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Understanding olfaction at the molecular level is challenging due
to the lack of crystallographic models of odorant receptors (ORs).
To better understand the molecular mechanism of OR activation,
we focused on chiral (R)-muscone and other musk-smelling odor-
ants due to their great importance and widespread use in perfum-
ery and traditional medicine, as well as environmental concerns
associated with bioaccumulation of musks with estrogenic/anties-
trogenic properties. We experimentally and computationally ex-
amined the activation of human receptors OR5AN1 and OR1A1,
recently identified as specifically responding to musk compounds.
OR5AN1 responds at nanomolar concentrations to musk ketone
and robustly to macrocyclic sulfoxides and fluorine-substituted
macrocyclic ketones; OR1A1 responds only to nitromusks. Struc-
tural models of OR5AN1 and OR1A1 based on quantum mechan-
ics/molecular mechanics (QM/MM) hybrid methods were validated
through direct comparisons with activation profiles from site-
directed mutagenesis experiments and analysis of binding ener-
gies for 35 musk-related odorants. The experimentally found chiral
selectivity of OR5AN1 to (R)- over (S)-muscone was also computa-
tionally confirmed for muscone and fluorinated (R)-muscone ana-
logs. Structural models show that OR5AN1, highly responsive to
nitromusks over macrocyclic musks, stabilizes odorants by hydro-
gen bonding to Tyr260 of transmembrane α-helix 6 and hydropho-
bic interactions with surrounding aromatic residues Phe105,
Phe194, and Phe207. The binding of OR1A1 to nitromusks is stabi-
lized by hydrogen bonding to Tyr258 along with hydrophobic in-
teractions with surrounding aromatic residues Tyr251 and Phe206.
Hydrophobic/nonpolar and hydrogen bonding interactions con-
tribute, respectively, 77% and 13% to the odorant binding affin-
ities, as shown by an atom-based quantitative structure–activity
relationship model.
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Musks, secretions obtained from odor glands of the male
musk deer and other animals, and their synthetic equiva-

lents, have an “animalic” and sensual yet warm, smooth, and soft
odor. They are used as base notes in the most sexually pro-
vocative perfumes, where they are greatly valued because of their
persistence and ability to act as fixatives for other fragrances.
Indeed, it is said that “there is no fragrance on the market that
does not contain musk odorants” (1). The principal odorous
component of musk deer (Moschus moschiferus) musk is the
chiral 15-membered ring ketone (R)-muscone [(R)-1); l-muscone;
(R)-methylcyclopentadecanone; Fig. 1], whose structure was first
elucidated by Ruzicka in 1926 (2), and for which numerous

syntheses have been reported (3–22). (R)-1 has an odor de-
tection threshold of 4.5 ng/L (6), which is lower than the
threshold for (S)-muscone [(S)-1]. The 17-membered ring ketone
civetone 12, from the African civet (Civettictis civetta), has also
played an important role in perfumes. Indeed, civet is even
mentioned in Shakespeare’s King Lear: “Give me an ounce of
civet, good apothecary, to sweeten my imagination [King Lear
IV, vi, 133].”
However, the rarity of the musk pods and the difficulties in-

volved in the large-scale synthesis of macrocyclic compounds
prevented their usage in perfumery and contributed to the ad-
vent of synthetic musks. Predating the identification of the
macrocyclic components of natural musks of animal and plant
origins, several nitromusks were synthesized serendipitously in
the late 1800s (23). The nitromusks, musk ambrette, musk
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moskene, and musk tibetene, have long been known to be pho-
totoxic and have been phased out of the cosmetic market. Musk
ketone and musk xylene can still be used in Europe but with
some restrictions because they are suspected of carcinogenic
effects at high concentrations (24). With the discovery of poly-
cyclic musks in the mid-20th century (1), synthetic musks have
since enjoyed broad uses in the industry. While polycyclic musks
dominate the global market, due to their lipophilic, persistent,
and bioaccumulative nature, they are reported to accumulate in
soil and sediments, raising environmental concerns (24) in view
of their possible estrogenic/antiestrogenic effects (25).
Predating the synthesis of musk-smelling compounds, natural

musk and its active constituent, (R)-1, have been widely used in
traditional Chinese medicinal formulations. Natural musk is a
valuable traditional Chinese medicine and has pharmacological
effects promoting blood circulation and menstruation, inducing
resuscitation, and possessing antiinflammatory activity. Some
Chinese herbal medicines containing musk ingredient are widely
used for treatment of stroke, dementia, inflammation, cerebral
ischemia, coronary heart disease, injury, cancer, and other dis-
eases (26–31). A recent study reported that muscone is one of
the antiinflammatory constituents in a well-known traditional
Chinese medicine named Pian-Tze-Huang (32). The antiin-
flammatory, antitumor, and antiinvasive effects of muscone are
shared by other macrocyclic ketones such as civetone (33). In
addition to these protective effects, musk compounds, including
ambrettolide, muscone, and civetone, can stimulate the secretion
of 17β-estradiol (34); together with its ability to promote blood
circulation and menstruation, this makes musk a potent miscarriage-
inducing agent (35). All of the above point to the existence of

