
Comparison of Odorant Specificity of Two Human Olfactory Receptors
from Different Phylogenetic Classes and Evidence for Antagonism
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Abstract

Humans are able to detect and discriminate myriads of odorants using only several hundred olfactory receptors (ORs) classified in
twomajor phylogenetic classes representing ORs from aquatic (class I) and terrestrial animals (class II). Olfactory perception results
in a combinatorial code, in which one OR recognizes multiple odorants and different odorants are recognized by different com-
binations of ORs. Moreover, recent data suggest that odorants could also behave as antagonists for other ORs, thus making the
combinatorial codingmore complex. Herewe describe the odorant repertoires of two humanORs belonging to class I and class II,
respectively. For this purpose, we set up an assay based on calcium imaging in which 100 odorants were screened using air-phase
odorant stimulation at physiological doses. We showed that the human class I OR52D1 is functional, exhibiting a narrow rep-
ertoire related to that of its orthologous murine OR, demonstrating than this human class I OR is not an evolutionary relic. The
class II OR1G1 was revealed to be broadly tuned towards odorants of 9–10 carbon chain length, with diverse functional groups.
The existence of antagonist odorants for the class II OR was also demonstrated. They are structurally related to the agonists, with
shorter carbon chain length.
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Introduction

All living organisms, including human beings, are able to de-

tect and discriminate myriads of structurally diverse odor-

ants. This chemosensory function is mediated by olfactory

receptors (ORs) embedded in the plasma membrane of the

olfactory neurons located in the olfactory epithelium. It is
generally accepted that perception of odorant quality results

in a combinatorial code, in which one OR recognizes multi-

ple odorants and different odorants are recognized by differ-

ent combinations of ORs (Duchamp-Viret et al., 1999;

Malnic et al., 1999). However, recent data have revealed

an additional aspect in receptor coding for the perception

of odorant mixtures demonstrating that odorants could

act both as agonist for some ORs and as antagonist for
others (Duchamp-Viret et al., 2003; Araneda et al., 2004;

Oka et al., 2004). This dual agonist/antagonist combinatorial

coding is in good agreement with behavioral and psycho-

physical observations of mixture perception, designated as

odor masking or counteraction phenomenon (Laing and

Francis, 1989; Cometto-Muniz et al., 1999).

ORs belong to the G-protein coupled receptors family and

are encoded by an exceptionally large multigene family.

Analysis of the human genome draft sequences has revealed

;650 human OR genes with 350 potentially functional genes

(Glusman et al., 2001; Zozulya et al., 2001; Malnic et al.,

2004). The human OR genes, like those of other mammals,

were classified according to class I (fish-like) ORs, originally
identified in fish (Ngai et al., 1993), and class II (terrestrial-

type) ORs, subsequently found in vertebrate species to be

intermixed with class I ORs (Freitag et al., 1995). Class I

ORs were initially suggested to be evolutionary relics in

humans (Buettner et al., 1998; Bulger et al., 1999). However,

the pseudogene fraction among the human class I ORs

(52%), considerably lower than that observed for human

class II ORs (77%) (Glusman et al., 2001), strengthens the
idea than human class I receptors could be functional.

Due to the difficulty to functionally express ORs in hetero-

logous cells, identification of OR repertoires have been

obtained for only a few rodent ORs, all belonging to class

II (Krautwurst et al., 1998; Touhara et al., 1999; Gaillard

et al., 2002, 2004; Oka et al., 2004). Only one narrowly tuned

human class II (OR17-40) has been shown to recognize

helional and other close structurally related odorants
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(Wetzel et al., 1999). To our knowledge, no functional data

are yet available on human class I ORs. However, using

a combination of calcium imaging and single-cell reverse

transcriptase-polymerase chain reaction (RT-PCR), Malnic

and colleagues have shown that mouse olfactory neurons
expressing class I ORs were capable of responding to ali-

phatic alcohols and carboxylic acids (Malnic et al., 1999).

In the present work, we set up a new method of odorant

application called volatile-odorant funtional assay (VOFA),

which permits to stimulate cells with odorant as vapor phase

(Figure 1A). This mode of odorant delivery permits (i) the

avoidance of tubing that can be irreversibly contaminated

by applying sticky odorants to the bath; ii) the avoidance
of mechanical disturbances of the cells that may occur during

a perfusion of the bath chamber, which may lead to signal

artifacts; iii) the avoidance of problems of laminar flow in

the bath chamber often designed rather simple; and (iv)

the study of the functional role of odorant-binding protein

as an odorant carrier to ORs. However, VOFA presents also

major disadvantages: (i) cell stimulation is not synchronized

forbiding a simple averaging of the signals of single cells;
(ii) the amount of odorant corresponding to the physio-

logical range and reaching cells cannot be known; and (iii)

desensitization experiments and wash-out of odorants is

not possible.

Using VOFA, we established the odorant repertoire of two

human ORs. The class I OR52D1 was chosen because it is

the ortholog of the known mouse OR S19 (Genbank acces-

sion number AF121976), for which some ligands have been
described (Malnic et al., 1999), whereas the class II OR1G1

was studied because it has been proved to be expressed in

nasal epithelium (Matarazzo et al., 2002). We compared

OR52D1 and OR1G1 repertoires and identified antagonists

for OR1G1.

