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Olfaction plays a critical role in several aspects of the human life. Odorants are detected by
hundreds of odorant receptors (ORs) which belong to the superfamily of G protein-coupled
receptors. These receptors are expressed in the olfactory sensory neurons of the nose.
The information provided by the activation of different combinations of ORs in the nose
is transmitted to the brain, leading to odorant perception and emotional and behavioral
responses. There are ∼400 intact human ORs, and to date only a small percentage of
these receptors (∼10%) have known agonists. The determination of the specificity of the
human ORs will contribute to a better understanding of how odorants are discriminated
by the olfactory system. In this work, we aimed to identify human specific ORs, that is,
ORs that are present in humans but absent from other species, and their corresponding
agonists. To do this, we first selected 22 OR gene sequences from the human genome
with no counterparts in the mouse, rat or dog genomes. Then we used a heterologous
expression system to screen a subset of these human ORs against a panel of odorants of
biological relevance, including foodborne aroma volatiles. We found that different types of
odorants are able to activate some of these previously uncharacterized human ORs.

Keywords: human odorant receptor, human olfactory receptor, odorants, heterologous expression, functional

screening, orphan receptors, GPCRs, odorant perception

INTRODUCTION
Humans can discriminate a vast number of odorants with diverse
chemical structures (Bushdid et al., 2014). Odorants are detected
by a large family of odorant receptors (ORs) expressed in the cilia
of olfactory sensory neurons located in the nose (Buck and Axel,
1991). The ORs belong to the super-family of G-protein cou-
pled receptors (GPCRs) and are extremely diverse in their amino
acid sequences, consistent with the ability to recognize a large
variety of odorants (Buck and Axel, 1991; Malnic et al., 2004).
When activated by particular odorants, these GPCRs couple to an
olfactory specific G protein, denominated Gαolf (Jones and Reed,
1989), leading to the activation of adenylyl cyclase III, increase in
cAMP concentration, activation of cyclic nucleotide gated chan-
nels (CNGC2) and olfactory neuron depolarization (Mombaerts,
2004; Pifferi et al., 2010). The information is then passed on to
different regions of the brain leading to odorant perception and
emotional and behavioral responses (Buck, 1996).

Humans have a large number of OR genes (∼400 genes)
(Malnic et al., 2004), most of which have been shown to be
expressed in the human olfactory epithelium (Verbeurgt et al.,
2014). Odorant perception is initiated through the activation of
specific combinations of ORs by a given odorant (Malnic et al.,
1999). Identification of the odorant specificities of the ORs should
therefore provide information about how odorant identities are
encoded in the olfactory system. Efficient expression of ORs
in heterologous systems is a necessary step to determine their
odorant preferences. However, heterologous expression of ORs is

usually poor and odorant specificities remain unknown for the
majority of the human ORs.

Different strategies have been used to improve functional anal-
ysis of this type of GPCRs (Malnic, 2007; Peterlin et al., 2014). For
example, fusion of the 20 N-terminal amino acids of rhodopsin
(Rho tag) to the N-terminal region of ORs facilitates cell surface
expression (Krautwurst et al., 1998; Wetzel et al., 1999). It has also
been shown that coexpression with the olfactory specific protein
RTP1-S (receptor transporting protein 1, short version) pro-
motes OR surface expression in HEK293T cells (Saito et al., 2004;
Zhuang and Matsunami, 2007). In addition, coexpression with
the guanine nucleotide exchange factor Ric-8B, which amplifies
receptor signaling through Gαolf in vitro, also enhances func-
tional expression of ORs in heterologous cells (Von Dannecker
et al., 2005, 2006). These and other approaches have been used
to deorphanize ORs during the last years, so that to date around
40 human ORs have been linked to odorants (Wetzel et al., 1999;
Matarazzo et al., 2005; Sanz et al., 2005; Jaquier et al., 2006;
Neuhaus et al., 2006; Schmiedeberg et al., 2007; Saito et al.,
2009; Jaeger et al., 2013; Busse et al., 2014; Mainland et al., 2014;
McClintock et al., 2014; Shirasu et al., 2014).

In this work, we aimed to identify agonists for a group of
selected human ORs, which may be particularly relevant to
the human species. We first searched for ORs that are present
in the human genome but absent from the genomes of other
mammalian species, such as mouse, rat and dog. By using this
approach, we selected 22 ORs, the majority of which are orphan
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receptors, with unknown agonists. Then, we used a heterologous
functional assay to screen these receptors against a group of bio-
logically relevant odorants. Odorants able to activate some of the
selected human ORs were identified.

MATERIALS AND METHODS
SELECTION OF HUMAN OR GENES
The genome sequence from Mus musculus (version mm9), Rattus
norvegicus (version rn4), Canis familiaris (version canFam2) and
Pan troglodytes (version panTro2) were downloaded from UCSC
Genome Browser (http://genome.ucsc.edu). All human genes
were downloaded from Entrez GENE (Maglott et al., 2007), and
the genes annotated as “olfactory receptor” were selected. These
sequences were also manually inspected to confirm their annota-
tion as ORs. Sequences were translated and ORs without a coding
region or with a coding region smaller than 900 nucleotides were
classified as pseudogenes; ORs with coding regions greater than
900 nucleotides were classified as functional ORs. A list of 403
functional ORs was obtained. The functional ORs were aligned
against the mouse, rat, dog and chimpanzee genomes using the
BLAT program (default parameters) (Kent, 2002).