one or more drug targets mediating the pharmacological activi-
ties of musk compounds.
It has long been felt that only a few receptors are involved in

sensing musk odor (36, 37). In recent studies, the odorant re-
ceptors (ORs) OR5AN1 and OR1A1 have been identified as
human receptors for musk, including macrocyclic ketones as well
as nitromusks (38–41). Understanding structure/function rela-
tionships responsible for ligand binding and activation of G
protein-coupled receptors (GPCRs) (42, 43) remains an out-
standing challenge of broad research interest, particularly given
that some ORs expressed in cancer cell lines may contribute to
tumorigenesis (44). ORs are members of the class A rhodopsin-
like family of GPCRs (45, 46). Homology structural models of
ORs can thus be based on crystallographic structures for
rhodopsin-like receptors (47–51). The main challenge, however,
is to provide experimental support for the proposed models for
ligand–receptor interactions by site-directed mutagenesis and
comparative analysis of ligand binding by biochemical mea-
surements of receptor activation.
Given the historic significance of musks, whose use dates back

more than 2,000 y, and their great economic importance to the
fragrance industry (52) and in traditional medicine (32), here we
examine the ligand-response profiles of OR5AN1 and OR1A1
and the binding sites for macrocyclic musks and nitromusks
in homology structural models of OR5AN1 and OR1A1. We
combine computational and experimental methods to validate
the proposed model, including measurements of the receptor
response upon ligand binding in conjunction with site-directed
mutagenesis and calculations of ligand binding energies based
on quantum mechanics/molecular mechanics (QM/MM) hybrid
methods and ligand dynamics obtained via molecular dynamics
(MD) simulations. We apply these methods to a broad range of
conformationally diverse musk-related compounds including
analogs of (R)-muscone containing a difluoromethylene (CF2)
group, for which X-ray structures are known, as well as the
previously unknown 15-membered ring sulfoxide, in which the
planar carbonyl group has been replaced with a pyramidal
sulfinyl group.

Results and Discussion
Response of OR5AN1 to Various Musk Compounds. The musk smell
of macrocyclic ketones has traditionally been associated with 14-
to 18-carbon rings (1). Since there are perceptual and molecular
similarities between natural and synthetic musk compounds, and
if OR5AN1 is one of the few specific musk receptors in humans,
could the same receptor also respond to structurally different
nitromusks and polycyclic musks? A recent study found that in
addition to macrocyclic musks OR5AN1 also showed a strong
response to the nitromusks (38). In this study, we first explored
the ligand selectivity of OR5AN1 by testing it against all three
classes of musks and selected structurally related compounds
(Fig. 1 and SI Appendix, Table S1). We found that, in addition to
C15 and C16 macrocyclic carbonyl compounds, racemic muscone
1, cyclopentadecanone 2, isomuscone 8, ω-pentadecalactone 9,
and ambretone 10 (38, 39, 41), OR5AN1 is also capable of
responding to the C17 macrocyclic ketone compound, civetone
12, and its hydrogenated analog dihydrocivetone 11, but not to
the structurally similar 17-membered ring lactones ambrettolide
13 or ethylene brassylate 14 (Fig. 2A and SI Appendix, Fig. S1A
and Table S2). A previously unknown sulfur-containing analog
(5) of cyclopentadecanone, containing a sulfinyl (S=O) group
instead of a carbonyl group, as well as selected 12- and 13-
membered ring counterparts (15–18) without a musk smell were
also included for comparison. Of the three sulfur-containing
analogs of cyclopentadecanone, thiacyclopentadecane 1-oxide
5, thiacyclopentadecane 6, and cyclopentadecanethiol 7, only 5
activated OR5AN1 (Fig. 2A and SI Appendix, Table S2). Com-
pound 5, odorless at room temperature due to its low volatility,
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Fig. 1. Three classes of musk compounds and related compounds used in
this study.
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represents the first known sulfinyl musk. Interestingly, in contrast
to carbonyl groups, the sulfinyl group is pyramidal at sulfur
rather than planar.
Furthermore, the sulfinyl group absorbs at a very different