Materials and methods

Materials and reagents

Odorants were purchased from Sigma-Aldrich, Fluka or

Acros Organics (Noisy-le-Grand, France) at the highest pur-

ity available. Odorant solutions were prepared as 100 mM

stocks in 100% MeOH (Spectroscopic grade; Sigma) and
stored at �20�C. Individual odorants and mixtures were

made up fresh by dilutions of stock solutions to the final

working solution in 100%MeOH. ATP was purchased from

Sigma.

Vector constructions

For construction of a selectable plasmid expressingGa16 pro-

tein subunit,Ga16 cDNA (kindly provided byD.Krautwurst,

German Institute ofHumanNutrition,Bergholz-Rehbrücke,
Germany) was amplified by PCR using the following specific

primers: 5#-GCGGGCAAGCTTATGGCCCGCTCGCT-

GACC-3# and 5#-GCGCGCCTCGAGTCACAGCAGG-

TTGATCTC-3#, and subcloned between the restriction

sites HindIII and XhoI of pcDNA3.1/Hygro(+) mammalian

expression vector (Invitrogen) generating the pcDNA3.1/

HygroG16 plasmid. In order to help ORs to translocate to

theplasmamembrane,weusedachimericORexpressioncon-
struct engineeredwith a rhodopsinamino-terminal extension.

A PCR fragment containing the first 108 nucleotides of the

coding region of bovine rhodopsin [amplified by PCR from

YOPS-PHIL-S1 vector (Abdulaev et al., 1997), kindly pro-

vided by K.D. Ridge, Center for Advanced Research in Bio-

technology, Rockville,MD] was digested byBamHI andPstI

and introduced into mammalian expression vector pCMV-

Tag3 (Stratagene, Saint-Quentin-en-Yvelines, France). The
resulting vector (pCMV-RhoTag)was used as a cassette to in-

troduceORgenes. Rat rIC6 gene was amplified by PCR from

rat genomic DNA (Novagen, Fontenay-sous-Bois, France)

using specific primers designed from mouse mIC6 sequence

(Krautwurstetal., 1998):5#-CCAGGAGAATTCGCGAAC-

AGCACTACTGTTACTGAGTTTATTTTGCTGGGG-3#
and 5#-CCCGGGGAGCTCAGTGCAGACCGACTTG-

AAAACCTTGAACGA-3#. OR52D1 and OR1G1 genes
[HumanOlfactory ReceptorData Exploratorium (HORDE)

classification, Genbank accession numbers BD144374 and

AX377081, respectively] were amplified by PCR from human

genomicDNA(Novagen,Fontenay-sous-Bois,France)using

the OR52D1 specific primers (5#-CCAGGAGAATTCT-

CAGATTCCAACCTCAGTGATAACCATCTTCCAGA-

CACC-3# and 5#-CCCCTCGAGTCATATTGAAGTCTT-

CCCCAGGTGAAGCAGTTT-3#) and OR1G1 specific
primers (5#-CCAGGAGAATTCGAGGGGAAAAATCT-

GACCAGCATCTCAGAATGTTTCCTC-3#and5#-GGG-

CCCCTCGAGCTAAGGGGAATGAATTTTCCGAAC-

CCA-3#). The PCR fragments were subsequently cloned into

pCMV-RhoTag using EcoRI and XhoI restriction sites.

The resulting vectors (pCMV-RhoTagrIC6, pCMV-

RhoTagOR1G1 and pCMV-RhoTagOR52D1) encode the

10-amino acid c-myc epitope in frame with the first 36 amino
acids of bovine rhodopsin joined to the full-length cDNAs

of rIC6, OR52D1 and OR1G1. The b2-adrenergic receptor

(b2-AR) was subcloned into pCMV-Tag3 vector generating

the pCMV-Tagb2 plasmid.

Cell culture and transfection of HEK293 cells

HEK293 cells (Human Embryo Kidney cells) and HEK293

derivatives that stably express Ga16 and/or ORs were cul-

tured in Minimum Essential Medium (GIBCO, Invitrogen

Corporation, Cergy-Pontoise, France) supplemented with

10% fetal bovine serum (Eurobio, Les Ulis, France), 2 mM

L-glutamine (GIBCO, Cergy-Pontoise, France) and Eagle’s

non-essential amino acids (Eurobio, Les Ulis, France) at

37�C in a humidified incubator with 5% CO2. HEK293 cells
were stably transfected with pcDNA3.1/HygroG16 plasmid

using LipofectamineTM 2000 (Invitrogen Life Technologies,

Cergy-Pontoise, France) according to the manufacturer
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instructions.Forty-eighthoursafter transfection,Ga16-express-

ingHEK293 cellswere selectedby treatmentwith 300lg/mL

hygromycin B (Sigma). rIC6-, OR1G1- and OR52D1-

expressing stable cell lines were generated by transfecting

pCMV-RhoTagrIC6, pCMV-RhoTagOR1G1 and pCMV-
RhoTagOR52D1 vectors into HEK293 cells or Ga16-

expressing HEK293 cells. Stable cells expressing ORs

were selected with 1 mg/ml neomycin (Sigma) and frozen

in several cryovials in order to use the same cell batches over

the study. All cells used were <10 passages.