ANALYSIS OF AMINO ACID SEQUENCES
The amino acid sequences corresponding to the complete coding
regions of the nine human ORs analyzed in the functional assays
were aligned using multiple sequence alignment by ClustalW
(http://www.genome.jp/tools/clustalw/) (Supporting Material).
The phylogenetic tree in Figure 4 was prepared based on the
amino acid sequences of the 22 selected human ORs by using
the PhyML 3.0 software (Guindon et al., 2010) and the boot-
strapping procedure for branch support values (Phylogeny.fr,
http://phylogeny.lirmm.fr/phylo_cgi/index.cgi).

CLONING OF THE HUMAN ORs
The full length DNA sequences from the human ORs were
amplified from human genomic DNA by PCR and subcloned
into the pcDNA3.1(-) expression vector (Invitrogen). The OR
sequences were also cloned with the 5′ addition of a Rho tag DNA
sequence, as previously described (Von Dannecker et al., 2006).
The sequences of the cloned ORs were checked by DNA sequenc-
ing on an ABI PRISM 3100 Genetic Analyzer (Hitachi, Japan).
Primer sequences used for PCR amplification and cloning are:

OR2T34f 5′ CCGCTCGAGATGTGCTCAGGGAATCAGAC 3′
OR2T34r 5′ GGGGTACCCTACTTTTCTTGGTTCATTCTTG 3′
OR1G1f 5′ CCGCTCGAGATGGAGGGGAAAAATCTGAC 3′
OR1G1r 5′ GGGGTACCCTAAGGGGAATGAATTTTCCG 3′
OR5AC2f 5′ CCGCTCGAGATGGATATATCAGAGGGAAATAAG 3′
OR5AC2r 5′ GGGGTACCTTACTTCCTTATAACTCTTCTCAATG 3′
OR1L3f 5′ CCGCTCGAGATGGGAATGTCCAACCTGAC 3′
OR1L3r 5′ GGGGTACCTCAGGGTCCACAGATTTTATTG 3′
OR2B3f 5′ CCGCTCGAGATGAATTGGGAAAATGAGAGCTC 3′
OR2B3r 5′ GGGGTACCATCACAATGGAGTACTTCTTATTTC 3′
OR2G2f 5′ CCGCTCGAGATGGGGATGGTGAGACATAC 3′
OR2G2r 5′ GGGGTACCTCATAAAATATTTACTCCCAGAGC 3′
OR2M4f 5′ CCGCTCGAGATGGTGTGGGAAAACCAGAC 3′
OR2M4r 5′ GGGGTACCTCATATTAACTTTCTTTTCTTCAG 3′