region of the infrared spectrum compared with the carbonyl
group (1,030–1,060 and 1,710–1,720 cm−1, respectively), further
arguing for the implausibility of the vibrational theory of olfac-
tion (39). Thiacyclopentadecane itself has been reported to have
“a very weak musky smell” which becomes more apparent on
heating (53). Other divalent sulfur-containing musks are known
as well (54–57). Consistent with previous reports (38, 39),
cyclopentadecanol 3 induced a weak response while cyclo-
pentadecane 4 failed to activate OR5AN1 (SI Appendix, Fig. S1A
and Table S2). The above response profile underlines the im-
portance of the sulfoxide group or the carbonyl group in the
musk smell. The thiol or the sulfide group is not sufficient for
ligand–receptor interaction. None of the 12- or 13-membered
macrocyclic carbonyl compounds (15, 16, and 18) evoked a re-
ceptor response, while the previously unknown thiacyclo-
tridecane 1-oxide 17 was very weakly responsive, consistent with
their lack of musk smell (Fig. 2A and SI Appendix, Table S2). In
addition, we compared the responses of racemic muscone 1 and
(R)-1. Similar to the results in a previous study (38), the response
to (R)-1 is slightly better at high concentrations (SI Appendix,
Fig. S2).
Nitromusks usually contain at least two nitro groups, as well as

alkyl and/or tertiary alkyl groups, attached to a benzene ring. The
disk-shaped structures of these molecules are reminiscent of the
macrocyclic musks and may well fit into the same musk receptor

binding pocket as the macrocycles. In addition to the two
nitromusks, musk ketone 19 and musk xylene 20, tested in a
recent study (38), we also tested the structurally similar musk
tibetene 21 and musk ambrette 22 against OR5AN1. Consis-
tent with our hypothesis, the first three nitromusks strongly
activated the receptor, with musk ketone 19 responding as
sensitively as in the nanomolar ranges (Fig. 2A and SI Ap-
pendix, Fig. S1A and Table S2). In contrast, non-musk-
smelling nitrobenzene compounds such as the symmetrical
trinitrotoluene 23 and 2,4-dinitrotoluene 24 failed to activate
the receptor (Fig. 2A and SI Appendix, Table S2). We note that
the EC50 values for racemic muscone, musk tibetene, and musk
xylene we obtained from the dose–response curves are similar
to those previously reported (SI Appendix, Table S2). Finally,
although some polycyclic musks (25–27) may share certain
molecular similarities with the nitromusks, such as the central
benzene ring, and the presence of substituent alkyl and alkoxy
groups, none of the three polycyclic musks tested activated
OR5AN1 (Fig. 2A and SI Appendix, Fig. S1A and Table S2).
This lack of response points to the possible existence of other
musk-responsive receptors in humans, at least those responding
to the polycyclic musks.

Identification of a Second Human Musk OR. We next screened for
additional human musk receptors by first focusing on the nitro-
musk, musk tibetene 21. We found that, in addition to OR5AN1,
OR1A1 emerged from the screen of the human receptor rep-
ertoire against musk tibetene (SI Appendix, Fig. S3). We then
assayed the ligand selectivity of OR1A1. Unlike OR5AN1, which
can respond to both macrocyclic and nitromusk compounds,
OR1A1, an otherwise broadly tuned OR capable of responding
to odorants of diverse structures (58), only responded promi-
nently to selected nitromusks, namely musk ambrette 22, and to
a much lesser degree to the other nitromusks, but not to any of
the macrocyclic or polycyclic musks (Fig. 2B and SI Appendix,
Fig. S1B and Table S2). Thus, OR1A1 represents relatively
narrower musk-related ligand tuning compared with OR5AN1.
Another study also identified OR1A1 and additionally OR2J3 as
human musk receptors that may partly contribute to the sensa-
tion of musk by responding to a few musk compounds (38).

Response of OR5AN1 to Fluorinated Musk Analogs. We have estab-
lished that the stereoelectronic consequences of introducing a
difluoromethylene (CF2) group into a macrocycle results in a
preference for the fluorine atoms to occupy corner locations
(59), certainly in the lower energy conformers. This limits the
conformational space that the ring system inhabits and has at-
tractive prospects for exploring preferred agonist conformations
of flexible rings. This approach has recently been explored by
replacing a ring CH2 by a CF2 group to influence the odors of
macrocyclic musk compounds, including cyclopentadecanone
(60), musk lactones (61), civetone, and (R)-1 (62). In particular,
when the CF2 group was inserted in different ring positions the
odor intensity of (R)-muscone varied by human smell analysis
(perfumery “nose” panel) (62). Here, we extend this analysis to
investigate the response of the muscone receptor OR5AN1 to
various CF2-containing macrocyclic (R)-muscone analogs (com-
pounds 28–37, Fig. 3 and SI Appendix, Table S3).
We found that OR5AN1 showed varying responses to the

