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Musk odors have been used widely for fragrance and medicine for �2000 years because of their fascinating scent and physiological
effects. Therefore, fragrance manufacturers have been eager to develop high-quality musk compounds that are safe and easily synthe-
sized. We recently identified muscone-responsive olfactory receptors (ORs) MOR215-1 and OR5AN1 in mice and humans, respectively
(Shirasu et al., 2014). In this study, we identified musk ORs that are evolutionarily closely related to MOR215-1 or OR5AN1 in various
primates and investigated structure–activity relationships for various musk odorants and related compounds. We found that each
species has one or two functional musk ORs that exhibit specific ligand spectra to musk compounds. Some of them, including the human
OR5AN1, responded to nitro musks with chemical properties distinct from muscone. The ligand specificity of OR5AN1 reflects the
perception of musk odors in humans. Genetic deletion of MOR215-1 in mice resulted in drastic reduction of sensitivity to muscone,
suggesting that MOR215-1 plays a critical role in muscone perception. Therefore, the current study reveals a clear link between the
identified OR and muscone perception. Moreover, the strategy established for screening ligands for the muscone OR may facilitate
the development of novel and commercially useful musk odors.
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Introduction
Musk odors are considered to be “king” of the fragrance world
because of their warm, sensual, fascinating scent. They have been

used widely in commercial products such as perfumes and deter-
gents. The first natural musk compound, muscone, was reported
in 1906 by Walbaum as the major odorant in secretions of musk
deer (Moschus moschiferus) (Walbaum, 1906). Muscone turned
out to have a unique macrocyclic ketone structure with a 15-
membered ring (Ruzicka et al., 1926). Males secrete muscone,
which in turn attracts females, suggesting that muscone is a male

Received Aug. 31, 2015; revised Feb. 24, 2016; accepted March 1, 2016.
Author contributions: N.S.-A., M.S., and K.T. designed research; N.S.-A., N.H., A.K.-N., K.Y., and Y.N. performed

research; N.S.-A., N.H., A.K.-N., K.Y., Y.N., S.I., M.S., and K.T. analyzed data; N.S.-A., M.S., and K.T. wrote the paper.
This work was supported by MEXT Japan (Grant-in-Aid for Scientific Research–S 24227003) and the Japanese

Science and Technology Agency ERATO Touhara Chemosensory Signal Project. We thank Takasago International for
providing highly pure musk odorants; Nagoya Higashiyama Zoo and Botanical Gardens for providing the orangutan
sample (Baran, GAIN ID 0008) through the Great Ape Information Network and Primate Research Institute in Kyoto
University; and H. Sakano for providing KO mice.

The authors declare no competing financial interests.

Correspondence should be addressed to either Kazushige Touhara or Mika Shirasu, Department of Applied
Biological Chemistry, The University of Tokyo, Tokyo, Japan, E-mail: ktouhara@mail.ecc.u-tokyo.ac.jp or
ashirasu@mail.ecc.u-tokyo.ac.jp.

DOI:10.1523/JNEUROSCI.3259-15.2016
Copyright © 2016 the authors 0270-6474/16/364482-10$15.00/0

Significance Statement

The long-sought musk odor receptor family in mammals was discovered and found to be well conserved and narrowly tuned to
musk odors. In mice, deletion of the most sensitive musk receptor resulted in drastic reduction in sensitivity to muscone, dem-
onstrating a strong link between receptor and odor perception. In humans, we found one musk receptor that recognized both
macrocyclic and nitro musks that had distinct chemical structures. The structure–activity relationships were in a good agreement
with human sensory perception and therefore may be used to develop novel musk aroma in fragrance fields. Finally, identification
of a natural ligand(s) for musk receptors in mammals other than musk deer would reveal an evolutionarily pivotal role in each
species in the future.
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pheromone in musk deer. Some reports showed that, in humans,
testosterone and estradiol levels increased after muscone expo-
sure to female subjects, suggesting that muscone may have phys-
iological effects also on humans (Kato et al., 2004, Fukui et al.,
2007). Other muscone-like macrocyclic ketones with a 15- to
17-membered ring such as civetone and cyclopentadecanone
have been identified from the stink glands of civet cat (Viverra
civetta), musk rat (Ondatra zibethicus), and musk shrew (Suncus
murinus) (Asada et al., 2012).

Many compounds that mimic the aroma of muscone have
been synthesized for perfumery applications (Matsuda et al.,
2004). These include nitro musks (NMs) such as musk xylol and
musk ketone and polycyclic musks (PCMs) such as galaxolide.
The use of many of these compounds is now prohibited because
of skin sensitivity (toxicity). Other macrocyclic musks (MCMs),
such as muscenone and ethylene brassylate, have been developed
as safe, biodegradable compounds with an excellent musk aroma,
but low diffusibility and difficulty in synthesis continue to pose a
challenge. Therefore, the development of new musk compounds
remains an important goal of the cosmetics industry.

