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We have screened an odorant compound library and discov-
ered molecules acting as chemical signals that specifically acti-
vate both G-protein-coupled olfactory receptors (ORs) on the
cell surface of olfactory sensory neurons and the human nuclear
estrogen receptor « (ER) involved in transcriptional regulation
of cellular differentiation and proliferation in a wide variety of
tissues. Hence, these apparent dual active odorants induce dis-
tinct signal transduction pathways at different subcellular local-
izations, which affect both neuronal signaling, resulting in odor
perception, and the ER-dependent transcriptional control of
specific genes. We demonstrate these effects using fluores-
cence-based in vitro and cellular assays. Among these odorants,
we have identified synthetic sandalwood compounds, an impor-
tant class of molecules used in the fragrance industry. For one
estrogenic odorant we have also identified the cognate OR. This
prompted us to compare basic molecular recognition principles
of odorants on the two structurally and apparent functionally
non-related receptors using computational modeling in combi-
nation with functional assays. Faced with the increasing evi-
dence that ORs may perform chemosensory functions in a num-
ber of tissues outside of the nasal olfactory epithelium, the
unraveling of these molecular ligand-receptor interaction prin-
ciples is of critical importance. In addition the evidence that
certain olfactory sensory neurons naturally co-express ORs and
ERs may provide a direct functional link between the olfactory
and hormonal systems in humans. Our results are therefore use-
ful for defining the structural and functional characteristics of
ER-specific odorants and the role of odorant molecules in cellu-
lar processes other than olfaction.

Our nose detects a large variety of odorant signals relying on
about 350 different predicted G-protein-coupled olfactory
receptors (ORs)? with a conserved seven-transmembrane heli-
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cal structure (1-3). By binding odorant molecules ORs modu-
late the conversion of chemical into electrical neuronal signals
that are finally decoded in higher brain regions to trigger emo-
tional and behavioral responses (4 —6). Odorants are generally
small, hydrophobic organic molecules with highly variable
chemical structures and properties (7). They easily pass cell
membranes, and, due to their enormous chemical diversity,
some of them might, apart from their “conventional” role in
olfaction, trigger also yet unknown cellular processes. The role
of specific ORs in sperm chemotaxis has been documented (8,
9), and the widespread ectopic expression of OR genes in a large
number of non-olfactory human tissues implicates additional,
unproven functions of ORs in embryonic development and
cell-cell recognition (10), and proliferation rates in prostate
cancer cells (11). Recent findings indicate that ORs might also
have chemosensory functions in kidney (12). Although most
present efforts concentrate on matching odorants with their
cognate ORs to define their molecular receptive ranges and
receptor functions (13-17), the screening for particular func-
tions of odorants as intracellular signals remains in its infancy.

Here we report that certain natural and synthetic odorants
(see Fig. 1), commonly used as fragrances in cosmetic articles,
activate both ORs at the cell surface and intracellular human
estrogen receptor « (ER) predominantly localized in the cell
nucleus. The activation of endogenous ER by the odorants was
assessed on human MCF7 breast cancer cells representing a
highly sensitive and widely accepted assay system for detecting
estrogenic activities of natural or synthetic compounds (18—
20). ER is a prototypical member of the ligand-inducible tran-
scription factors, known to perform multiple molecular inter-
actions according to external chemical stimuli (21).

Activated by its natural agonist 173-estradiol (E2), ER trig-
gers transcription of target genes involved in various biological
functions like cell growth and differentiation (22). An increas-
ing number of structurally diverse estrogenic compounds have
been identified and proposed as risk factors for disruption of
reproductive development and tumorigenesis (23). Estrogenic
chemicals are defined as substances, interacting and activating
ER, which may interfere with the endocrine system (24). Here
we report activating effects of odorants on ER due to the ability
of ER to bind a wide variety of small hydrophobic compounds.
These investigations contribute to the unraveling of general
molecular principles and consequences of odorant interactions
with different cellular targets.