saturated fluorinated analogs 28–31, depending on the positions
of the CF2 substitution (Fig. 4 and SI Appendix, Table S4).
Generally, the EC50 values were in the micromolar range, al-
though only the C8 CF2 muscone 30 gave a maximum agonist
response at saturating concentrations and had the closest profile
to (R)-1 (Fig. 4, first row). We also assessed dehydro-musk ke-
tones with double bonds and CF2 groups at various positions. In
general, the saturated and unsaturated analogs tested with the
CF2 at the same site respond similarly (28/33, 30/35, and 31/37).
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Fig. 2. Response of human musk receptors to various musk compounds. The
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When both geometric isomers were available (34 and 37), the E isomer
showed an increased potency compared with the Z isomer (Fig. 4). A
notable exception is analog (E)-34, which exhibited a most intense and
pleasant musky odor. Strikingly, (E)-34 was three orders of magnitude
more potent (EC50 0.03 μM) than (R)-1 (EC50 19.9 μM) in the
OR5AN1 assay and, similar to musk ketone (EC50 0.02 μM), the
most potent nitromusk. This is the muskiest musk ketone recorded
on the OR5AN1 receptor using the in vitro assay. The combination
of the 7-CF2 group and the E double bond has a significant effect,
presumably isolating ring conformations with optimal relevance for

triggering the receptor. While (E)-34 was not amenable to X-
ray crystallography, the lowest energy calculated structures (SI
Appendix, Fig. SA6, first row) are unusually elongated with the
CF2 at a corner and the double bond at an edge. This contrasts
significantly with the lower energy conformers of the saturated
CF2-containing muscones 28–31 and that of the unsaturated (Z)-
34 (see Fig. 7 and SI Appendix, Figs. SA2–SA5). For example, the
X-ray crystal structure (SI Appendix, Fig. SA7, first row) and an
almost identical lowest energy calculated structure of (Z)-34
(SI Appendix, Fig. SA7, second row) displays a pseudosquare

Fig. 3. Fluorinated musk compounds used in this study.
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conformation (62). Isomer (Z)-34 (EC50 3.8 μM) was much more
similar in potency to 1 (EC50 14.2 μM) and (R)-1.

Homology Model and Docking Results. Fig. 5A shows the homology
structural model of OR5AN1. The model was built by using the
X-ray crystal structure of the human M2 muscarinic receptor
(63) as a template (SI Appendix, Fig. S4A), as reported for mouse
OR MOR244-3 (64, 65). Both models share some common
structural features, including the disulfide bond between amino
acid residues Cys98 (C98) and Cys180 (C180; Fig. 5A, purple).
Fig. 5B shows the homology model of OR1A1 where the disul-
fide bond forms between Cys97 (C97) and Cys179 (C179). The
Multiple Sequence Viewer tool as implemented in Maestro was
utilized to analyze the sequence similarity between OR5AN1 and
OR1A1. The default setting in pairwise sequence alignment was
used; we found 58% sequence similarity between OR5AN1 and
OR1A1. The sequence similarity of these two ORs is shown in SI
Appendix, Fig. S4B. Note that the binding site for these musk-
smelling compounds is near the extracellular loop (ECL2, at the
periphery) of both receptors (Fig. 5 A and B), in contrast to the
deep binding site proposed for smaller odorants in the ORI7,
OR2AG1, MOR244-3, and OR-EG receptors (49, 50, 64–67).
The binding site of OR5AN1 consists of Tyr260 and Phe252 of
transmembrane α-helix 6 (TM6), Phe207 of transmembrane
α-helix 5 (TM5), Phe105 of transmembrane α-helix 3 (TM3),
and Phe194 of extracellular loop 2, while the binding site of

OR1A1 consists of Tyr258 and Tyr251 of transmembrane α-helix
6 (TM6), Ile205 and Phe206 of transmembrane α-helix 5 (TM5),
and Ile105 and Tyr113 of transmembrane α-helix 3 (TM3) and
Leu184 of extracellular loop 2. Residue arrangements of
OR5AN1 and OR1A1 are given in SI Appendix, Fig. S4C,
showing the seven-transmembrane region marked in a red
rectangular box.
The docking results show that all odorants bind by hydrogen