Although these compounds all smell musky, their structures dif-
fer considerably. Therefore, it is important to understand how these
musk odor compounds are recognized at a receptor level in the hu-
man nose. In general, odorants are recognized in a combinatorial
fashion by dozens of olfactory receptors (ORs) expressed in olfactory
sensory neurons (Malnic et al., 1999; Touhara and Vosshall, 2009).
However, muscone activates only a few glomeruli in the mouse ol-
factory bulb, suggesting that it is recognized by a small number of
ORs in mice (Shirasu et al., 2014). Using a retrograde neural labeling
technique, a muscone-responsive mouse OR, MOR215-1, was iden-
tified. MOR215-1 appeared to be tuned to several musk odorants
(Shirasu et al., 2014). OR5AN1, the human OR most similar to
MOR215-1 in amino acid sequence, was found to be a muscone
receptor (Shirasu et al., 2014).

In this study, we looked for additional muscone ORs in mice
and humans and their orthologs in various primate species. Our
findings identified one or two muscone ORs in each species, al-
though they differed with respect to ligand selectivity, sensitivity,
and efficacy. To further examine the importance of the identified
muscone ORs in recognizing musk odors, the effect of single
muscone receptor deletion on muscone perception was exam-
ined in mice. The current studies provide insights into how each
OR is involved in the perception of the cognate odor ligands.
Moreover, these findings may be used to advance commercial
development of novel musk odorants.

Materials and Methods
Odorants. Musk odorants used in this study were kindly provided by
Takasago International Corporation or were purchased from Wako or
TCI. Eugenol was purchased from TCI. Propylene glycol was purchased
from ADEKA. Mineral oil was purchased from Wako. The optical purity
of l- and d-muscone is �98% enantiomeric excess (ee) and 96% ee,
respectively. The musk odorants, musk analogs, and odorant mixtures
used for the luciferase assay were prepared as 100 mM stock solutions in
dimethyl sulfoxide. The compounds used for examining structure–activ-
ity relationships are grouped into five types: (1) MCMs, including 1.
muscone, 2. muscenone, 3. cyclopentadecanone, 4. ambretone, 5. globa-
none, 6. cosmone, 7. 3-methylcyclotetradecanone, 8. ethylene brassylate,
9. ambrettolide, 10. exaltolide, and 11. habanolide; (2) NMs, including
12. musk xylol, and 13. musk ketone; (3) PCMs, including 14. galaxolide,
15. tonalide, 16. celestolide, and 17. cashmeran; (4) alicyclic musks
(ACMs), including 18. helvetolide; and (5) others, including 19. cyclopenta-
decane, 20. cyclopentadecanol, 21. cyclohexanone, 22. cyclodecanone, 23.

cycloundecanone, 24. 2-pentadecanone, and 25. 8-pentadecanone) (see
Fig. 2A).

Phylogenetic analyses. Neighbor-joining phylogenetic trees (Saitou and
Nei, 1987) were constructed using the program MEGA6 (Tamura et al.,
2013) with Poisson correction distance and complete deletion option.
MAFFT (http://mafft.cbrc.jp/alignment/software/) was used to make
multiple alignments.

Cloning of ORs. All ORs used in Figures 1, 2, 3, and 4B were amplified
from human genomic DNA (Promega), mouse DNA (C57BL/6 that had
been bred in our laboratory), or primate DNA and were extracted from
tissues provided by the Primate Research Institute, Kyoto University.
Cloned OR sequences of humans and mice are identical to those in
GenBank (http://www.ncbi.nlm.nih.gov/genbank/). Cloned OR se-
quences of chimpanzees (Pan troglodytes), orangutans (Pongo abelii),
macaques (Macaca mulatta), and marmosets (Callithrix jacchus) are
identical to those identified in the previous study (Matsui et al., 2010).
We inferred the nucleotide sequence of a functional version of the pseu-
dogene OR5AN2P, OR5AN2, based on the sequence of the chimpanzee
ortholog, PatrOR11R.6.1. We generated OR5AN2 by inserting a guanine
nucleotide using Prime STAR Mutagenesis Basal Kit (TaKaRa).