Confocal immunofluorescence microscopy

Twenty-four hours after transfection, cells transiently trans-

fected with pCMV-Tagb2, pCMV-RhoTagrIC6, pCMV-

RhoTagOR1G1 and pCMV-RhoTagOR52D1 were plated

on poly-L-lysine-coated 96-well tissue-culture plate (lClear,
Greiner Bio-one, Poitiers, France). After an additional 24 h,

living cells were rinsed twice with calcium assay buffer

[Hanks’ salt solution (Eurobio, Les Ulis, France) supple-

mented with 20 mM HEPES, pH 7.2] and incubated with

monoclonal anti-c-myc–Cy3 conjugate antibody (Sigma)

for 1 h at room temperature at 1:100 dilution in calcium as-

say buffer. Cells were washed three times with calcium assay

buffer and scanned with a Zeiss LSM 510 laser scanning con-
focal microscope.

Calcium imaging

HEK293 derivative cells were seeded onto a poly-L-lysine-

coated 96-well tissue culture plate (lClear, Greiner Bio-

one, Poitiers, France), at a density of 1 · 105 cells per well.

Twenty-four hours post-seeding, cells were washed once

with calcium assay buffer. Cells were loaded 30 min at 37�C
with 2.5 lM of the Ca2+-sensitive fluorescent dye Fluo-4

acetoxymethyl ester (Molecular Probes, Leiden, The Nether-

lands), prepared in calcium assay buffer supplemented with
0.025%(w/v) pluronic acid (F-127,MolecularProbes,Leiden,

TheNetherlands)and0.1%(w/v)bovine serumalbumin.Cells

werewashed twicewith calciumassay buffer and the resulting

volumeofassaybuffer covering cellswas60ll.Cellswere then
incubated for10minat37�Cin the incubatorand10min in the

dark at 28�C. Calcium imaging was carried out at room tem-

perature using an inverted epifluorescencemicroscope (CK40

Olympus, Rungis, France) equipped with a digital camera
(ORCA-ER, Hamamatsu Photonics, Massy, France). Ca2+

reponses were recorded under ·10 magnification at 485 nm

excitation and 510 nm emission wavelengths. Images were

taken every second during 10min using a bining ·4. The Sim-

plePCI software (Hamamatsu, Compix, Massy, France) was

used for data acquisition and analysis. The Ca2+ signal was

expressed as fractional change in fluorescence light intensity:

DF/F = (F� F0)/F0, where F is the fluorescence light intensity
at each point and F0 is the value of emitted fluorescent light

before the stimulus application. Increased receptor activity in

Ga15/16-based assays is reflected not only in increased magni-

tude of the calcium responses of individual cells but also in

increased number of responding cells (Li et al., 2002). There-

fore, we quantitated OR activity by counting the number of

responding cells.Cells were counted as responderswhenDF/F
change was at least twice the baseline DF/F fluctuation. For
data analysis, Ca2+ cell response refers to the percentage of

responding cells normalized to those responding to the appli-

cation of 100lMATPinafieldof;400cells.ATPwasapplied

at the end of each experiment with a micropipette at 100 lM.

ATPwasusedasa control for the ability of cells toproduce cal-

cium responses because it stimulates HEK intrinsic purinergic

receptors coupled to the inositol 1,4,5-triphosphate (IP3)

pathway via endogenous G proteins. Isoproterenol (10 lM)
was manually applied like ATP and used as a control for

Ga16-expressing cells because it stimulates HEK293 endogen-

ous b2-adrenergic receptors. The Ca2+ response induced

by isoproterenol in HEK cells is dependent on cotransfection

with the Ga16 subunit (Krautwurst et al., 1998). We observed

that the number of Ga16-expressing cells responding to iso-

proterenol was ;90% of cells responding to ATP. Odorants

were tested at concentrations that do not elicit calcium re-
sponses from mock-transfected Ga16-expressing cells. Since

cells were not clonally derived and OR or Ga16 expression

could vary over time, we also controlled that the number of

responding cells to a given odorant was constant over ten cell

passages. All experiments were made at least twice to ensure

result validity.

Agonist and antagonist screening using volatile-odorant

functional assay (VOFA)

Agonist and antagonist screening was achieved using VOFA,

which permits to stimulate cells with odorant as vapor phase

(Figure 1A). Experiments were conducted with cells seeded in

96-well tissue-cultureplate coveredwith60ll of calciumassay

buffer, corresponding to a 1.5mmheight of liquid in thewells.

Plate was sealed with a transparent adhesive plastic film

(Viewseal, Greiner Bio-one, Poitiers, France). Odorants were

diluted into100%MeOH,atconcentrationsrangingfrom0.01
to 100lM.The plastic filmwas pierced using a syringe needle.

Using a 10 ll Hamilton syringe, a 1 ll drop ofMeOH diluted

odorantwas introduced in the sealedwell andhangedbeneath

the inner faceof theplasticfilm.The tinyholewas thenfilledup

usingvacuumgreaseandcalciumimagingstarted.TheMeOH

drop evaporated freely in a few seconds, leading to a progres-

sive stimulation of cells. ATP was applied at the end of each

experimentat100lMtoensurecell viability.Whenantagonist
odorants were screened, agonist and antagonist were mixed

into MeOH and co-applied as a 1 ll drop.