bonding to amino acid residue Tyr260, in transmembrane α-helix
6 (TM6), at a binding pocket surrounded by aromatic, polar and
nonpolar residues in OR5AN1 (Fig. 5C and SI Appendix, Fig.
S5). We have analyzed docking of nitromusks, macrocyclic
musks, and fluorinated musks for which OR5AN1 shows signif-
icant response. The results show that ambretone 10 binds with
a high docking score (−7.28), whereas thiacyclopentadecane 1-
oxide 5 has the weakest binding (docking score −5.62) among the
macrocyclic compounds (SI Appendix, Table S5). The fluorinated
musks also bind to Tyr260 with good binding scores: 30 shows the
highest docking score (−7.42) while (Z)-34 displays the lowest
docking score (−6.72) among the fluorinated musk compounds
(SI Appendix, Table S5). The nitro compounds show similar
scores (∼ −5.60). The docking poses show that one of the nitro
groups is typically involved in H-bonding with Tyr260 for all
nitromusk odorants. In addition to the H-bond with Tyr260,
some compounds exhibit hydrophobic interactions with sur-
rounding phenylalanine residues (Fig. 5C and SI Appendix, Fig.
S5). The docking results of the S-enantiomers of musk ligands
show similar binding sites but do not show much difference in
binding scores (SI Appendix, Fig. S5G and Table S5), probably
because of protein rigidity in the docking calculation.
We also performed docking studies for OR1A1 using three

active odorants, namely, musk ambrette, musk tibetene, and
musk xylene. The docking studies revealed that Tyr258 and a few
other hydrophobic residues such as Tyr251, Ile205, and
Phe206 are very important in odorant binding. SI Appendix, Fig.
S5H shows the docking results of these three odorants in
OR1A1. The odorant binding pocket consists of Tyr258 and
Tyr251 with surrounding polar and nonpolar residues (Fig. 5D).
Musk ambrette 22 and musk tibetene 21 form H-bonds with
Tyr258. In addition to H-bonds with Tyr258, the ligands display
hydrophobic interactions with surrounding nonpolar residues
such as Ile105, Tyr251, and Phe206 (Fig. 5D).

QM/MM Calculations. The QM/MM structural models show that
macrocyclic ketones, fluorinated musks, and nitromusks are sta-
bilized in the binding pocket of OR5AN1 by specific hydrogen-
bonding interactions and favorable hydrophobic contacts. The
odorant keto or nitro functional groups form H-bonds with the
OH of amino acid residue Tyr260 in TM6 (Fig. 6). In addition,
three phenylalanines (Phe105, Phe194, and Phe252) surrounding
the odorants stabilize the odorants by establishing favorable
nonpolar interactions (Fig. 6B and SI Appendix, Fig. S6). In-
terestingly, we found that the nitro group of musk ketone 19
forms an extra H-bond with its nearest water molecule which is
also bonded to another water molecule by an H-bond. This in-
teraction might provide extra stability in the binding site. How-
ever, the macrocyclic musks do not show any direct H-bonds with
any water molecule. The QM/MM relative binding energies of the
odorants correlate with the relative response of OR5AN1 toward
each of these ligands. The r2 value of the correlation is 0.78, which
shows an excellent goodness of fit of the model (SI Appendix,
Fig. S7).
Nitromusks exhibit much higher binding energies compared

with macrocyclic odorants. Musk ketone 19, musk xylene 20, and
musk tibetene 21 bind more favorably than isomuscone 8
(cyclohexadecanone) by −8.2 kcal/mol, −7.3 kcal/mol, and
−5.6 kcal/mol, respectively, consistent with the experimental
activity profile. Isomuscone 8 exhibits the lowest binding energy
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D 
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DRY 
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OR5AN1 

OR1A1 

Fig. 5. Side view of the homology model (A) OR5AN1 and (B) OR1A1 in-
cluding seven-transmembrane α-helices (color key: TM1, blue; TM2, light
blue; TM3, light green; TM4, green; TM5, yellow; TM6, orange; and TM7,
red); the odorant (shown as space-filling models) binds at the periphery
of the receptor, near the extracellular loop 2 ECL2, by H-bonding to
Tyr260 in OR5AN1 and to Tyr258 in OR1A1. The circled region indicates the
presence of the conserved DRY motif at sites Asp122, Arg123 and Tyr124 in
OR5AN1. The magenta color stick represents the disulfide bond between
Cys98 and Cys180 in OR5AN1 (A) and between Cys97 and Cys179 in OR1A1
(B). (C ) Ligand–protein interactions of musk ketone with the polar (blue)
and hydrophobic (green) residues, including the H-bonding interaction
(dashed magenta lines) with Tyr260 are shown. (D) OR1A1 binds musk
tibetene by H-bonds with Tyr258 in the binding site (one-letter amino acid
codes used).
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compared with other macrocyclic ligands. Among the macrocy-
clic ligands, ω-pentadecalactone 9 (cyclopentadecaolide) shows a
relatively high binding energy, which is −5.2 kcal/mol higher than
that of isomuscone 8. In addition, we find that musk ketone 19
and musk xylene 20 bind more favorably than musk tibetene 21
by −2.6 kcal/mol and −1.7 kcal/mol, respectively. Among fluo-
rinated musks, 28 shows higher binding energy while (Z)-37
exhibits lower binding energy compared with other fluorinated
musk compounds. Musk 28 binds more favorably than (Z)-37
by −8.24 kcal/mol. The corresponding binding energy profiles
are shown in Table 1.
We also find that (R)-1 binds more favorably than (S)-1 by