ORs were amplified using Ex Taq (TaKaRa) with primers upstream (5�-
TCAGGACGGACTCCCATCTGCATACA-3� for OR5AN2P, 5�-GCGC
GAATTCATGACTGGGGAAAGGAACAGTACAAG-3� for PatrOR11
R.6.1, 5�-GCGCGAATTCATGACTGGGGGAGGAAATATTACAG-3� for
PoabORc2797.1, 5�-GCGCGAATTCATGACTGGGGAAAGGAACAG
TACAAG-3� for PoabORc2797.5, 5�-GCGCGAATTCATGACTAGG
GGAGGAAATATTACAG-3� for MamuOR14.1.9, 5�-GCGCGAATTCAT
GACTGAGGAAAGGAACAGTACAAC-3� for MamuOR14.1.12, 5�-
GCGCGAATTCATGACTGGGGAAAGGAACAGTACAATTAC-3� for
CajaORc7026.1, 5�-GCGCGAATTCATGATTGCCAGGGGAAACAGCA
CAG-3� for MOR214-1, 5�-GCGCAGATCTATGGAGGCAATGATTAA
AGGAAAAAAC-3� for MOR214-2, 5�-GCGCGAATTCATGATTGG
GGAAAGAAATATTACCA-3� for MOR214-3, 5�-GCGCATGATTG
GGGGAAGAAATATTACCA-3� for MOR214-4, 5�-GCGCGAATT
CATGATTGGGGAAAGAAATATTACCA-3� for MOR214-5, 5�-GCG
CAGATCTATGATTAAGGAAAGAAACTTTAC-3� for MOR214-6) and
downstream (5�-GTAGTGGGAATAGTCCTGCCTGAGGG-3� for OR5
AN2P, 5�-GCGCCTCGAGTTATTTCATTCCATAACACCAGGAG-3� for
PatrOR11R.6.1, 5�-GCGCCTCGAGTCAGCAGCACCTTCTCTTTTG
CAAC-3� for PoabORc2797.1, 5�-GCGCCTCGAGTTATTTCATTC
CATAACACCAGGAG-3� for PoabORc2797.5, 5�-GCGCCTCGAGTCAG
CAGCACCTTCTCTTTTGCAAC-3� for MamuOR14.1.9, 5�-GCGCCTCG
AGTTATTTCATTCCATAACACCAGGAG-3� for MamuOR14.1.12, 5�-
GCGCCTCGAGTTATTTCATTCCATAACACCAGGGG-3� for Caja
ORc7026.1, 5�-GCGCCTCGAGCTAGTTGCAGATTGTCTTTTTCTG
C-3� for MOR214-1, 5�-GCGCCTCGAGTTAGCAGCATCCCAGCT
TCTTCTGTAAC-3� for MOR214-2, 5�-GCGCCTCGAGTTAGCTG
CAAATTTTCTTTTTCTGC-3� for MOR214-3, 5�-GCGCTTAGCTG
CAGATTACCTTTTTCTGC-3� for MOR214-4, 5�-GCGCCTCGAGT
TAGTTGCAGATTTTCTTTTTCTGC-3� for MOR214-5, 5�-GCCTC
GAGTTAGCAGCATCCCAGCTTC-3� for MOR214-6).

A polynucleotide encoding the first 20 aa of human rhodopsin was
included as a tag in pME18S for expression in HEK293 cells.

Cell culture and the luciferase assay. Cells were grown in a 37°C incu-
bator containing 5% CO2. The luciferase reporter gene assay was per-
formed as described previously (Zhuang and Matsunami, 2008; Shirasu
et al., 2014). Dual-Glo Luciferase Assay System (Promega) was used to
measure firefly and Renilla luciferase activities. cAMP response element
promoter-containing firefly luciferase vector (CRE/luc2P-pGL4.29; Pro-
mega) was used to measure receptor activation. A thymidine kinase
promoter-containing Renilla luciferase vector (TK/Rluc-pGL4.74; Pro-
mega) was used as an internal control for cell viability and transfection
efficiency. A short form of RTP1 called RTP1S-pME18S vector was used
to enhance functional expression of the ORs. HEK293 cells were cultured
in poly-D-lysine-coated 96-well plates (BD BioCoat) and transfected with
50 ng of the tagged mouse OR vector, 10 ng of CRE/luc2P, 5 ng of
TK/Rluc, and 10 ng of RTP1S-pME18S vector using 0.15 �l of Lipo-
fectamine 2000 (Invitrogen) per well. Approximately 24 h after transfec-
tion, the medium was replaced with CD293 (Invitrogen) containing 20
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Figure 1. Phylogenetic analysis and responsiveness of the muscone OR family. A, Phylogeny and muscone responses of the muscone OR family in six mammalian species. Left, Phylogenetic tree
of OR genes in three OGGs (Niimura et al., 2014). The scale bar indicates the number of amino acid substitutions per site. Bootstrap values obtained from 500 resamplings are shown on the tree. Right,
Responses of ORs expressed in HEK293 cells to 100 �M muscone in the luciferase reporter gene assay. The ORs with colored letters showed relatively strong responses to muscone. Normalized value
was calculated by dividing the fold increase upon stimulation with muscone in OR-expressing cells by the fold increase in empty vector control cells. The broken line (Figure legend continues.)
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�M L-glutamine in the presence or absence of an odorant and the cells
were then incubated 3 h at 37°C and 5% CO2 (stimulation). Lumines-
cence was measured using Centro LB960 plate reader (Berthold Technol-
ogies). Relative luciferase activity, L, was calculated as luminescence of
firefly luciferase divided by luminescence of Renilla luciferase in a given
well. Fold increase was calculated by the following formula: Ln/Lno odor,
where Ln represents the relative luciferase activity in a given well and
Lno odor represents the relative luciferase activity in a well not stimulated
by any odorant. Methods for calculating normalized values in each figure
are provided in figure legends. Each assay was done in triplicate. Mean
values of three screening triplicates are defined as n � 1.