Several cellular targets for E2 have been discovered in recent
years. Obviously this steroid hormone mediates its physiologi-
cal effects in a combined action of nuclear receptors, ER « and
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ER B, and a membrane-localized G-protein-coupled receptor
GPR30 indicating that small lipophilic molecules may function
as chemical signals at various subcellular localizations (25). In
analogy, hydrophobic odorant molecules, which are cell-per-
meable, might also be capable of interacting with different cel-
lular targets.

EXPERIMENTAL PROCEDURES

Materials—QOdorants (from Givaudan, Switzerland, and
Sigma, Switzerland) were freshly dissolved in DMSO before
experiments.

Cell Culture—MCEF7 human breast cancer cells (gift from
Ana Soto, Tufts University, Boston) were grown in Dulbecco’s
modified Eagle’s medium (DMEM, Invitrogen) supplemented
with 5% fetal bovine calf serum (Invitrogen, Carlsbad, CA) at
37 °Cin 5% CO, atmosphere and saturating humidity.

Site-directed Mutagenesis—Mutations were introduced into
mOR-EG cDNA using the QuikChange site-directed mutagen-
esis kit (Stratagene, La Jolla, CA). All of the point mutation
products were digested with HindIII and NotI and inserted into
the vector pCEP4 (Invitrogen). All mutations were confirmed
by DNA sequencing.

Investigating Activation of OR—The cDNA of the mouse
mOR-EG (26) comprising a 5" DNA extension encoding the
N-terminal 20 amino acids of bovine rhodopsin (13) was sub-
cloned as a HindIII/Notl restriction fragment into the mamma-
lian expression vector peak8 (Edge Biosystems) and designated
pRhoOR-EG. Cellular responses after addition of odorants
were measured in 96-well plates (Greiner, Germany) contain-
ing 35,000 Hana3A cells (27) per well co-transfected with 150
ng of pRhoOR-EG and 150 ng of cAMP-response element
secreted alkaline phosphatase reporter plasmid using Lipo-
fectamine 2000 (Invitrogen). Cells were incubated for 16 h at
37 °C in cell medium with or without test compounds. An ali-
quot of supernatant from each well was then mixed with an
equal volume of 1 M diethanolamine bicarbonate, pH 9.8, con-
taining 20 mMm para-nitrophenyl phosphate and 1 mm MgCl,
(Sigma, Switzerland); absorbance was measured at 410 nm
using a multiwell plate reader (SpectraMax 360, Molecular
Devices). The immunoblot analysis showed single bands repre-
senting c-Myc-tagged mOR-EG wild-type and mutant recep-
tors and revealed no obvious difference in the protein expres-
sion level (data not shown).

ER Nuclear Redistribution Assay—HEK293 cells adapted to
hormone-free DMEM (Invitrogen) supplemented with 10% of
charcoal dextran-treated calf serum (HyClone) were seeded
into eight-well chambers (Lab-Tek) and transfected with
pERa-YFP (21) using Lipofectamine 2000. 16 —22 h after trans-
fection, cells were observed by fluorescence confocal micros-
copy (LSM 510, Zeiss, Germany). Cells exhibiting a homogene-
ous nuclear distribution of ER-YFP (excitation: 514 nm,
emission: >530 nm) were stimulated with odorant solutions
and imaged during 45 min at 5-min intervals.

ER Activation Assay—The Dual-Glo System (Promega, Mad-
ison, WI) allowed independent measurements of stable lumi-
nescence from two reporter genes: the p2xERE-Luc encoding
the firefly luciferase (courtesy of B. Desvergne, Center for Inte-
grative Genomics, University of Lausanne, Switzerland) was
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used to quantify ER activation. Renilla luciferase driven by a
constitutively active HSV-TK promoter (pGL4.74[hRLuc/TK],
Promega) was used as an internal control to normalize the
results. 17B-Estradiol (E2) was from Sigma (Switzerland).
MCFY7 cells were seeded into white 96-well plates (PerkinElmer
Life Sciences) at a density of 30,000 cells/100 wl of DMEM,
supplemented with 10% of charcoal dextran-treated calf serum
(HyClone), and transfected twice using Lipofectamine 2000 at a
5-h interval between the first and second transfection. Briefly,
0.3 pg of DNA and 0.5 ul of Lipofectamine 2000 were each
diluted into 25 ul of Opti-MEM medium (Invitrogen) and 30 s
later combined for cell transfection. The DNA was a mixture
containing p2xERE-Luc, pGL4.74, at a 1:1 ratio. 8 h after the
second transfection, cells were incubated for 20 h with E2 or
odorant compounds or co-applications of the ER-specific
antagonist fulvestrant (ICI 182,780) together with the same
ranges of odorant concentrations as used for dose-dependent
activation of ER (Fig. 1). Estrogenic effects were determined by
quantifying firefly luciferase and Renilla luciferase following
the manufacturer’s protocol. Luminescence was measured
using GloMax 96 Microplate Luminometer (Promega).