−1.39 kcal/mol (Table 1), a result that suggests chiral selectivity
of OR5AN1 toward muscone enantiomers, analogous to the
selectivity reported for the MOR215-1 receptor, and consistent
with the above noted lower odor human detection threshold of
(R)-1 compared with (S)-1 (41, 68). Similarly, fluorinated musks
(R, E)-34 and (R)-30 show more favorable binding than (S, E)-34
and (S)-30 by −1.72 kcal/mol and −1.94 kcal/mol, respectively
(Table 1).
The QM/MM structural models show that musk tibetene 21,

musk xylene 20, and musk ambrette 22 are stabilized in the
binding pocket of OR1A1 by hydrogen-bonding interactions and
favorable hydrophobic contacts. The odorant nitro functional
group form H-bonds with the OH of amino acid residue
Tyr258 in TM6 (Fig. 6C). Both Tyr258 and Tyr251, along with
Ile105 and Phe206, have hydrophobic interactions with the ar-

omatic ring of the ligands. The QM/MM models indicate that
musk xylene 20 shows much higher binding energies compared
with musk tibetene 21 and musk ambrette 22. Musk xylene 20
binds more favorably than musk tibetene 21 and musk ambrette
22 by −6.04 kcal/mol and −9.92 kcal/mol, respectively (Table 1).
As with the docking calculation we found that all of the odor-

ants show an H-bond with Tyr260 with a distance of about 1.95 Å
in OR5AN1. We also observed that hydrophobic residues such
as Phe105, Phe194, Phe207, and Phe252 are situated around the
ligand. The closest distance between the ligand (hydrogen) and
the aromatic ring (carbon) of those residues is about 4.00 Å.
However, this distance reduces to 3.50 Å upon QM/MM calcu-
lation as shown in SI Appendix, Fig. S8. In addition, we found
that water forms an H-bond with Tyr260 as well as ligands (O of
nitro group, Fig. 6). However, we did not find any changes of the
H-bond distance (from Tyr260 and ligand) after forming another
H-bond with a water molecule. The residues surrounding the
ligand shrink upon the QM/MM calculation due to the interac-
tions of ligand and surrounding residues. Similar effects are also
observed with OR1A1.

MD Simulations of OR5AN1. MD simulations show the robustness
of the underlying fundamental interactions under normal room-
temperature conditions. The analysis of MD simulations is based
on the QM/MM model of OR5AN1, shown in Fig. 7A, inserted
in a lipid bilayer and equilibrated at 323 K. The analysis provides
insights into geometrical distortions and conformational fluctuations
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Fig. 6. (A) Binding site of OR5AN1. The light purple color represents the
extracellular loop (ECL2). (B) Musk ketone bound by H-bonding to Tyr260
(TM6) and one water molecule in the OR5AN1 as modeled by density func-
tional theory QM/MM. Color code: orange, musk ketone; light blue,Tyr260;
and dark blue, three phenylalanine residues (Phe105, Phe194, and Phe252)
around 4.0 Å. (C) Binding site of OR1A1. (D) Musk tibetene bound by H-
bonding to Tyr258 (blue, Tyr258). The hydrophobic residues around 4.0 Å
(Ile105, Ile184, Tyr113, Ile205, Phe206, and Tyr251) are shown in light blue. The
corresponding Ballesteros–Weinstein numberings are shown in the subscript.

Table 1. Calculated QM/MM binding energy profile of the musk
odorants

Odorant receptor Odorants Binding energy, kcal/mol EC50, μM

OR5AN1 19 −54.97 0.02
20 −54.08 1.28
21 −52.32 1.74
12 −50.77 3.43
9 −51.97 4.78
11 −51.13 5.23
2 −49.27 7.32
3 −50.56 9.05
10 −48.92 9.15
5 −50.00 10.58