OR5B17f 5′ CCGCTCGAGATGGAGAATAATACAGAGGTGAG 3′
OR5B17r 5′ GGGGTACCTTAAAAGACTGAATCTAGAGAATAT

TTTG 3′
OR2T10f 5′ CCGCTCGAGATGCGGCTGGCCAACCAGAC 3′
OR2T10r 5′ GGGGTACCTTAATATGGAGGTTTCTGCACGC 3′

ODORANTS
The panel of odorants was provided by Givaudan do Brasil Ltda
and contained the following odorants (the IUPAC nomenclature
is given in parenthesis): maltyl isobutyrate ((2-trimethyl-
4-oxopyran-3-yl) 2-methylpropanoate); fructone (ethyl
2-(2-trimethyl-1,3-dioxolan-2-yl)acetate); eugenyl acetate ((2-
methoxy-4-prop-2-enylphenyl) acetate); terpinyl acetate (2-(4-
trimethyl-1-cyclohex-3-enyl)propan-2-yl acetate); benzyl acetate;
bornyl acetate ((1,7,7-trimethyl-6-bicyclo[2.2.1]heptanyl)
acetate); manzanate (ethyl 2-methylpentanoate); hedione
(methyl 3-oxo-2-pentylcyclopentaneacetate); jasmopyrane ((3-
pentyloxan-4-yl) acetate); allyl amyl glycolate ((prop-2-enyl
2-(3-methylbutoxy)acetate); linalyl acetate (3,7-dimethylocta-
1,6-dien-3-yl acetate); scentenal (octahydro-5-methoxy-4,
7-methano-1H-indene-2-carboxaldehyde); cinnamaldehyde (3-
phenylprop-2-enal); benzaldehyde (methyl benzoate); citronellal
(3,7-dimethyloct-6-enal); floralozone (3-(4-ethylphenyl)-
2,2-dimethylpropanal/3-(2-ethylphenyl)-2,2-dimethylpropanal);
vanillin (4-hydroxy-3-methoxybenzaldehyde); lilyall (3-(4-
tert-butylphenyl)butanal); nerolidol (3,7,11-trimethyldodeca-
1,6,10-trien-3-ol); carvacrol (2-trimethyl-5-propan-2-ylphenol);
undecavertol ((E)-4-methyldec-3-en-5-ol); amber core (1-(2-
tert-butylcyclohexyl)oxybutan-2-ol); benzyl alcohol (phenyl-
methanol); geraniol ((2E)-3,7-dimethylocta-2,6-dien-1-ol);
linalool (3,7-dimethylocta-1,6-dien-3-ol); dimetol (2,6-
dimethylheptan-2-ol), N- amyl methyl ketone (heptan-2-one);
thibetolide (16-oxacyclohexadecan-1-one); Isoraldeine 95 (1-
(2,6,6-trimethyl-1-cyclohex-2-enyl)pent-1-en-3-one); beta-
ionone ((E)-4-(2,6,6-trimethyl-1-cyclohexenyl)but-3-en-2-one);
gamma-octalactone (5-butyloxolan-2-one); alpha-damascone
(1-(2,6,6-trimethyl-1-cyclohex-2-enyl)but-3-en-1-one); jas-
monyl (mixture of 3-acetyloxynonyl acetate; nonane-1,3-
diol); estragole ((1-methoxy-4-prop-2-enylbenzene); Rhubarb
Furan (2,4-dimethyl-4-phenyloxolane); alpha- pinene (4,7,7-
trimethylbicyclo(3.1.1)hept-3-ene); cresyl methyl ether (1-
methoxy-4-methylbenzene). Odorant solutions are first prepared
in DMSO and diluted to the final concentrations in DMEM.
Information on the natural occurrence of odorants was obtained
from the Good Scents Company Information System http://
www.thegoodscentscompany.com/.

FUNCTIONAL ASSAY
Expression vectors for Ric-8B, Gαolf, and RTP1-S have been pre-
viously described (Von Dannecker et al., 2005, 2006). HEK293T
cells are plated in 96-well microplates (0.3 × 105 cells/well)
and grown for 12–16 h. Cells are then transfected in the 96-
well microplates with the expression vectors pcDNA3.1(-)Ric-8B
(5 ng), pcDNA3.1(-)Gαolf (5 ng), pcDNA3.1(-)RTP1-S (10 ng)
and one chosen pcDNA3.1(-)OR or pcDNA3.1(-)rho-OR (50 ng)
using Lipofectamine™ 2000 (Invitrogen). Cells transfected with
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the pcDNA3.1(-) empty vector were used as negative control.
Cells are also transfected with 10 ng of a plasmid containing the
CRE-SEAP construction, where the expression of the secreted
alkaline phosphatase (SEAP) is under regulation of the cAMP
responsive elements, (pCRE-SEAP, Clontech) (Durocher et al.,
2000; Malnic and Gonzalez-Kristeller, 2009). Wells containing
cells transfected with a GFP reporter vector alone are included in
each plate as a control for the potential difference in transfection
efficiency. After transfection, cells are grown for additional 24 h.
GFP expression is analyzed under the microscope to determine
the transfection efficiency in each plate, which should be ≥70%.

Odorants are added to the plate wells (one different odor-
ant per plate), which, is incubated for 24 h at 37◦C and then at
65◦C for 30 min to inactivate endogenous alkaline phosphatases
and chilled on ice. OR activation by a specific odorant results in
cAMP accumulation and activation of the CREB protein which
in turn binds to the CRE sites to promote expression of the
SEAP, which is secreted to the extracellular medium. To deter-
mine the amount of SEAP produced, 100 μL of the culture
medium in each well is transferred to a new 96-well microplate
(OptiPlate™-96 - PerkinElmer), 100 μL of a solution contain-
ing 1.2 mM fluorescent substrate 4-methylumbelliferyl phosphate
(MUP, Sigma), 1 mM MgCl2, 10 mM L-homoarginine and 2M
diethanolamine bicarbonate, pH 10.0 is added to each well
and the reaction is incubated for 1 h at 37◦C. Fluorescence is
measured at 449 nm with a Victor3 V 1420 microplate reader
(PerkinElmer). The results are expressed as arbitrary fluorescence
units that reflect the activity of SEAP, according to the for-
mula [F(OR + odorant)-F(empty pcDNA3.1 vector + odorant)]-
[F(OR-odorant)-F(empty pcDNA3.1 vector - odorant)]. Only
values of arbitrary fluorescence units greater than 3 × 105 were
considered. Statistical analysis was performed by using GraphPad
Prism 5 software.