ER Ligand Binding Assay—A fluorescence polarization-
based assay was used to measure competitive ligand binding to
human estrogen receptor o (ERa Competitor Assay, Invitro-
gen). Serially diluted odorant compounds were added to com-
pete with a fluorescent estrogen ligand (Fluormone™!, ES2,
K, =4 = 2 nm) for binding to ER. In 96-microwell plates (Fluo-
trac 200, Greiner, Germany), 50 ul of ER"ES2 complex was pre-
pared such that the final concentration of ER was 15 nm and the
concentration of ES2 was 1 nm and added to 50 ul of screening
buffer containing the test compounds at the appropriate con-
centrations. Competition for ER binding was allowed to come
to equilibrium for 2 h at room temperature. Fluorescence polar-
ization was measured using an Analyst™ Assay Detection Sys-
tem (LJL Biosystems) with excitation at 485 nm and emission at
530 nm. IC,, values were determined after fitting the experi-
mental data with the Hill equation using Igor Pro Software
(WaveMetrics).

FCS—To analyze the effect of odorant molecules on the
mobility of the estrogen receptor, fluorescence correlation
spectroscopy (FCS) measurements were performed in HEK
cells transfected with ER-YFP. FCS analyses the mobility of flu-
orescent ER at nanomolar concentrations, which is close to
native expression levels of ER. 30 min after adding a potential
activating ligand, 100-s fluorescence traces were recorded in
the nuclei of transfected cells. A commercial FCS setup (Con-
focor 3, Carl Zeiss, Jena, Germany) was used. Only the last 80-s
periods were used to evaluate auto-correlation curves, to avoid
artifacts from photo-bleaching of immobile particles. The ER is
involved in a complex interaction network, resulting in a variety
of mobile species (21). A detailed investigation of changes
caused by odorants in this network will be the scope of future
work. Here we only analyze the average mobility of the labeled
estrogen receptors, which is greatly reduced upon incubation
with ER specific ligands and odorants (supplemental Fig. S1).

Cell Proliferation—MCF7 cells were plated in 96-well plates
at initial concentrations of 5 X 10® cells/well in 5% charcoal-
treated fetal bovine serum in DMEM). After 24 h at 37 °C with
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5% CO, the seeding medium was removed and replaced by the
experimental medium (phenol red-free DMEM 5% charcoal
dextran-treated human serum from Sigma) and a range of con-
centrations of the relevant odorants or mixtures of odorants
and the ER-specific antagonist ICI 182,780 at 10 um were added
to the medium. The assay was terminated on day 4 by removing
the cell media from the wells and freezing the plates at —80 °C.
Cell proliferation was investigated using the CyQUANT cell
proliferation kit (Invitrogen).