Data were analyzed with Microsoft Excel and GraphPad Prism 3. Clus-
ter analysis of the OR ligand spectra in Figure 2 was by Ward’s method
using R 3.0.2.

Screening assay. In the experiment screening for musk odor receptors
(Fig. 4A), 405 human ORs, seven trace amine associated receptors
(TAARs), and five vomeronasal receptors (VNRs) were cloned from hu-
man genomic DNA (Promega). All SNPs that were different from
the reference sequences in GenBank (http://www.ncbi.nlm.nih.gov/gen-
bank/) or HORDE (http://genome.weizmann.ac.il/horde/) were found
in NCBI dbSNP database (http://www.ncbi.nlm.nih.gov/SNP/).

To screen human ORs against muscone and musk xylol, HEK293 cells
were cultured in 96-well plates and transfected with 75 ng of a FLAG-
Rho-tagged OR vector, 30 ng of CRE/luc2P-pGL4.29 vector, 30 ng of
CMV/hRluc-pGL4.75 vector, and 30 ng of human RTP1S-pME18S vec-
tor using 0.41 �l of Lipofectamine 2000 per well. Twenty-four to 27 h
after transfection, cells were stimulated with muscone or musk xylol for
2.5 h. Only in the case of screening human ORs for musk ketone were
HEK293 cells plated on poly-D-lysine-coated 384-well plates (BD
BioCoat). The cells were transfected with a 25:10:19:1 mass ratio of
FLAG-Rho-tagged OR vector, human RTP1S-pME18S vector, CRE/
luc2P-pGL4.29 vector, and CMV/hRluc-pGL4.75 vector. The trans-
fected cells were stimulated with DMEM in the presence or absence of
musk ketone for 3 h. Luminescence from the 384-well plate was mea-
sured using EnVision (PerkinElmer). Each assay was done in duplicate.
The mean (m) and the standard deviation (s) of fold increases among all
of the examined receptors except for OR5AN1 were calculated. When a
fold increase of a given receptor was larger than the value of m � 3s, the
receptor was considered to be activated.

Behavioral assay. C57BL/6 male and female mice (8 –15 weeks old;
CLEA Japan) MOR215-1 deletion male and female mice (8 –29 weeks
old; MOR103-1¡MOR215-1-IRES tau-ECFP; Nakashima et al., 2013)
were used. The housing room was maintained at a constant temperature
(23 � 1°C) and under a 12:12 h light:dark cycle. All animal experiments
were approved by the Animal Care Committees of the University of
Tokyo. Each animal was housed individually in its home cage with

clean bedding. In the same home cage 2 d after isolation, odor-source-
exploring experiments were conducted as described previously (Shirasu
et al., 2014). A mouse was exposed for 5 min to the tip of a glass capillary
that had been dipped in an odorant (odor source) and the time taken to
begin actively sniffing the odor source (the tip of a capillary) was re-
corded. The tip of each capillary was carefully set so that the mouse could
not reach it directly. Mice were exposed to a low concentration of odor-
ant first. If the mouse did not find the odor source, then it was exposed to
a higher concentration. The experiment was performed on each mouse
until it found the odor source or up to three times a day. The experiment
was repeated in the same animals �1 week later with other odor sources
and concentrations. Tests were performed during dark periods and were
designed in a double-blind manner. Mice were recorded with a digital
video camera. The latency to find the odor source between wild-type
(WT) and knock-out (KO) mice was compared statistically by perform-
ing the Scherier–Ray–Hare test, a nonparametric version of the repeated
two-way ANOVA (Sokal and Rohlf, 2001; Márquez et al., 2015).