Results

Set up of the VOFA

Calcium imaging of transfected mammalian cells was shown

to be an efficientmethod to study functionally expressedORs

Agonists and Antagonists for Two Human ORs 71
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Figure 1 Introduction to the assay and OR responses. (A) Schematic drawing of the VOFA used for odorant stimulation. Cell seeded in a 96-well tissue culture
plate were loaded with Ca2+-sensitive dye and covered with 60 ll of calcium assay buffer. Wells were sealed with a transparent adhesive plastic film. MeOH
diluted odorant was applied using a 10 ll Hamilton syringe as a 1 ll drop hanging beneath the inner face of the plastic film. TheMeOH drop evaporated freely in
a few seconds, leading to progressive stimulation of cells with odorant as vapor phase. (B) Odorant-induced Ca2+ responses of rIC6 using VOFA. HEK293 cells
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(Krautwurst et al., 1998; Touhara et al., 1999; Wetzel et al.,

1999; Kajiya et al., 2001; Gaillard et al., 2002, 2004; Oka

et al., 2004). Because some odorants were recently shown to

act as OR antagonists (Araneda et al., 2000; Spehr et al.,

2003;Okaetal.,2004),weaimedat testingORactivationusing
single odorants, avoiding mixtures. In contrast to previously

published studies (Krautwurst et al., 1998; Gaillard et al.,

2002,2004;Katadaetal., 2003;Okaetal., 2004) inwhichodor-

ants were applied as solutions perfused onto cultured cells,

wedesignedavolatile-odorant functionalassay (VOFA).This

assay allows delivering odorants as vapor phase (Figure 1A).

We set up the systemwith rIC6, a ratORorthologous to the

murine OR mIC6 (sharing 95% amino-acid sequence iden-
tity). mIC6 is known to be activated by (�)-citronellal in

HEK293 cells co-transfectedwith thepromiscuousGprotein,

Ga16, which couples the receptor to an IP3-mediated signal-

lingcascade leadingtoanincrease in intracellularcalciumlevel

(Krautwurst et al., 1998). Using rIC6/Ga16-stably expressing

HEK293 cells, we revealedORactivation using Fluo-4 as cal-

cium sensitive fluorescent probe. (�)-Citronellal was applied

diluted in a 1 ll MeOH drop, at a concentration of 100 lM.
The hanging drop freely evaporated in a few seconds, leading

to a progressive stimulation of up to 20% of cells, measured

during a 10min recording period. Observation of time-course

activation of single rIC6/Ga16-expressing cells stimulated

with (�)-citronellal showed asynchronous Ca2+ activations

after a lag-phase of severalminutes (Figure 1B-1). As control,

MeOH without odorant was unreactive on rIC6/Ga16-

expressing HEK293 cells (Figure 1B-2). Moreover, no
Ca2+ response was observedwhen (�)-citronellal was applied

onGa16-expressing cells, even at 1mMconcentration in a 1 ll
drop (Figure 1B-3). Localization of rIC6 at the plasma mem-

brane was demonstrated by immunofluorescence staining

with anti-c-myc antibody (raised againstN-terminal extracel-

lular myc epitope) on non-permeabilized cells transiently

transfected, with b2-adrenergic receptor as the control. The

immunofluorescence signal was clearly observed for both
receptors at the plasma membrane, delimiting a typical ring

of labeling around the cell surface (Figure 1E).

Similar results were observed with both studied human

ORs (Figure 1C–E). The class I receptor OR52D1 and class

II receptor OR1G1, cloned from human genomic DNA,

modified with the rhodopsin N-terminal end, were independ-

ently used to create stable cell lines co-expressing Ga16-

protein. Stimulation of both cell lines with odorants elicited

an increase in intracellular Ca2+ level. As shown in Figure

1C-1,D-1, OR1G1/Ga16- and OR52D1/Ga16-expressing cells

responded to a 1 ll drop of 10 lM nonanal and 10 lM
methyl octanoate, respectively. Control cell lines, deprived

of OR gene, but expressing Ga16 protein, were not responsive
to either odorant (Figure 1C-2,D-2). We also tested whether

OR responses were dependent on co-expression of Ga16-

protein. For bothORs, no Ca2+ response was observed in ab-

sence of Ga16, demonstrating that Ga16 protein is essential to

couple ORs to the IP3 pathway in HEK293 cells (Figure 1C-

3,D-3). To determine whether odorant-induced Ca2+ cell

responses were dose dependent, we stimulated OR1G1/

Ga16-expressing cells with nonanal diluted in a 1 ll MeOH
drop, at concentrations ranging from 0.01 to 100 lM (Figure

2A). As shown by Li et al. (2002), we observed that increased

ligand concentration resulted not only in increased magni-

tude of the calcium responses of individual cells but also

in increased numbers of responding cells (Figure 2B,C).

Therefore, we quantitated OR activity by counting the num-

ber of responding cells. We also verified that the number of

responding cells to a given odorant did not vary significantly
over 10 cell passages. As soon as a strong ligand was iden-

tified for each OR studied (nonanal andmethyl octanoate for

OR1G1 and OR52D1, respectively), all other odorants were

tested using these odorants as positive controls. Before test-

ing odorant molecules, we verified that control cell lines, de-

prived of OR gene but expressing Ga16 protein, were not

responsive to odorants at concentrations ranging from 10

lM to 1 mM in a 1 ll drop. Ninety-five compounds among
103 chemicals tested did not elicit Ca2+ response in these con-

trol cells and were used in this study, while eight (citronellol,

linalool, 2-phenyl ethanol, eugenol, dimetol, a-pinene, lilial
and 2,4-dithiopentane) were excluded because they induced

non-specific Ca2+ responses (data not shown). Considering

that high odorant concentration in the drop (>1 mM

for most odorants, and >100 lM for others) also induced

non-specific Ca2+ responses, cells were stimulated with
10 lM odorant concentration in a 1 ll drop.