(R)-1 −48.45 19.94
(S)-1 −47.06 —

8 −46.76 19.0
28 −53.62 4.63
33 −49.89* 10.75
29 −48.03 12.56

(Z)-34 −49.54 3.77
(R,E)-34 −52.91 0.03
(S,E)-34 −51.20 —

(R)-30 −53.09 3.23
(S)-30 −51.15 —

35 −52.71* 0.27
(E)-36 −48.29 14.07
31 −49.61 11.20

(E)-37 −48.36 7.22
(Z)-37 −45.38 23.33
32 −46.59* 15.47

(Z)-32 −47.55 17.25
OR1A1 21 −49.39 16.67

20 −55.44 15.71
22 −45.52 7.69

*For QM/MM modeling, the (E)-conformer for 32 and 33 were used. For 35
we used the (Z)-conformer. The names and structures for the compounds
can be found in Figs. 1 and 3.
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(51, 69), including structural rearrangements of TM domains upon
ligand binding, and on the nature of hydrophobic and H-bonding
interactions responsible for ligand-binding (70–73). Specifically, 200-
ns MD simulations show that macrocyclic compounds, such as
(R)- or (S)-muscone [(R)- or (S)-1], cyclopentadecanone 2, and
ω-pentadecalactone 9, remain bound at the proposed binding site,
although they undergo significant conformational fluctuations in the
binding pocket. The carbonyl groups of these macrocyclic ketones
form H-bonds with several partners during the MD simulation, in-
cluding Tyr260 in TM6, Ser113 in TM3, and bound water molecules
at the binding site (Fig. 7 and SI Appendix, Figs. S9 and S10).
The percentage of MD simulation time with different odorants

that establish H-bonds with specific amino acid residues at the
binding pocket is shown in SI Appendix, Fig. S10. Interestingly,
the MD simulations also show that Tyr260 functions as an “ar-
omatic cap” by blocking the odorant exit, stabilizing the ligand at
the binding site, and establishing H-bonds with Ser276 in TM7.
In addition, the simulations show stabilization of odorants by
interactions with aromatic and hydrophobic residues, including
Tyr102, Phe105, Leu110, Phe195, Leu203, Phe207, Tyr253, and
Tyr279 from the TM3, TM5, TM6, and TM7 domains (Fig. 7 and
SI Appendix, Fig. S10). MD simulations of apo OR5AN1 (i.e.,
odorant-depleted OR5AN1) allowed us to analyze conforma-
tional changes of amino acid side chains induced upon odorant
binding. Simulation analysis indicates that side chains of hydro-
phobic residues become randomly oriented in the absence of
odorant (Fig. 7B). Upon odorant binding, however, the hydro-
phobic residues reorient and may induce dehydration (71) of the
binding pocket (Fig. 7A).

Crucial Sites in OR5AN1 and OR1A1 Involved in the Binding of Musk-
Smelling Compounds. Computational analysis has enabled us to
design site-directed mutagenesis experiments that provide fur-
ther insight into the roles of key amino acid residues, as probed
by measurements of the receptor activation, and support for the
structural model of the binding site. We have expressed and
analyzed the mutant Tyr260Phe of OR5AN1, which completely
abolished the receptor response to macrocyclic musks, nitro-
musks, and fluorinated musks relative to wild-type OR5AN1
(Fig. 8 and SI Appendix, Fig. S11). We have also analyzed the
mutant Tyr279Ala of OR5AN1, since the MD simulations
showed evidence of cyclopentadecanone 2 interacting not only
with Tyr260 but also with Tyr279 (SI Appendix, Fig. S10). We
find that the mutation Tyr279Ala also dramatically affects the
receptor response to 2 (SI Appendix, Fig. S12), consistent with
the structural model of the binding site where Tyr279 establishes
important interactions that are critical for odorant binding.
For OR1A1, we expressed and analyzed mutants Tyr258Phe

and Tyr251Phe. Both mutants completely abolished the
receptor response to musk tibetene 21 and musk xylene 20

relative to wild-type OR1A1 (Fig. 8). The Tyr258Phe mutant
completely abolished the receptor response to musk ambrette
22 while the Tyr251Phe mutant demonstrated decreased
receptor response.
It is possible that the mutations in OR5AN1 and OR1A1 may

affect receptor trafficking or protein stability, thus causing the
loss-of-function phenotypes. We therefore evaluated the cell-
surface membrane expression of these mutants in Hana3A cells
by flow cytometry. We found that mutations Tyr260Phe/
Tyr279Ala and Tyr251Phe/Tyr258Phe did not significantly alter
the receptors’ surface expression relative to wild-type OR5AN1
and OR1A1, respectively. Thus, sites Tyr260 and Tyr258 may be
critical for receptor function, as suggested by our computational
structural models of the OR5AN1 and OR1A1 binding sites.