RESULTS
SELECTION OF HUMAN ODORANT RECEPTORS
We first searched for human ORs that are present in the
human genome but not in the mouse, rat, dog or chimpanzee
genomes. In order to do this, 403 functional human OR DNA
sequences were aligned against the chimpanzee, mouse, rat,
and dog genome sequences. The selection of human ORs was
based on the identity and coverage (percentage of sequence
aligned) of the resulting alignments. As a cut-off, we estab-
lished that the human OR sequences that show at least 70%
of identity and 70% of coverage are present as a counter-
part in the other species. Based on these criteria, we found
that two human ORs are present only in humans (OR1C1 and
OR2T10), while a total of 25 human ORs (OR11A1, OR13H1,
OR14A16, OR14K1, OR14L1P, OR1C1, OR1G1, OR1L1, OR1L3,
OR2B3, OR2G2, OR2M4, OR2M7, OR2T10, OR2T3, OR2T34,
OR4K17, OR5AC2, OR5B17, OR5H14, OR5H15, OR5H6,
OR2W5, OR7E125P, OR7E8P) are present in humans and chim-
panzees, but not in the other species (Figure 1). OR2W5,
OR7E125P and OR7E8P are pseudogenes (they contain frame
shifts in their coding sequences) and were not considered in fur-
ther analysis. Even though OR14L1P is annotated as a pseudogene
(P), it contains an ORF of 293 amino acids, and contains all of the

FIGURE 1 | Selection of the human odorant receptors. The nucleotide
sequences of the functional human ORs were aligned against the
chimpanzee, dog, mouse and rat genomes. Odorant receptor sequences
that were present in humans but not in the other species were selected.
Gray regions of the bars correspond to the number of human ORs that
show no similarity to the ORs in the other species. Only two odorant
receptor sequences are present in the human genome but not in the other
four species (chimp., dog, mouse and rat), and 25 odorant receptor
sequences are present in the human and chimpanzee genomes but not in
the dog, mouse, and rat genomes (dog and mouse and rat).

common OR motifs, therefore we did not considered it to be a
pseudogene, even though it is a little bit shorter in its N-terminus
when compared to the other ORs. Amino acid sequence identi-
ties among the 22 selected human OR genes ranges from 30.5 to
98.1% (see Supplementary Material 1).

FUNCTIONAL ANALYSIS OF THE HUMAN ORs
We next used a high-throughput system (Malnic and Gonzalez-
Kristeller, 2009) to search for agonists for a subset of the selected
human ORs. The ORs OR1G1, OR1L3, OR2B3, OR2G2, OR2M4,
OR2T10, OR2T34, OR5AC2, OR5B17 were randomly selected for
functional analysis. These ORs show complete coding sequences
which contain conserved motifs that are characteristic of the OR
family (see Supplementary Material 2). They are all orphan ORs,
except for OR1G1, which has been previously linked to odorants
(Matarazzo et al., 2005; Sanz et al., 2005).

The complete coding sequences from the ORs were amplified
from human genomic DNA and cloned into the expression vec-
tor, with or without addition of the Rho tag to their N-terminus.
HEK293T cells expressing Ric-8B, Gαolf, RTP1-S and a given
OR, were stimulated with the odorants. As a positive control
for the functional assay, the responses of the previously deor-
phanized mouse odorant receptor mOR S6 (Malnic et al., 1999)
were analyzed. Cells expressing mOR S6 consistently responded
to its agonist, nonanedioic acid (Figure 2). In these experiments
we tested different amounts of the mOR S6 expression vector for
the transfection of cells and observed that the use of increased
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FIGURE 2 | Functional expression of mOR S6 in the heterologous

screening system. Responses of the mouse odorant receptor mOR S6 to
nonanedioic acid were tested using the heterologous screening. Three
different amounts of the mORS6 expression vector were used as indicated
(25, 50, and 100 ng). Tested odorant concentrations were 100, 200, and
400 μM. SEAP activity is expressed in arbitrary fluorescence units.

amounts of the OR expression plasmid inhibits responses. It is
possible that large amounts of OR expression are toxic to the cells,
and that too little OR expression is not enough to distinguish
between basal (no odorant) responses and odorant responses. We
decided therefore to use 50 ng of the OR expressing plasmids in
the next experiments.

We screened the human ORs against a panel of 37 odorants
with different chemical structures and odor types. Odorants were
tested in three different concentrations (10, 100 or 1000 μM).
Response profiles of the human ORs to some of the odorants are
shown in Figure 3. Different ORs responded to different odor-
ants, as expected. The complete odorant screening results are
summarized in Table 1. Responses were obtained for all human
ORs, but only five ORs produced a potent response to an odorant
at the lowest (10 μM) odorant concentration (large black dots in
Table 1, OR2M4, OR2T34, OR2T10, OR5AC2, and OR1G1). Out
of the 37 odorants, 14 odorants were able to elicit a response,
but only nine odorants elicited responses when applied at a
10 μM concentration (Table 1). The responses obtained for the
untagged and Rho tagged versions of a given OR were highly
similar for most of the ORs, but not always identical. In some
cases, they were significantly different, like the responses to ter-
pinyl acetate obtained for OR2T10 and the responses to fructone
for OR5AC2 (Figure 3). It remains however to be determined
whether both the untagged and rho tagged OR versions for
each OR are expressed on the cell surface of the HEK293T
cells.