Identification of odorants activating OR1G1, a class II

human receptor

Odorants were tested individually to avoid any inhibitory ef-

fect on OR1G1/Ga16-expressing cells at a concentration of
10 lMin a 1 ll drop.We found that various odorants belonging

co-expressing rIC6 and Ga16 were stimulated with a 1 ll drop of 100 lM (-) citronellal (1) or MeOH alone (2). Ca2+ responses were recorded during 10 min and
are shown as fluorescence intensity changes (DF/F). As a control, Ga16 expressing HEK293 cells without OR were stimulated with 1 ll drop of 1 mM (-) citronellal
(3). At the end of each experiment, ATP (100 lM) was applied to verify cell viability. The curves are representative Ca2+ responses of nine responsive single cells
out of 81 within the same camera field. (C) Representative Ca2+ response profiles of cells expressing OR1G1 and Ga16 (1), Ga16 alone (2) and OR1G1 alone (3)
stimulated with a 1 ll drop of 10 lM nonanal. (D) Representative Ca2+ response profile of cells expressing OR52D1 and Ga16 (1), Ga16 alone (2) and OR52D1
alone (3) stimulatedwith a 1 ll drop of 10 lMmethyl octanoate. At the end of each experiment, ATP (100 lM)was applied to verify cell viability. Data are shown
as fluorescence intensity changes (DF/F). The curves are representive Ca2+ responses of 7–11 responsive HEK293 cells within the same camera field. (E)Confocal
microscopic images of non-permeabilized HEK293 cells transiently expressing b2-AR, rIC6, OR1G1 and OR52D1. Receptors were visualized at the plasma
membrane by immunofluorescence using anti-c-myc antibody.
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to different chemical classes differently elicited OR1G1 Ca2+

responses. We classified odorants according to the percent-

age of responding cells: strong agonists elicited a response in

>15% of cells, medium agonists 10–15% of cells, and weak

agonists 5–10% of cells. Finally, because Ga16-expressing
cells showed nonspecific Ca2+ responses ranging from 1 to

2% of cells, odorants eliciting <5% of cells were considered

as non-agonist. As illustrated in Figure 3, most active odor-

ants (i.e. strong and medium agonists) are 8-, 9- and 10-

carbon molecules, with an optimum for 9-carbon length.

As regards chemical functions, among the five strong ago-

nists which exhibited aliphatic chains, we found two alcohols

(2-ethyl-1-hexanol, 1-nonanol), one ester (ethyl isobutyrate),
one lactone (c-decalactone) and one aldehyde (nonanal).

Among medium agonists, we also observed thioesters,

ketones, one aliphatic acid, and diverse cyclic molecules such

as pyrazines and thiazols. It is worth emphasizing that ali-

phatic molecules with a same function exhibited a critical

size, 9 carbons for aldehydes, ketones and alcohols, and

10 carbons for aliphatic acids. In contrast to aliphatic com-

pounds, some cyclic molecules with 11 or more carbons were
observed as medium agonists (trans-anethol, piperonyl acet-

one, lyral and hedione). The position of the functional group

in aliphatic molecules was not essential for OR1G1 elicit-

ation, except for 9-carbon alcohols since 1-nonanol was far

more active than 2-nonanol.

OR1G1 dose–response relationships were studied with

a strong elicitor (nonanal), a medium agonist (decanoic

acid), and a weak agonist (1-hexanol), applying odorants
at concentrations ranging from 0.01 lM to 100 lM in the

1 ll drop. As shown in Figure 2C, Ca2+ responses increased

with odorant dose and reached a plateau at 10 lM with

nonanal. While decanoic acid did not elicit a saturable re-

sponse at a concentration of 100 lM, 1-hexanol elicited only

a weak response even at a concentration of 100 lM.

Comparison of OR52D1 (class I) responses with OR1G1 (class II)

OR52D1/Ga16-expressing cells were tested with the same
odorants as OR1G1/Ga16-expressing cells. Figure 3 shows

that Ca2+ responses of OR52D1/Ga16-expressing cells are

globally weaker than those of OR1G1/Ga16-expressing cells.