Three-Dimensional Quantitative Structure–Activity Relationships (3D-
QSAR) Model: Atom-Based QSAR Model. We built a 3D-QSAR
model to determine the extent that electron withdrawing/HB-
acceptor moieties, hydrophobic, and other atom types in the
odorants influence binding response in OR5AN1. In this context,
an atom-based 3D-QSAR model was generated to investigate
the correlation between binding activity and different atom types
in the odorants. A four-component model with good statistics
was observed with a significant regression coefficient, r2, of 0.93
(Fig. 9). The regression coefficient for test set q2 was found to be
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0.67. Other statistical parameters such as SD, F value, root-
mean-square error (RMSE), and Pearson r were 0.25, 68.90,
0.21, and 0.85, respectively. A report showed that the perfor-
mance of Phase is good when q2 > 0.7 or r2 > 0.4 (74). This
report also mentioned that low SD and RMSE and high F value
and Pearson r indicate a more statistically significant regression.
It is worth noting that all of these parameters are very significant
in the developed QSAR model.
The training and test-set molecules are listed in SI Appendix,

Table S6. According to the model, four components, namely
hydrophobic/nonpolar part and H-bond acceptor groups/atoms,
negative ionic and positive ionic, are affecting the response of
the musk receptors to the odorants. Among these components,
the hydrophobic/nonpolar part contributes 77% and H-bond
acceptors group/atoms 13%, while both negative ionic and positive
ionic atoms influence 10%. This study is also confirmed by
mapping of binding sites created by SiteMap in Schrodinger’s
Maestro V. 10.2.010 software package. SiteMap reveals that the
binding site is mostly hydrophobic along with some polar resi-
dues (SI Appendix, Fig. S14). Therefore, the hydrophobic/non-
polar interaction is also expected to contribute to ligand binding
in addition to H-bond interaction.
We have introduced structural models of OR5AN1 and OR1A1

supported by site-directed mutagenesis and measurements of ac-
tivity profiles, providing valuable insights into the nature of musk
odorant–receptor interactions. We have shown that nitromusks
exhibit high response compare with macrocyclic compounds, while
the 15-membered thiacyclopentadecane 1-oxide 5 also proved to
be active, despite the fact that the sulfinyl group is pyramidal while
the carbonyl group is planar. We found that compound (E)-34,
containing a CF2 group and (E)-olefin as conformational con-
straints, is the most potent agonist of a series of CF2-containing
muscones. Along with the H-bond acceptor, the hydrophobicity
of the musk compounds also influenced odorant response. Our
findings are consistent with the proposed involvement of TM6
during activation of GPCRs (75–78). Generated 3D-QSARmodels
also confirm that both H-bond acceptor and nonpolar parts of the
odorants affect the response to OR5AN1.
The significant differences seen in the IR spectra of the

macrocyclic ketones, the nitromusks, and thiacyclopentadecane
1-oxide 5, all of which are good-to-excellent ligands for
OR5AN1, provide further evidence for the implausibility of the
vibrational theory of olfaction (39), in accord with other recent
reports (79–82). Furthermore, the various therapeutic activities
of musk compounds have yet to be linked to their respective drug

targets in vivo. One possibility is that these compounds may
function through the group of ectopically expressed ORs in tis-
sues of nonolfactory origins (83–86). Alternatively, as members
of the GPCR superfamily, ORs may share structural and
mechanistic similarities with pharmacophore GPCRs from other
subclasses. Thus, understanding the active sites for musk-
responsive ORs may be instructive in the study of the pharma-
cological effects of muscone and related compounds involving
non-OR GPCRs.

Materials and Methods
Chemicals.Macrocyclic musks, polycyclic musks, nitromusks, andmusk-related
odorants studied were obtained from commercial sources, with the exception
of civetone 12, dihydrocivetone 11, thiacyclotridecane 1-oxide 17, and
thiacyclopentadecane 1-oxide 5, which were prepared by standard methods
from known precursors (SI Appendix); synthesis of saturated and un-
saturated fluorinated musks was done as previously described (62). Proce-
dures and spectroscopic characterization are given in SI Appendix.

Cloning and Mutagenesis. OR5AN1 and OR1A1 and an N-terminal rhodopsin
tag were cloned into the pCI mammalian expression vector, as described
previously (87). OR5AN1 site-directed mutagenesis was carried out using
overlap extension PCR. The identities of all constructs were confirmed
by sequencing.

Cell Culture, Luciferase, and GloSensor cAMP Assays. An HEK293T-derived
Hana3A cell line was grown in Minimum Essential Medium (HyClone) con-
taining 10% FBS at 37 °C with 5% CO2. For the luciferase assay, after 18–24 h,
OR or mutant receptor, the accessory factor, mRTP1S, and constructs for
firefly luciferase and Renilla luciferase expression were transfected into cells
for luciferase assay. For the GloSensor cAMP assay, OR, mRTP1S, and a
GloSensor plasmid were transfected into cells. Lipofectamine 2000 (Invi-
trogen) was used for transfection. Twenty-four hours after transfection, the
cells were stimulated with odorants dissolved in CD293 (Invitrogen) for the
luciferase assay or HBSS for the GloSensor cAMP assay.

Other materials and methods can be found in SI Appendix.
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