The overall response profiles, shown in Table 1, are consistent
with previous findings showing that odorant receptor coding is
combinatorial and that while some ORs are narrowly tuned to
a small number of odorants, others can be broadly tuned to a
large number of odorants (Malnic et al., 1999; Saito et al., 2009;
Nara et al., 2011). Also, while some of the odorants were able
to activate a large fraction of the human ORs (like for exam-
ple vanillin and α-damascone), other odorants activated only
one or a few of the nine human ORs. For example, terpinyl
acetate, which has an odor described as herbal, citrus, woody,
was able to activate only OR2T10. The odorants estragole (a

main constituent in basil oils), and cresyl methyl ether, an odor-
ant naturally occurring in ylang ylang flower, potently activated
only OR2M4. Interestingly, these odorants show highly related
chemical structures (Figure 4), indicating that OR2M4 is tuned
to odorants sharing common structural features present in these
two odorants.

Several ORs responded preferentially to ester odorants, which
have fruity odors. OR5AC2, for example, responded to the ester
odorants maltyl isobutyrate, fructone, manzanate and eugenyl
acetate, indicating that this receptor may be preferentially respon-
sive to odorants containing ester functional groups (Figure 4).
OR2T10 also responded to the ester odorants maltyl isobu-
tyrate and terpinyl acetate. OR1G1, which was previously linked
to the isoamyl acetate ester odorant (Matarazzo et al., 2005),
also responded to ester odorants in this study. In addition,
OR1G1 and OR2T34 responded to low concentrations of flo-
ralozone, an odorant with an ozone, marine and fresh odor. For
the other ORs we only obtained responses at higher (100 or
1000 μM) odorant concentrations, suggesting either that they are
low potency receptors or that their preferential agonists are not
contained in the odorant panel we tested (Table 1, Supplementary
Material 3).

DISCUSSION
Human ORs display a great diversity in their ligand preferences.
Here we selected a specific group of human ORs and analyzed
their odorant responses. We searched for ORs, which are present
in humans but absent from other mammalian species. By using
these criteria, we aimed to select receptors, which may be partic-
ularly relevant to the human species. Nine out of these human
ORs were screened against a panel of 37 odorants. Since it is
unfeasible to test the enormous number of odorants humans can
discriminate (Bushdid et al., 2014), the selection of odorants to
be used in the functional screening of ORs constitutes a very
important step. Here we selected a panel of odorants humans
are regularly confronted with, which are used as flavor and fra-
grance agents. The majority of the odorants in the panel can be
found in nature. These odorants have odor types such as fruity,
floral, herbal and citrus and must play important roles in food
consumption.

High potency odorant responses (large black dots in Table 1)
were obtained for five human ORs. Two human ORs responded
to ester odorants with fruity odor types (OR2T10 and OR5AC2),
two ORs responded to an odorant with a marine/ozone odor type
(OR2T34 and OR1G1), and one receptor responded to two odor-
ants with herbal and floral odor types (OR2M4). It is important to
note that in our functional screening, both versions of the recep-
tors (Rho tagged and untagged) were always analyzed in parallel.
This strategy proved to be useful, since we noticed that for a few
of the ORs, responses to some odorants differed depending on
the absence or presence of the Rho tag. Since the human ORs
are highly diverse in structure [their sequence identities range
from 34 to 99% (Malnic et al., 2004)], it is possible that different
receptors are differently affected by the presence of the Rho tag.
That is, while for some receptors, it may enhance activation by a
given odorant, for other ones it may hamper activation by a given
odorant. For other ones, addition of the Rho tag may not affect
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FIGURE 3 | Response profiles of the human ORs to odorants. Dose
response curves of the human ORs expressed in the heterologous
expression system to the indicated odorants. SEAP activity was normalized

as a percentage of the maximum response across a set of ORs. X-axis is the
concentration of odorants in log Molar. Error bars represent s.e.m. over two
replicates.

odorant responses (for example, responses of OR2T10 to maltyl
isobutyrate are identical between tagged and untagged receptor
versions). In any case, additional studies should be performed
in order to evaluate the effect of the Rho tag in these specific
human ORs.

There are examples where nucleotide polymorphisms in odor-
ant receptor genes are correlated with differences in odorant
perception (Keller et al., 2007; Menashe et al., 2007; Mainland
et al., 2014). The study of genetic influences on the perception

of chemical stimulants should contribute to the understanding of
the individual variation in food preferences (Dunkel et al., 2014).
Particularly, these studies could explain individual preferences for
herbs and spices. The smell of basil, for example, is not well char-
acterized to date. Previous genetic studies indicated an association
between the odor of basil and a bitter receptor gene (TAS2R60)
(Knaapila et al., 2012), but no association to an odorant recep-
tor was found. Here we show that the human OR2M4 is activated
by the basil odorant estragole. No other human ORs had been
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Table 1 | Odorant responses of the human olfactory receptors.

The responses of the different human ORs (either with or without the Rho tag) to the selected odorants are shown. Responses are represented as dots with a shade

of gray according to the odorant concentration at which the response was elicited: black (10 µM), gray (100 µM), and white (1000 µM). Small dots indicate values

between 25 and 50% of the highest value found throughout the assay, while large dots indicate values higher than 50% of the highest value found throughout the

assay.

linked to this odorant before. Future experiments should reveal
whether additional ORs with related sequences are also able to
recognize this odorant, and if individual genetic variations in
OR2M4 influence the perception of basil.