Results
Phylogenetic analysis
We reported previously that MOR215-1 and OR5AN1 are mus-
cone receptors in mice and humans, respectively (Shirasu et al.,
2014). To find muscone receptors in other mammals, we con-
ducted phylogenetic analyses of OR genes using the orthologous
gene groups (OGGs) among 13 placental mammals reported by
Niimura et al. (2014), to which MOR215-1 and OR5AN1 were
closely related in an OR gene tree. An OGG is defined as all extant
descendant genes originated from a single gene in the most recent
common ancestor of a given set of species (Niimura et al., 2014).
MOR215-1 and OR5AN1 were found to belong to OGG2-417
and OGG2-59, respectively. OGG2-417 does not contain any pri-
mate OR genes. The most similar human OR gene to MOR215-1
was OR5AN2P belonging to OGG2-120, which contains several
intact primate OR genes. It has been shown that other ORs closely
related to OR5AN1 in humans (OR5A1 and OR5A2) and to
MOR215-1 in mice (MOR215-2 and MOR215-3) do not respond
to muscone (Shirasu et al., 2014). For these reasons, in this study,
we focused on three OGGs, OGG2-59, OGG2-417, and OGG2-
120, for further analysis (Fig. 1A). From these OGGs, we selected
ORs from five primate species (marmoset, macaque, orangutan,
chimpanzee, and human) and mice for analyzing muscone re-
sponsiveness (Fig. 1A). These OR genes are located on a syntenic
chromosome among six species (Fig. 1B). Common non-OR
genes, DTX4, MPEG, OSBP, and PATL1, are present near the OR
gene cluster containing OGG2-417, OGG2-120, and OGG2-59
genes in all of the six species except for macaques.

Identification of the muscone receptor family in mammals
When we expressed each of the six ORs in the MOR214 subfamily
in HEK293 cells, only MOR214-3 showed a strong response to
100 �M muscone in the luciferase reporter gene assay (Fig. 1A),
consistent with the previous study (McClintock et al., 2014). This
result suggests that most of these ORs have lost the ability to
respond to muscone despite the mouse-specific OR gene expan-
sion in OGG2-59. In the same functional assay, orangutan and
macaque OR5AN1 orthologs Poab_5AN1 (PoabORc2797.1) and
Mamu_5AN1 (MamuOR14.1.9) responded to muscone (the
gene names in parentheses are from Niimura et al., 2014). A
human OR pseudogene, OR5AN2P, belongs to OGG2-120.
Among ORs in this OGG, orangutan and chimpanzee OR5AN2P
orthologs, Poab_5AN2 (PoabORc2797.5) and Patr_5AN2
(PatrOR11R.6.1), exhibited strong responses to muscone,
whereas macaque and marmoset orthologs, Mamu_5AN2 (Ma-
muOR14.1.12) and Caja_5AN2 (CajaORc7026.1), in the same

4

(Figure legend continued.) indicates the value of empty vector control, 1.0. Error bars indicate
SEM (n � 3). OR5AN1 and OR5AN2 (an inferred functional version of OR5AN2P, see Materials
and Methods) in human; Patr_5AN2 (PatrOR11R.6.1) in chimpanzee; Poab_5AN1
(PoabORc2797.1) and Poab_5AN2 (PoabORc2797.5) in orangutan; Mamu_5AN1
(MamuOR14.1.9) and Mamu_5AN2 (MamuOR14.1.12) in macaque; Caja_5AN2
(CajaORc7026.1) in marmoset; MOR215-1 (Olfr1440), MOR214-1 (Olfr262), MOR214-2
(Olfr1436), MOR214-3 (Olfr235), MOR214-4 (Olfr1433/1434), MOR214-5 (Olfr1431), and
MOR214-6 (Olfr1437) in mice. B, Mouse cluster on chromosome 19 corresponded to marmoset
clusters on chromosome 11, macaque clusters on chromosome 14, orangutan clusters on chro-
mosome 11, chimpanzee clusters on chromosome 11, and human clusters on chromosome 11.
Each horizontal line represents a chromosome. The position of each OR gene is represented by a
colored vertical bar above or below a horizontal line, the latter indicating the opposite transcrip-
tional direction to the former. Each bar is colored according to the OGG to which the OR gene
belongs. The genes in the same OGG are connected by a dashed line. C, Dose–response curves of
muscone ORs. The squares show normalized luciferase values. The normalized luciferase value
was calculated by the following formula: (Fn � Fno odor) * 100/(Fmax � Fno odor), where Fn

represents the fold increase at a concentration of muscone, Fno odor represents the fold increase
for no odor, and Fmax represents the fold increase for muscone at a concentration that showed a
maximal response. EC50 and 95% confidential intervals (in parentheses) are shown in each
graph. Error bars indicate SEM (n � 3).
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OGG weakly responded to muscone. Moreover, we constructed
an inferred functional version of OR5AN2P based on the chim-
panzee ortholog Patr_5AN2 by inserting a single guanine nucle-
otide after the 155 th nucleotide in the OR5AN2P coding sequence
(c.155_156 insG). The modified OR5AN2, however, did not re-
spond to muscone. It is fair to say that OGG2-59, OGG2-417, and

OGG2-120 represent orthologous gene families encoding mus-
cone receptors in mammals.