The best OR52D1 Ca2+ response, obtained with an ester

(methyl octanoate), was only in the medium range. While

most alcohols induced OR1G1 responses, only some of them

were able to weakly activate OR52D1. Conversely, OR52D1

Ca2+ responses were elicited by most of acids, while OR1G1

Figure 2 Dose responses for OR1G1. (A) HEK293 cells co-expressing Ga16

andOR1G1were stimulatedwithnonanal at concentrations of 0.01, 0.1, 1, 10
and100lMin1ll drop.Dataare shownasfluorescence intensity changes (DF/
F). The curves are representative Ca2+ responses of 4–7 responsive HEK293
cells within the same camera field. (B) Dose–response curve of OR1G1 for
nonanal. The data are shown as the average of Ca2+ response magnitudes

of the responding cells recorded during 10 min. Bars indicate standard devi-
ation (three independent experiments). (C) Dose–response curves of OR1G1
for nonanal (circles), decanoic acid (squares) and 1-hexanol (triangles). Ca2+

responses were recorded during 10 min. Data are shown as the number of
responding cells normalized as percentage of cells responding to 100 lM
ATP. Bars indicate standard deviation (three independent experiments).
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Figure 3 Comparison of OR1G1 and OR52D1 responses to various odorants using calcium imaging. HEK293 cells co-expressing OR1G1/Ga16 or OR52D1/
Ga16 were stimulated using VOFA with odorants, applied as a 1 ll drop at 10 lM, which freely evaporated in the well. The data are shown as the number of
responding cells normalized as a percentage of cells responding to 100 lM ATP. Greyed and open bars are used for OR1G1 and OR52D1, respectively. Bars
indicate standard deviation of three independent experiments.
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is only activated by two of them. In contrast to OR1G1,

OR52D1 was revealed not tuned toward odorants sharing

a common chain length. However, the chemical functions

appeared to be important for OR52D1 activation, which

is better activated by acids, aldehydes, ketones and esters
than alcohols or pyrazines. The position of the functional

group was not critical for OR52D1. For instance, equivalent

responses were observed with ethyl heptanoate and methyl

octanoate, and with 1-nonanol and 2-nonanol. Nevertheless,

3-nonanone and 3-octanone were both active whereas 2-

nonanone and 2-octanone were inactive.

OR1G1 antagonists

Studying OR1G1 responses, we observed that co-applications

of equimolar odorant mixtures were less active than pure

odorants applied at an identical concentration. For instance,

the mixture made of 1-hexanol, 1-octanol, 1-nonanol, 2-

nonanoland1-decanol elicitedaweakOR1G1Ca2+ response,

while 1-nonanol alonewas classified as a strong agonist. Simi-
larly, the aldehyde mixture composed of hexanal, heptanal,

octanal, nonanal, decanal, undecanal and dodecanal was

far less active onOR1G1 thannonanal alone (strong agonist).

By testing odorant couples, we found that 1-hexanol and

hexanal, weak agonists by themselves, were the only

OR1G1 antagonists present in alcohol and aldehyde mix-

tures, respectively (Figure 4A,B). We also observed that 1-

nonanol-induced Ca2+ responses were significantly inhibited
by hexanal (Figure 4A-3) and, reciprocally, nonanal-induced

Ca2+ responses were inhibited by 1-hexanol (Figure 4B-2).

Moreover, 1-hexanol and hexanal inhibited OR1G1 Ca2+

responses elicited by the two other strong agonists, ethyl iso-

butyrate and c-decalactone (data not shown). Looking

for other C6 compounds as antagonists, we tested hexanoic

acid andcyclohexanone (bothnon-agonistmolecules) against

c-decalactone as elicitor (Figure 4C). Whereas hexanoic acid
had no appreciable antagonist effect (Figure 4C-2), cyclohexa-

none also inhibited OR1G1 c-decalactone-induced Ca2+

responses (Figure 4C-3). The dose–response effect was inves-

tigated usingmixtures of cyclohexanone and c-decalactone at
different ratios. Figure 4D illustrates that cyclohexanone di-

minished c-decalactone-induced OR1G1 Ca2+ responses in

a dose-dependent manner. Cyclohexanone effect was the

stronger so its concentration was higher and c-decalactone
concentration lower. In order to exclude the possibility that

the inhibitory effect was due to a nonspecificic effect on the

transduction cascade, we stimulated the endogenous puriner-

gic receptors of OR1G1/Ga16-expressing cells with ATP,

which activates the IP3 pathway. The same Ca2+ responses

were measured (data not shown) whether in the absence or

presence of 1-hexanol and hexanal. Interestingly, methyl

octanoate-induced Ca2+ responses of the other OR studied
(OR52D1) were inhibited by neither 1-hexanol (Figure 4E)

nor hexanal (data not shown), which showed that antagonist

effect is OR specific.

Discussion

Human OR odorant repertoires have been described for two

class II ORs (Wetzel et al., 1999; Spehr et al., 2003) whereas

no functional data have been reported for any human class I

OR. However, class I ORs have already been shown to be

functional in mouse (Malnic et al., 1999). Analysis of the

human genome showed that class I OR genes surprisingly

comprise only a few pseudogenes, suggesting that fish-like

ORs assume an essential role in human olfactory sensing

(Glusman et al., 2001). We then compared the odorant rep-

ertoires of human ORs from both classes.

Functional analysis of the ORs was performed using the

fluorescence-based assay VOFA, which involved modified

HEK293 cells stimulated with odorants applied as a vapor.