How the different hit odorants, such as estragole, relate to
the human specific ORs is an interesting question. Estragole is
an odorant found in only a few foods (basil and parsley), why
would it be recognized by evolutionarily selected ORs? The study
of additional odorants in the functional screening should help
to clarify this question. Interestingly, recent studies identified a
limited set of about 230 foodborne volatiles, which largely rep-
resent the aroma-relevant odor space of most human foods, and
suggest that these key food odorants are more likely to result in
cognate odorant/receptor pairs in functional screening assays as
compared to non-key food odorants (Dunkel et al., 2014). These
studies should contribute to the design of appropriate odorant

panels to be used in the functional screening of human ORs. In
the case of our selected human ORs, future experiments should
include odorants which are evolutionary selected by nature, not
only key food odorants, but also body odors, which are for exam-
ple involved in offspring identification or other types of olfactory
communication (Dunkel et al., 2014).

CONCLUSIONS
To identify biologically relevant human ORs we selected ORs
present in the human genome but absent from the genomes of
other mammalian species. An initial functional screening identi-
fied odorants that activate these previously orphan human ORs.
A more systematic approach, where physico chemical features
of the hit odorants, such as C-atom chain length or functional
groups, are changed, should help to better characterize the odor-
ant/receptor pairs identified in this study.
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FIGURE 4 | Relationships among the selected human ORs. Phylogenetic tree of the selected human OR amino acid sequences. The chemical structures of
some of the agonists identified in this study are shown next to the corresponding responsive ORs.

AUTHOR CONTRIBUTIONS
DG and JN carried out the molecular biology and functional
screening experiments. PG performed the bioinformatics anal-
ysis. BM and DG participated in the design of the study. BM
wrote the manuscript. All authors read and approved the final
manuscript.

ACKNOWLEDGMENTS
We would like to thank Mauricio Cella (Givaudan do Brasil,
Ltda.) for providing the odorants used in this study. We would
also like to thank Erica Bandeira for technical support. This work
was supported by grants from Fundação de Amparo à Pesquisa do
Estado de São Paulo (FAPESP #11/51604-8), CNPq and CAPES.

SUPPLEMENTARY MATERIAL
The Supplementary Material for this article can be found
online at: http://www.frontiersin.org/journal/10.3389/fphar.
2015.00035/abstract

REFERENCES
Buck, L. (1996). Information coding in the vertebrate olfactory system.

Annu. Rev. Neurosci. 19, 517–544. doi: 10.1146/annurev.ne.19.030196.
002505

Buck, L., and Axel, R. (1991). A novel multigene family may encode odor-
ant receptors: a molecular basis for odor recognition. Cell 65, 175–187. doi:
10.1016/0092-8674(91)90418-X

Bushdid, C., Magnasco, M. O., Vosshall, L. B., and Keller, A. (2014). Humans can
discriminate more than 1 trillion olfactory stimuli. Science 343, 1370–1372. doi:
10.1126/science.1249168

www.frontiersin.org March 2015 | Volume 6 | Article 35 | 7

http://www.frontiersin.org/journal/10.3389/fphar.2015.00035/abstract
http://www.frontiersin.org/journal/10.3389/fphar.2015.00035/abstract
http://www.frontiersin.org/journal/10.3389/fphar.2015.00035/abstract
http://www.frontiersin.org/journal/10.3389/fphar.2015.00035/abstract
http://www.frontiersin.org/journal/10.3389/fphar.2015.00035/abstract
http://www.frontiersin.org/journal/10.3389/fphar.2015.00035/abstract
http://www.frontiersin.org
http://www.frontiersin.org/Experimental_Pharmacology_and_Drug_Discovery/archive


Gonzalez-Kristeller et al. Agonists for orphan human odorant receptors

Busse, D., Kudella, P., Gruning, N. M., Gisselmann, G., Stander, S., Luger, T., et al.
(2014). A synthetic sandalwood odorant induces wound-healing processes in
human keratinocytes via the olfactory receptor OR2AT4. J. Invest. Dermatol.
134, 2823–2832. doi: 10.1038/jid.2014.273

Dunkel, A., Steinhaus, M., Kotthoff, M., Nowak, B., Krautwurst, D., Schieberle, P.,
et al. (2014). Nature’s chemical signatures in human olfaction: a foodborne per-
spective for future biotechnology. Angew. Chem. Int. Ed. Engl. 53, 7124–7143.
doi: 10.1002/anie.201309508

Durocher, Y., Perret, S., Thibaudeau, E., Gaumond, M. H., Kamen, A., Stocco,
R., et al. (2000). A reporter gene assay for high-throughput screening
of G-protein-coupled receptors stably or transiently expressed in HEK293
EBNA cells grown in suspension culture. Anal. Biochem. 284, 316–326. doi:
10.1006/abio.2000.4698