Quantitative Structure Activity Relationships (QSAR)
Analysis—The three-dimensional structures of odorant mole-
cules were generated and energy-minimized in water using the
AMBER force field (28) implemented in Macro-Model (29).
Atomic partial charges and solvation energies were calculated
using the program AMSOL (30). Ligand molecules were flexi-
bly docked to the ER ligand binding site of the crystal structure
(31) using the software Yeti (32). Docking poses were visually
inspected, and up to four different energetically favorable con-
formations per molecule were selected as input for the Quasar
program. IC,, values for the different ligands were estimated
based on the 6D-QSAR model of ER as implemented in Quasar
software (33). The resulting IC,, values (E2, 5.35 * 3.33 nm;
Mousse Cristal (MC), 54.7 = 36.69 uM; Polysantol (R,S),
67.49 * 11.90 um; Polysantol (S,S), 772 + 486 um; Polysantol
(S,R), 216 = 122 um; Polysantol (R,R), 2.86 = 4.45 mum; Javanol
(R,R), 11.96 = 10.55 um; Javanol (R,S), 2.41 £ 2.64 mm; Javanol
(S,S), 176.7 = 567 uMm; Javanol (S,R), 40.73 = 23.33 uMm; and
5a-androst-16-en-3-ol, 25.05 = 12.5 um) were used to calculate
K; binding affinities based on the Cheng-Prusoff equation (34).
The K, value for the estrogen receptor was taken from Reese
etal. (35),and the ligand concentration was setto 1 X 10~ ° mas
reported before (36) for the data set used to compute the
6D-QSAR model of ER (33).

OR Ligand-receptor Model—Homology models for the
mouse eugenol receptor were built based on the high resolution
crystal structures of 32-adrenergic receptor (38). A structure-
guided alignment based on 32-adrenergic receptor and bovine
rhodopsin (39) was used to generate a multiple sequence align-
ment between the mouse eugenol receptor (UniProt AC:
Q920P2) and several orthologues using 3D_COFFEE (40). This
initial target-template alignment was further modified to incor-
porate a Bayesian estimate of pairwise residue interactions
based on correlation between positions of the multiple
sequence alignment (41), GPCR family-specific fingerprints
(42), functional mutation studies by Katada et al. (26), and the
effects of site-directed point mutations. Model coordinates
were generated using MODELLER (43) based on several alter-
native target-template alignments.

MC and eugenol were flexibly docked into each of the alter-
native receptor models with restraints on hydrogen-bonding
interactions on Ser-113 using the Glide Induce Fit Protocol (44)
of the Schrédinger Suite 2007. Prior to docking the receptor
was checked for correct orientation of Asn and Gln side chains,
and both receptor and ligand were assigned ionization and tau-
tomerization states. The receptor was subsequently subjected
to restrained optimization based on the OPLS force field (ver-
sion 2005). The Induced Fit Protocol includes: (i) an initial step
of docking using a softened potential (van der Waals radii scal-
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ing), (ii) a round of binding site residues side-chain prediction
for each of the protein-ligand complexes, (iii) protein minimi-
zation of the same set of residues and the ligand for each
protein-ligand complex pose, (iv) glide redocking of each
protein-ligand complex structure within a specified energy of
the lowest energy structure (30 kcal/mol), and finally (iv) esti-
mation of the binding energy (IFDScore) for each result pose.

RESULTS

We screened a large library of odorants with diverse chemical
structures for their potential to activate ER. For achieving effi-
cient throughput for detecting estrogenic activities we used flu-
orescence microscopy to first analyze changes in the intranu-
clear distribution of a functional ER-YFP chimera, obtained by
fusing ER to the yellow fluorescent protein YFP, and then to
investigate receptor mobility. Previous studies have shown that
ER-activating compounds alter the nucleoplasmic distribution
of fluorescent ER chimera from a diffuse to a punctuate pattern
(14, 45-48), which correlates with mobility changes of ER
(measured by fluorescence recovery after photobleaching and
FCS) due to interactions with nuclear DNA and multiple pro-
teins (21, 49-53). We discovered two structurally different
types of odorants, which induce within minutes after ap-
plication nuclear aggregation of ER (Fig. 14) and substantial
reduction of ER mobility, measured by FCS (see supplemental
Fig. S1), similar effects as reported for the natural agonist estra-
diol (54). Most potent for activating ER were methyl 2,4-dihy-
droxy-3,6-dimethylbenzoate (also known as Mousse Cristal
(MC)) and molecules of the sandalwood odorant family, which
are extensively used in modern perfumery as synthetic substi-
tutes of the sandalwood oil (54) (Fig. 1E).