We next investigated sensitivity of the ORs that strongly re-
sponded to muscone by applying various concentrations of mus-
cone (Fig. 1C). The EC50 value for MOR215-1 was 0.5 �M and
those of the other muscone receptors were between 5.4 and 19.4
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n�1
25 Fn � Fno odor where Fn and Fno odor represent the fold increase for the nth odor and no odor, respectively. When Fn is smaller than Fno odor, the normalized

value is regarded to be zero. Only positive values are shown. The empty boxes indicate that the value is �0.1.
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�M. MOR215-1 appears to possess 10-fold greater sensitivity to
muscone than other muscone receptors. It is notable that other
typical ORs usually show EC50 values at �M levels, suggesting that
MOR215-1 is a relatively sensitive OR.

Structure–activity relationships for various musk compounds
We examined the responsiveness of the muscone receptors to
other musk odorants and related compounds, including MCMs,
NMs, PCMs, and an ACM (Fig. 2A). Exposures of muscone or
unsaturated MCM compounds at concentrations �100 �M often
gave unreliable responses. This was likely due to cytotoxicity to
HEK293 cells (Fig. 1C for muscone; data not shown for other
compounds). Therefore, in this experiment, we used the 10 �M

concentration, which was in the range of EC50 values.
Figure 2B shows relative responsiveness of each musk OR to

25 musk-related compounds. A cluster analysis based on the re-
sults of the structure–activity studies identified four clusters of
musk ORs. Although phylogenetically close ORs tended to be
in the same cluster, the clustering did not always reflect phy-
logenetic relationships. The first cluster of ORs (OR5AN1,
Poab_5AN1, and Mamu_5AN1) showed responses to musk ke-
tone (#13) most strongly and also to musk xylol (#12) and mac-
rocyclic ketones with a 14- to 16-membered ring (#1–7), but very
weakly to 17-membered rings (#8, #9). The second group
(Caja_5AN2 and Mamu_5AN2) appeared to be relatively nar-
rowly tuned ORs that responded only to macrocyclic ketones
with a 15- or 16-membered ring and only very weak responses to
some of other musk odorants. The third cluster (Patr_5AN2 and
MOR215-1) showed relatively broad responses to musk odorants
and related compounds. The fourth cluster (MOR214-3 and

Poab_5AN2) responded to unsaturated macrocyclic ketones
with a 15- or 16-membered ring (#2, #4, #5) more strongly than
to muscone. The third and fourth clusters showed responses, not
only to MCMs, a 15- to 17-membered ring with a ketone or
lactone group (#1–11), but also to a hydroxyl group (#20). The
oxygen, however, appears to be essential for the responsiveness,
because C15 cyclic alkane (#19) did not induce responses.

Responsiveness of MOR215-1 and OR5AN1 to NMs and
muscone enantiomers
We selected MOR215-1 and OR5AN1 as representatives from the
two groups and measured their dose-dependent responses to
muscone (MCM #1), musk xylol (NM #12), and musk ketone
(NM #13; Fig. 3A). The dose–response curves for musk xylol and
musk ketone were similar between MOR215-1 and OR5AN1,
whereas their sensitivity to muscone was drastically different. The
EC50 value of MOR215-1 for muscone (0.5 �M) was much lower
than that of musk xylol (34.9 �M) and musk ketone (2.9 �M). In
contrast, OR5AN1 responded to musk ketone (EC50 � 0.8 �M)
much more strongly than to muscone (EC50 � 12.5 �M) and
musk xylol (EC50 � 16.7 �M).

We reported previously that MOR215-1 has differential
affinities to enantiomers of muscone in the Xenopus laevis
oocyte expression system (Shirasu et al., 2014). We herein
determined the sensitivity of MOR215-1 for muscone enan-
tiomers in the luciferase assay (Fig. 3B). For MOR215-1,
racemic-muscone (EC50 � 0.5 �M) and l-( R)-muscone
(EC50 � 0.6 �M) showed higher affinity than d-( S)-muscone
(EC50 � 2.2 �M), consistent with our previous results except
that racemic- and l-muscone responses were similar in this
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study, likely due to the difference in the assay systems. The
maximal responses were similar among the three musks. In
contrast, OR5AN1 showed similar EC50 values for l-muscone
(EC50 � 13.3 �M), racemic-muscone (EC50 � 12.5 �M), and
d-muscone (EC50 � 11.3 �M), whereas the response intensi-
ties were drastically different: l-muscone, 	300-fold increase;
racemic-muscone, 	200-fold increase; and d-muscone,
	100-fold increase.