Guindon, S., Dufayard, J. F., Lefort, V., Anisimova, M., Hordijk, W., and Gascuel,
O. (2010). New algorithms and methods to estimate maximum-likelihood phy-
logenies: assessing the performance of PhyML 3.0. Syst. Biol. 59, 307–321. doi:
10.1093/sysbio/syq010

Jaeger, S. R., McRae, J. F., Bava, C. M., Beresford, M. K., Hunter, D., Jia, Y., et al.
(2013). A Mendelian trait for olfactory sensitivity affects odor experience and
food selection. Curr. Biol. 23, 1601–1605. doi: 10.1016/j.cub.2013.07.030

Jaquier, V., Pick, H., and Vogel, H. (2006). Characterization of an extended
receptive ligand repertoire of the human olfactory receptor OR17-40 com-
prising structurally related compounds. J. Neurochem. 97, 537–544. doi:
10.1111/j.1471-4159.2006.03771.x

Jones, D. T., and Reed, R. R. (1989). Golf: an olfactory neuron-specific G-protein
involved in odorant signal transduction. Science 244, 790–795. doi: 10.1126/sci-
ence.2499043

Keller, A., Zhuang, H., Chi, Q., Vosshall, L., and Matsunami, H. (2007). Genetic
variation in a human odorant receptor alters odour perception. Nature 449,
468–472. doi: 10.1038/nature06162

Kent, W. J. (2002). BLAT–the BLAST-like alignment tool. Genome. Res. 12, 656–664.
doi: 10.1101/gr.229202

Knaapila, A., Hwang, L. D., Lysenko, A., Duke, F. F., Fesi, B., Khoshnevisan, A., et al.
(2012). Genetic analysis of chemosensory traits in human twins. Chem. Senses
37, 869–881. doi: 10.1093/chemse/bjs070

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. doi: 10.1016/S0092-8674(00)81716-X

Maglott, D., Ostell, J., Pruitt, K. D., and Tatusova, T. (2007). Entrez Gene:
gene-centered information at NCBI. Nucleic Acids Res. 35, D26–D31. doi:
10.1093/nar/gkl993

Mainland, J. D., Keller, A., Li, Y. R., Zhou, T., Trimmer, C., Snyder, L. L., et al.
(2014). The missense of smell: functional variability in the human odorant
receptor repertoire. Nat. Neurosci. 17, 114–120. doi: 10.1038/nn.3598

Malnic, B. (2007). Searching for the ligands of odorant receptors. Mol. Neurobiol.
35, 175–181. doi: 10.1007/s12035-007-0013-2

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. doi:
10.1073/pnas.0307882100

Malnic, B., and Gonzalez-Kristeller, D. C. (2009). Functional expression of
chemoreceptors with the help of a Guanine nucleotide exchange factor. Ann.
N.Y. Acad. Sci. 1170, 150–152. doi: 10.1111/j.1749-6632.2009.03874.x

Malnic, B., Hirono, J., Sato, T., and Buck, L. B. (1999). Combinatorial receptor
codes for odors. Cell 96, 713–723. doi: 10.1016/S0092-8674(00)80581-4

Matarazzo, V., Clo-Faybesse, O., Marcet, B., Guiraudie-Capraz, G., Atanasova, B.,
Devauchelle, G., et al. (2005). Functional characterization of two human olfac-
tory receptors expressed in the baculovirus Sf9 insect cell system. Chem. Senses
30, 195–207. doi: 10.1093/chemse/bji015

McClintock, T. S., Adipietro, K., Titlow, W. B., Breheny, P., Walz, A., Mombaerts,
P., et al. (2014). In vivo identification of eugenol-responsive and muscone-
responsive mouse odorant receptors. J. Neurosci. 34, 15669–15678. doi:
10.1523/JNEUROSCI.3625-14.2014

Menashe, I., Abaffy, T., Hasin, Y., Goshen, S., Yahalom, V., Luetje, C., et al. (2007).
Genetic elucidation of human hyperosmia to isovaleric acid. PLoS Biol. 5:e284.
doi: 10.1371/journal.pbio.0050284

Mombaerts, P. (2004). Genes and ligands for odorant, vomeronasal and taste
receptors. Nat. Rev. Neurosci. 5, 263–278. doi: 10.1038/nrn1365

Nara, K., Saraiva, L. R., Ye, X., and Buck, L. B. (2011). A large-scale analysis
of odor coding in the olfactory epithelium. J. Neurosci. 31, 9179–9191. doi:
10.1523/JNEUROSCI.1282-11.2011

Neuhaus, E., Mashukova, A., Zhang, W., Barbour, J., and Hatt, H. (2006). A specific
heat shock protein enhances the expression of mammalian olfactory receptor
proteins. Chem. Senses 31, 445–452. doi: 10.1093/chemse/bjj049

Peterlin, Z., Firestein, S., and Rogers, M. E. (2014). The state of the art of odorant
receptor deorphanization: a report from the orphanage. J. Gen. Physiol. 143,
527–542. doi: 10.1085/jgp.201311151

Pifferi, S., Menini, A., and Kurahashi, T. (2010). “Signal transduction in vertebrate
olfactory Cilia,” in The Neurobiology of Olfaction, Chapter 8, ed A. Menini (Boca
Raton, FL: CRC Press; Taylor and Francis Group), 203–224.