This simple mode of odorant delivery avoids all the problems

encountered with perfused cells. However, one limitation of

this odorant stimulation is the inability to know precisely

the actual amount of odorant reaching the OR, impeding

the determination of IC50 values. Morever, given the air:

water partition coefficients for differents odorants applied

at the same concentration in MeOH, cells were stimulated

with different odorant concentrations. The odorant amount

applied was minimized to clearly differentiate OR odorant

responses. Odorants elicited Ca2+ responses at concentra-

tions reaching the cells ranging from 10�8 to 10�6 M in

a dose-dependent way. These doses are low compared with

those used in most studies in which odorants were delivered

by perfusion of solutions, which ranged from 10�6 to 10�3 M

(Krautwurst et al., 1998; Wetzel et al., 1999; Gaillard et al.,

2002, 2004; Katada et al., 2003). Stimulations with higher

odorant concentrations did not improve Ca2+ responses,

eliciting nomore than 20% of cells. This low number is prob-

ably due to inefficient Ga16-protein coupling or poor OR tar-

geting to the plasma membrane, as already demonstrated for

other ORs (Gimelbrant et al., 2001; Lu et al., 2004). How-

ever, Lu et al. (2004) have recently reported that ORs can be

functionally expressed in HEK293 cells although ORs could

not be visualized at the plasma membrane. They also men-

tioned that deltaF508 cystic fibrosis transmembrane regula-

tor functionality was demonstrated by electrophysiological

analyses while its membrane expression could not be ob-

served. Recently, Hague et al. (2004) have reported that

M71 OR surface expression in HEK293 cells is promoted

by co-expression with b2-adrenergic receptor (b2-AR). As

they observed for rat I7 or human OR17-40, we found that

b2-AR was unable to promote cell-surface expression of

rIC6, OR1G1 and OR52D1 (data not shown).

Functional analysis of OR1G1 revealed 59 agonists. Five

of them were observed to be strong, 21 medium and 33 weak,

suggesting that this OR is broadly tuned toward odorants

belonging to different chemical classes. Such data for a

human heterologously expressed OR is in agreement with

vertebrate neuron activations (Duchamp-Viret et al., 1999;

Malnic et al., 1999; Araneda et al., 2000; Ma and Shepherd,
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2000), glomerular activations (Rubin and Katz, 1999;

Uchida et al., 2000; Leon and Johnson, 2003; Xu et al.,
2003) and mitral cell recordings (Mori et al., 1999). Such a

broad repertoire was not reported for the only class II human

OR so far studied, OR17-40 (Wetzel et al., 1999), and a class

II human testicular OR (Spehr et al., 2003) suggesting that

broad tuning is not a general feature of ORs. However, it is

worth noticing that these authors did not couple ORs with

the IP3 pathway using an efficient promiscuous Ga protein,

which we found to be compulsory for OR1G1 and OR52D1,
as also reported for numerous rodent ORs (Krautwurst

et al., 1998; Touhara et al., 1999; Gaillard et al., 2002). Con-

sidering strong and medium OR1G1 agonists, their chemical

function did not appeared to be a decisive criterium for their

agonism (except acids, which were only weak activators), but
their size was of prime importance, whatever aliphatic or cyc-

lic molecules involved (Figure 5). Such an observation has

been reported for neuron and glomerular activation (Kaluza

and Breer, 2000; Johnson et al., 2002; Xu et al., 2003). The

position of the functional group in aliphatic molecules was

not essential for OR1G1 agonists, except 9-carbon alcohols

like 1-nonanol, which was far more active than 2-nonanol.

This suggests that OR1G1 binding pocket exhibits a critical
size and that odorant interaction relies on hydrophobic

forces within the binding site, not reinforced by amino-acid

side chain interactions.

Figure 4 AntagonismofORodorant responses. (A) Inhibitionof1-nonanolOR1G1activationby1-hexanolandhexanal.VOFAstimulationwith1-nonanolalone
(1), 1-nonanol mixed with 1-hexanol (2) and 1-nonanol mixed with hexanal (3). 1-Nonanol and 1-hexanol (or hexanal) were mixed in 100% MeOH at a final
concentration of 10 and100lM, respectively. Ca2+ responseswere recordedduring 10min and are shownas fluorescence intensity changes (DF/F). (B) Inhibition
of nonanal OR1G1 activation by 1-hexanol and hexanal. VOFA stimulation with nonanal alone (1), nonanal mixed with 1-hexanol (2) and nonanal mixed
with hexanal (3). Same conditions as for (A). (C) Inhibition of c-decalactone OR1G1 activation by hexanoic acid and cyclohexanone. VOFA stimulation with
c-decalactone alone (1), c-decalactone mixed with hexanoic acid (2) and c-decalactone mixed with cyclohexanone (3). Same conditions as for (A). (D) Cyclo-
hexanonedose-dependent inhibitionofOR1G1activatedbyc-decalactone.OR1G1stimulatedwith cyclohexanonealone (diamonds),mixedwith1lM(squares),
10 lM(triangles) and 100lM (circles) c-decalactone. c-Decalactone and cyclohexanoneweremixed in 100%MeOHand applied as a 1 ll drop using VOFA. Data
are shown as the number of responding cells normalized as a percentage of the cells responding to 100 lM ATP. Bars indicate standard deviation (three inde-
pendent experiments). (E) Effect of 1-hexanol on OR52D1 activated by methyl octanoate. VOFA stimulation with methyl octanoate alone (1) and mixed with 1-
hexanol (2).Methyl octanoate and 1-hexanolweremixed in 100%MeOHat a final concentration of 10 and 100 lM, respectively. At the end of each experiment,
ATP (100 lM) was applied to verify cell viability. The curves are representative Ca2+ responses of 5–9 responsive HEK293 cells within the same camera field.
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The fish-like OR52D1 receptor was observed to be func-

tional with a more limited repertoire than the class II

OR1G1.We revealed only onemedium agonist (methyl octa-

noate) and 44 weak activators, which were globally different
from OR1G1 agonists. OR52D1 activation was not as size-

dependent as observed with OR1G1, suggesting a different

mode of interaction with its agonists. As regards the lower

odorant-induced Ca2+ responses of OR52D1, this receptor is

either less sensitive, as already demonstrated using olfactory

neurons (Araneda et al., 2004), and/or less efficiently coupled

to the IP3 pathway via Ga16 protein (Kostenis, 2001). One

can remark that OR52D1 odorant spectrum includes the
reported agonists of its murine orthologous OR (S19 sharing

