethe RTPs and REEPs might have different or even com-

plementary roles, a hypothesis that is consistent with related odorants and one odorant activates multiple re-
ceptors (Kajiya et al., 2001; Malnic et al., 1999).the absence of any amino acid sequence similarity or

specific sequence motifs. The three roles outlined above In our experiments, not only three class I ORs (S46,
MOR23-1, and MOR31-4) but also MOR203-1, a classappear to be the most reasonable ones for these pro-

teins; however, other possible functions cannot be ex- II OR, responded to nonanoic acid, indicating that very
different ORs can respond to the same chemical, ascluded. For example, the accessory proteins could regu-

late the glycosylation of the ORs, an important step for MOR203-1 and other nonanoic acid ORs (MOR23-1,
MOR31-4, and S46) are only 29%–32% identical. Olfr62OR trafficking (Katada et al., 2004).

Even though we did not observe dramatic changes in is one of the closely related ORs located near or at the
IVA locus, implicated in isovaleric acid sensation (Griffligand specificity of OREG or OR-S46 when expressed

with these proteins, it is possible that they do play a and Reed, 1995; Zhang and Firestein, 2002). In our ex-
periments, olfr62 did not respond to isovaleric acid butrole in modulating recognition profiles of some ORs. For

example, different RAMP members change the ligand responded to coumarin and other related aromatic com-
pounds (Figure 6C). Eight other ORs located near thespecificity of CRLR, a member of GPCRs. CRLR ex-

pressed with RAMP1 functions as a CGRP receptor, IVA locus were also tested, but none of them responded
to isovaleric acid (R.W.R and H.M., unpublished data),whereas CRLR expressed with RAMP2 functions as ad-

renomedullin receptor (McLatchie et al., 1998). suggesting that these ORs may not be involved in isoval-
eric acid detection.Many GPCRs, including V1R pheromone receptors
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We obtained similar results using C-terminal-tagged RTP1 (dataOur functional OR expression system, together with
not shown).the annotation of virtually all the ORs in the mouse and

human genomes (Glusman et al., 2001; Young et al.,
Luciferase Assay2002; Zhang and Firestein, 2002; Zozulya et al., 2001),
We used the Dual-Glo System (Promega) for luciferase assay. CRE-

will provide a platform to investigate mammalian OR- Luciferase (Stratagene) was used to measure the receptor activities.
odorant interaction in a comprehensive manner. Renilla luciferase driven by constitutively active SV40 promoter

(pRL-SV40, Promega) was used as an internal control. Cells were
Experimental Procedures plated on poly-D-lysine-coated 96-well plates (BioCoat, Becton

Dickinson). Eight hours (for experiments shown in Figures 5B and
Methods for single-cell LongSAGE analysis are described in Supple- 5C) or 12 hr (for experiments shown in Figures 5D and 6) after
mental Experimental Procedures. transfection, the medium was replaced with CD293 chemically de-

fined medium (Invitrogen), and the plates were incubated for one
hour at 37�C. The medium was replaced with 50 ul of odorant solu-Vector Construction
tions dissolved in CD293 and incubated for 10 hr (for experimentscDNAs were amplified from olfactory epithelium cDNA using Hot-
shown in Figures 5B and 5C) or 4 hr (for experiments shown instarTaq DNA polymerase (Qiagen) or KOD DNA polymerase (To-
Figures 5D and 6) at 37�C. We followed the manufacturer’s protocolyobo/Novagen) and subcloned into pCI expression vectors (Pro-
for measuring luciferase and Renilla luciferase activities. Lumines-mega). OR open reading frames were amplified from genomic DNA
cence was measured using Wallac Victor 1420 (Perkin-Elmer). Nor-of C57BL6 (MOR203-1 and S46), 129 (S18), or DBA2 (olfr62, S6/S79,
malized luciferase activity was calculated as [Luc (N) 	 Luc (0)]/RLS50, MOR23-1, MOR31-4, MOR31-6, MOR32-5, and MOR32-11) and
(N), where Luc (N) � luminescent count of a certain well; Luc (0) �subcloned into pCI containing Rho-tag.
luminescent count without odorant for each OR; and RL (N) � lumi-
nescent count of Renilla luciferase of each well.Cell Culture and Immunocytochemistry

293T cells were maintained in minimal essential medium containing
cAMP Assay10% fetal bovine serum (M10). Lipofectamine 2000 (Invitrogen) was
Cells were plated onto 24- or 96-well plates. cDNA was transfectedused for transfection. In live cell staining, 16 hr after transfection,
into Hana3A or HEK293-Tcells. After transfection (15 hr), the cellscells were incubated in M10 containing anti-rhodopsin antibody,
were incubated in CD293 for 2 hr and exposed to odorant chemicals4D2 (Laird and Molday, 1988), and 15 mM NaN3 at 4�C for 1 hr. After
or isoproterenol in MEM containing 10 mM HEPES, 100 �M ascorbicwashing, cells were incubated with Cy3-conjugated anti-mouse IgG
acid, and 500 �M IBMX for 5 min. We used cAMP-Screen Direct(Jackson Immunologicals), washed, and mounted. For FACS analy-
System (Applied Biosystems) to measure the cAMP levels and Bio-sis, we used 4D2 and PE-conjugated anti mouse IgG (Jackson Im-
Rad Protein Assay (Bio-Rad) to measure the protein concentration.munologicals) to monitor the Rho-tagged receptor expression. Anti
As a control experiment, 10 �M of forskolin was applied to controlHA rabbit antibodies (Sigma) and Alexa 488-conjugated anti rabbit
wells for 5 min, and cAMP production was measured. We observedIgG (Molecular Probes) were used to stain the HA-�2AR. To establish
no significant differences in the two cell lines. Prism (Graphpad)the Hana3A cells, 1 ug/ml of puromycin was used for selection.
was used for data analysis.Ninety-six colonies were picked and assayed using luciferase assay

with OREG.
Chemicals
All odorants were purchased from Sigma except octanoic acid fromAnalysis of RTPs and REEPs
Calbiochem. The chemicals used in finding cognate ligands forFor prediction of signal peptide and transmembrane regions of RTPs
MOR203-1 and olfr62 are in the Supplemental Data.and REEPs, we used SignalP (Nielsen et al., 1997) and TMHMM

(http://www.cbs.dtu.dk/services/TMHMM/), respectively. In order to
create a phylogenetic tree, we used ClustalW. Acknowledgments
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