Saito, H., Chi, Q., Zhuang, H., Matsunami, H., and Mainland, J. D. (2009).
Odor coding by a Mammalian receptor repertoire. Sci. Signal 2, ra9. doi:
10.1126/scisignal.2000016

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. doi: 10.1016/j.cell.2004.11.021

Sanz, G., Schlegel, C., Pernollet, J.-C., and Briand, L. (2005). Comparison of
odorant specificity of two human olfactory receptors from different phylo-
genetic classes and evidence for antagonism. Chem. Senses 30, 69–80. doi:
10.1093/chemse/bji002

Schmiedeberg, K., Shirokova, E., Weber, H., Schilling, B., Meyerhof, W., and
Krautwurst, D. (2007). Structural determinants of odorant recognition by the
human olfactory receptors OR1A1 and OR1A2. J. Struct. Biol. 159, 400–412.
doi: 10.1016/j.jsb.2007.04.013

Shirasu, M., Yoshikawa, K., Takai, Y., Nakashima, A., Takeuchi, H., Sakano, H.,
et al. (2014). Olfactory receptor and neural pathway responsible for highly selec-
tive sensing of musk odors. Neuron 81, 165–178. doi: 10.1016/j.neuron.2013.
10.021

Verbeurgt, C., Wilkin, F., Tarabichi, M., Gregoire, F., Dumont, J. E., and
Chatelain, P. (2014). Profiling of olfactory receptor gene expression in whole
human olfactory mucosa. PLoS ONE 9:e96333. doi: 10.1371/journal.pone.
0096333

Von Dannecker, L., Mercadante, A., and Malnic, B. (2005). Ric-8B, an olfac-
tory putative GTP exchange factor, amplifies signal transduction through
the olfactory-specific G-protein Gaolf. J. Neurosci. 25, 3793–3800. doi:
10.1523/JNEUROSCI.4595-04.2005

Von Dannecker, L., Mercadante, A., and Malnic, B. (2006). Ric-8B promotes
functional expression of odorant receptors. Proc. Natl. Acad. Sci. U.S.A. 103,
9310–9314. doi: 10.1073/pnas.0600697103

Wetzel, C. H., Oles, M., Wellerdieck, C., Kuczkowiak, M., and Hatt, H. (1999).
Specificity and sensitivity of a human olfactory receptor functionally expressed
in human embryonic kidney 293 cells and Xenopus Laevis oocytes. J. Neurosci.
19, 7426–7433.

Zhuang, H., and Matsunami, H. (2007). Synergism of accessory factors in
functional expression of mammalian odorant receptors. J. Biol. Chem. 282,
15284–15293. doi: 10.1074/jbc.M700386200

Conflict of Interest Statement: The authors declare that the research was con-
ducted in the absence of any commercial or financial relationships that could be
construed as a potential conflict of interest.

Received: 18 December 2014; accepted: 11 February 2015; published online: 03 March
2015.
Citation: Gonzalez-Kristeller DC, do Nascimento JBP, Galante PAF and Malnic B
(2015) Identification of agonists for a group of human odorant receptors. Front.
Pharmacol. 6:35. doi: 10.3389/fphar.2015.00035
This article was submitted to Experimental Pharmacology and Drug Discovery, a
section of the journal Frontiers in Pharmacology.
Copyright © 2015 Gonzalez-Kristeller, do Nascimento, Galante and Malnic. This
is an open-access article distributed under the terms of the Creative Commons
Attribution License (CC BY). The use, distribution or reproduction in other forums
is permitted, provided the original author(s) or licensor are credited and that the orig-
inal publication in this journal is cited, in accordance with accepted academic practice.
No use, distribution or reproduction is permitted which does not comply with these
terms.

Frontiers in Pharmacology | Experimental Pharmacology and Drug Discovery March 2015 | Volume 6 | Article 35 | 8

http://dx.doi.org/10.3389/fphar.2015.00035
http://dx.doi.org/10.3389/fphar.2015.00035
http://dx.doi.org/10.3389/fphar.2015.00035
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://www.frontiersin.org/Experimental_Pharmacology_and_Drug_Discovery
http://www.frontiersin.org/Experimental_Pharmacology_and_Drug_Discovery
http://www.frontiersin.org/Experimental_Pharmacology_and_Drug_Discovery/archive

	Identification of agonists for a group of human odorant receptors
	Introduction
	Materials and Methods
	Selection of Human OR Genes
	Analysis of Amino Acid Sequences
	Cloning of the Human ORs
	Odorants
	Functional Assay

	Results
	Selection of Human Odorant Receptors
	Functional Analysis of the Human ORs

	Discussion
	Conclusions
	Author Contributions
	Acknowledgments
	Supplementary Material
	References