65% amino-acid sequence identity), which was shown to re-

spond to C7–C9 aliphatic acids and alcohols (Malnic et al.,

1999). Similarly, OR912-93 orthologs from different species

(primates, pig and mouse) have been also shown to re-

spond to common odorant molecules (2- and 3-heptanone)

(Gaillard et al., 2004). Moreover, phylogenetic comparison

of human and mouse OR genes has revealed a very similar
overall distribution of ORs, suggesting that they may cover a

close receptor space (Zhang and Firestein, 2002). Our obser-

vation that orthologous ORs between humans and rodents

have similar agonist repertoire supports this hypothesis.

While well documented in other G-protein coupled recep-

tors, antagonists at a receptor level were recently reported for

rodent ORs (Araneda et al., 2000; Duchamp-Viret et al.,

2003; Oka et al., 2004) as well as for human spermatozoa
ORs (Spehr et al., 2003). Here, we found odorants that di-

minish the odorant-induced Ca2+ response of a human class

II OR in a dose-dependent manner. The occurrence of such

odorant antagonists in a mixture hampers the observation of

activators, which casts doubt on studies of OR repertoires

using odorant mixtures (Wetzel et al., 1999; Gaillard

et al., 2002). The identified OR1G1 antagonists were all

6-carbonmolecules (Figure 5), observed tobe eitherweakago-
nists (1-hexanol, hexanal) or a non-agonist molecule (cyclo-

hexanone). Antagonists share a functional group with strong

(alcohol,aldehyde)andmedium(ketone)agonists.Thus,cyclo-

hexanone is close to benzaldehyde and other cyclic molecules

that induce OR1G1 responses. Reciprocally, hexanoic acid

was not an antagonist, just like aliphatic acids were not

strong agonists. The occurrence of common features be-

tween agonists and antagonists has already been reported
(Spehr et al., 2003; Araneda et al., 2004; Oka et al., 2004)

and suggests that odorant antagonists act as competitive

inhibitors for the binding pocket. Such a hypothesis is sup-

ported by the quantitative variation of OR1G1 inhibition at

Figure 5 Structural comparison of OR1G1 ligands and antagonists. Strong agonists (>15% of responding cells) are located in the circle, while medium
agonists (10–15%of responding cells) are outside and gathered by chemical classes. Antagonists are boxed. Arrows outline the chemical relationships between
agonist and antagonist molecules. Peculiar structure features shared by active molecules are also highlighted in grey.
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different agonist and antagonist ratios (Figure 4D). Never-

theless, the determination of IC50 values, critical for distin-

guishing between competitive and allosteric mechanisms,

was not possible using VOFA. On a structural point of view,

since 6-carbon antagonists share functional groups with 9-
carbon agonists, one can speculate that they bind the

OR1G1 odorant pocket at its entry, making interactions

through their chemical function at the entrance of the bind-

ing site. Likely due to a too short chain length, they would

not reach the bottom of the active site, which would be in-

volved in OR signal transduction triggering. A similar hy-

pothesis could account for differences in OR1G1

activation by odorants distinguished by the position of their
functional group on the aliphatic chain (1-nonanol and 2-

nonanol, for instance). This is also in agreement with the

observation that OR1G1 antagonists did not affect agonist-

induced Ca2+ responses of OR52D1, which suggests that

antagonists are receptor specific. Similarly, undecanal, the

antagonist of the human testicular receptor OR17-4 (Spehr

et al., 2003) was unable to inhibit OR1G1 Ca2+ response.

These observations support the hypothesis that olfactory
sensing results from combinatorial coding of both agonists

and antagonists at OR level (Oka et al., 2004), which may

explain changes in perception of odours in a mixture.

In conclusion, the odorant repertoire of two human ORs,

one belonging to class I (fish-like) and the other to class II

(terrestrial-type), established with 100 odorants applied in

their vapor phase, delineated that (i) for the first time, a

human class I OR was observed to be functional with a nar-
row repertoire related to that of its mouse ortholog; (ii) the

class II OR is broadly tuned toward molecules of 9 or 10 car-

bons, with diverse functional groups; and (iii) antagonists

against this latter OR shared common features with agonists

but with a shorter 6-carbon chain length, with a dose-

dependent antagonist effect. Molecular modeling and dock-

ing would direct mutagenesis in order to decipher the 3-D

structure of the binding site, allowing elucidation of the
structure–activity relationships of these human ORs. Such

an approach might help understanding how odorant inhibi-

tion occurs at the first level of sensory detection, which seems

to be a general feature that may be involved in odor masking.
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