Screening musk odor receptors in the human OR repertoire
To further screen human musk ORs, HEK293 cells expressing
each of 405 human ORs, seven TAARs, and five VNRs were stim-
ulated with muscone, musk xylol, or musk ketone and the re-
sponsiveness was measured using the luciferase assay system. In
addition to OR5AN1, which responded to all three musk com-
pounds, OR1A1 was found to respond to muscone and musk
xylol weakly, but not to musk ketone (Fig. 4A). We tested a series
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of musk compounds for OR1A1 and found that OR1A1 re-
sponded more to unsaturated C14 –15 macrocyclic ketones,
muscenone and cosmone (#2, #6) and a PCM, celestolide (#16;
Fig. 4B). OR1A1 has been known to be a relatively nonselective
OR that responds to a variety of odorants, including terpenes,
aldehydes, alcohols, and ketones (Saito et al., 2009). Indeed,
OR1A1 showed a robust response to a monoterpene (�)-carvone
(Fig. 4B).

OR2J3 showed a relatively specific response to musk xylol
(Fig. 4B). This OR is known as a cis-3-hexen-1-ol (leaf alcohol)
receptor (McRae et al., 2012). However, we could not reproduce
any responses to leaf alcohol in OR2J3. MOR256-17, having a
sequence similarity to MOR256-18, a mouse ortholog to OR2J3,
has been shown to respond to trinitrotoluene (Li et al., 2012),
an explosive material, suggesting that the orthologous group
containing OR2J3 includes a receptor for trinitrobenzene
compounds.

All of these results indicate that OR5AN1 is the major musk
receptor that recognizes muscone, musk xylol, and musk ketone
in humans and that OR2J3, together with OR5AN1, may contrib-
ute to the sensation of musk xylol.

Odor-finding test for muscone in MOR215-1 KO mice
Our results so far demonstrated that each species has one or two
muscone ORs, suggesting that the muscone OR genes have been
evolutionarily and functionally well conserved. To examine the
role of MOR215-1 in the perception of muscone in mice, we
genetically deleted the MOR215-1 gene to test whether the KO
mice could smell muscone. Although mice have two muscone
ORs, MOR215-1 and MOR214-3, MOR215-1 has a muscone de-
tection threshold that is two orders of magnitude smaller than
that of MOR214-3 (Fig. 1C). Therefore, the deletion of
MOR215-1 is expected to cause a shift of the threshold to higher
concentrations or possibly lead to muscone anosmia.

The MOR215-1 deletion (MOR215-1 KO) mice were sub-
jected to the odor-finding test for muscone and eugenol (as a
control) as described previously (Shirasu et al., 2014; see also
Materials and Methods). More than half of the WT mice could
find 10� 4 dilution (0.01% volume per volume) muscone in 5
min, whereas none of the MOR215-1 KO mice could (Fig. 5). The
latency to find the muscone odor sources is significantly different
between WT and MOR215-1 KO mice (p � 0.001, the Scherier–
Ray–Hare test statistics, H � 12.21). The detection threshold was
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two or three orders of magnitude higher in MOR215-1 KO mice
than WT mice. In contrast, we did not find any significant differ-
ence for eugenol (p � 0.35, H � 0.88). These results indicate that,
because of the presence of other receptors, including MOR214-3,
MOR215-1 KO mice still possessed the ability to detect muscone
albeit with much lower sensitivity. Therefore, MOR215-1 is cru-
cial to detecting muscone in mice.

Discussion
In the early 1960s, Amoore (1963) proposed that thousands of
odorants could be categorized into the seven primary odors and
predicted the binding site structure for each primary odor. Musk
odor was one of them and the shape of the musk binding site was
estimated to be a disk-shaped column structure with approxi-
mately 10Å diameter. In this study, we have demonstrated that
most of muscone receptors in primates and mice were tuned to
both macrocyclic and nitro musks with chemical properties that
are quite different. Lavine et al. (2003) showed that NMs and
MCMs (called nitro-free musks in their paper) have common
structural features that can be used to differentiate them from
nonmusks. The space occupied by these musk compounds may
be similarly circular with a diameter that fits into the disk shape as
Amoore predicted. The present findings lead us to revisit
Amoore’s stereochemical theory of olfaction and confirm the
important role of ORs in recognizing the shape of an odorant
molecule.

Each of the six species examined in this study possesses one or
two musk ORs, indicating that recognition of musk odors is spe-
cific and well conserved among species. Although we found sim-
ilar structure–activity relationships in ORs across the OGGs, the
ligand spectra were not necessarily similar among the muscone
ORs within a single OGG. The structure–activity relationships
suggest that the musk ORs can be categorized into four clusters
(Fig. 2B). One type of OR showed strong responses to NMs and
little response to macrocyclic lactones. Another two cluster types
of ORs responded not only to macrocyclic ketones, but also to
lactones, and thus appear to possess broader ligand spectra for
macrocyclic compounds. The last type of ORs is the most specific
and narrowly tuned to unsaturated macrocyclic ketones with a
15- or 16-membered ring. Unraveling the molecular basis for
these unique structure–activity relationships in the musk re-
ceptor family will require solving the 3D structures of those
receptors.

It is known that l-muscone possesses a stronger and higher-
quality musk aroma than d-muscone, suggesting that muscone
receptors are more responsive to l-muscone than to d-muscone
(Kraft and Frater, 2001). Consistently, MOR215-1 responded to
l-muscone more sensitively than to d-muscone, although the de-
gree of the differences was somewhat different between the assay
systems (Shirasu et al., 2014). For the human muscone receptor
OR5AN1, no difference in EC50 values for l- and d-muscone was
observed, but the response amplitude for l-muscone was 	3-fold
higher than that for d-muscone (Fig. 3B). This partial agonist
characteristic may account for the weak and poor musk odor
quality of d-muscone in human perception.

OR5AN1 also showed stronger responses to NMs than to
muscone, consistent with the observation that human percep-
tion of NMs is more sensitive than muscone. Therefore,
OR5AN1 may be the crucial musk receptor in humans. How-
ever, humans perceive macrocyclic lactones, PCMs, and
ACMs as musk odors, even though these compounds do not
activate at all or only slightly activate OR5AN1. This result
suggests that other musk-responsive ORs participate in per-

ception of these odorants. OR1A1 and OR2J3, which re-
sponded to muscone and musk xylol, have been known as
broadly tuned ORs (Saito et al., 2009; McRae et al., 2012).
These characteristics of OR1A1 and OR2J3 may explain the
difference in scent properties of musk odorants.

In rodents, some expansion in the musk OR gene groups has
occurred, resulting in, for example, a total of seven homolog-
ous ORs in mice. Of these, two musk ORs, MOR215-1 and
MOR214-3, responded to musk odors in the assays using heter-
ologous cells, consistent with the previous study (Fig. 1C; Shirasu
et al., 2014; McClintock et al., 2014). MOR215-1 responded to
musk ketone and musk xylol with 	10- and 100-fold higher EC50

values, respectively, than to muscone. These differences may ac-
count for our observation that MOR215-1 did not respond to
musk xylol and musk ketone during in vivo olfactory bulb imag-
ing (Shirasu et al., 2014). The threshold concentration of mus-
cone for MOR214-3 was 	100-fold higher than that for
MOR215-1, suggesting that MOR215-1 is the most sensitive
muscone receptor. Indeed, genetic deletion of MOR215-1 re-
sulted in drastic reduction in sensitivity to muscone in mice
(Fig. 5), supporting the crucial role of MOR215-1 in mouse mus-
cone perception.

Generally, odorants are recognized by multiple ORs among
the 396 human ORs and 1130 ORs in mice. Therefore, typical
ORs are functionally redundant, so single OR deletions generally
do not affect olfaction. One exception so far is the case of deletion
of TAAR4 (in the “other” class of chemosensory receptor) that
caused anosmia to the cognate ligand �-phenylethylamine (De-
wan et al., 2013). However, to our knowledge, this was the first
case in which a single OR deletion affected the perception of the
cognate ligand in mice. In humans, there are some cases in which
genetic variation in a single receptor has a large influence on the
intensity, sensitivity, or preference to the cognate odorant (Keller
et al., 2007; Menashe et al., 2007; McRae et al., 2012; Jaeger et al.,
2013; McRae, 2013; Mainland et al., 2014). These account for
specific anosmia or hyperosmia for a particular odor. It has also
been reported that some individuals cannot smell some musks
(Whissell-Buechy and Amoore, 1973) and it is of interest whether
this is due to a variation in the muscone OR.

In this study, we identified and described a conserved musk
receptor family in mammals that is specific to musk odors but has
different ligand spectra. Although a natural ligand(s) for these
receptors in mammals other than musk deer remains to be eluci-
dated, this family may play an evolutionarily pivotal role in each
species. Indeed, our preliminary experiments suggest that there
are unidentified compounds that activate MOR215-1 in mouse
preputial gland extracts. The current study also reveals that, re-
gardless of OR redundancy, deletion of a sensitive OR can affect
the recognition threshold for the corresponding odorant dramat-
ically, demonstrating a strong link between OR and odor percep-
tion. Finally, the structure–activity relationships of OR5AN1
appear to be in a good agreement with human sensory percep-
tion. This is an important observation that can inform future
commercial development of useful musk aromas.
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