A reporter assay based on the endogenously expressed ER in
MCF?7 breast cancer cells and a transfected firefly luciferase
under the transcriptional control of two estrogen-responsive
elements was used to distinguish between antagonistic and ago-
nistic properties. Stimulation of ER with E2 was the reference to
evaluate the efficacy of the odorants on ER-mediated transcrip-
tion. MC, the sandalwood odorants Javanol and Polysantol, and
the porcine pheromone androstenol (55), exhibiting a musk-
and sandalwood-like odor, elicited a robust full dose response
in the range of 10~° to 10~ * m (Fig. 1B), whereas the co-admin-
istration of ICI 182,780 reverses the agonistic effect of the odor-
ants. This is the first demonstration that sandalwood-derived
odorants act as ER-specific agonists. Estrogenic activity has so
far only been reported for a distinct class of odorants: the poly-
cyclic musks (56). We also confirmed the estrogenic activity of
the odorant molecules by measuring their proliferative effect
on the division of MCF7 human breast cancer cells (19). Odor-
ants at concentrations close to their EC,, values from the
reporter assay induced a significant increase in cell yield, which
was reduced by co-application of the ER specific antagonist ICI
182,780 (Fig. 1D).

Furthermore, the specificity of the interaction with ER could
be confirmed by competitively replacing a fluorescent estro-
genic ligand in a dose-dependent manner by different odorants
as determined by fluorescence polarization measurements (Fig.
1C). The fluorescent estrogen-ligand bound to ER exhibits a
high fluorescence polarization value, whereas displacement
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of the fluorescent estrogen ligand
from ER by the corresponding
odorant decreases the fluores-
cence polarization in a dose-
dependent manner, which is a well
established assay to probe the spe-
cific binding of molecules to ER
(57, 58). Although Polysantol and
androstenol specifically competed
for the ER binding site, we were not
able to reach the same baseline level
of ligand displacement as for the
other compounds (Fig. 1C) due to
solubility problems of these odor-
ants at concentrations >100 um.
The K, values are very close to the
EC,, values of the transactivation
responses (Table 1) with the excep-
tion of E2, for an unknown reason.
Such differences have also been
documented for other estrogenic
compounds that induce transactiva-
tion in the micromolar range (59).
Overall our experimental binding
data are in good agreement with the
in silico odorant affinity calculations
(Table 1). For Javanol and Polysan-
tol docking and binding affinity esti-
mations were performed separately
for each stereoisomer of a particular
odorant, whereas experiments were
performed using mixtures of differ-
ent stereoisomers. Our findings
indicate that exogenously added
odorants are capable of entering the
cell nucleus and, depending on their
chemical structure, may act as ago-
nists of ER.

Although molecules of the san-
dalwood odorant family were shown
to elicit signaling responses in a lim- ,—I—l
ited number of olfactory neurons iso- Control E2 ' Polysantol : MC " Javanol " Androstenol '
lated from rat (54), no ORs have thus (0.1 nM) (50 uMm) (100 uM) (50 uMm) (50 uMm)
far been cloned and recombinantly
expressed that are responsible for E
the cellular response. Screening an N
specifically activate mOR-EG in the
reporter assay, we discovered that
MC is a specific agonist for the 17B-Estradiol Polysantol
mouse eugenol odorant receptor
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TABLE 1
Estrogenic activities of odorants

The compound concentrations EC, evoking half-maximal estrogenic activity in
transcription activation, the dissociation inhibition constants K; calculated from the
IC,, values of the ES2 displacement curves (Fig. 1), and the corresponding K, values
calculated using the 6D-QSAR model are compared. For Polysantol and Javanol
only the K; values for the energetically most favorable conformation are reported.
The IC,, values for the remaining stereoisomers are as follows: 140 = 173 um
Polysantol (S,S), 216 = 122 um Polysantol (S,R), 2.86 * 4.45 mMm Polysantol (R,R),
2.41 * 2.64 mM Javanol (R,S), 176.7 + 567 uM Javanol (S,S), and 40.73 = 23.33 um
Javanol (S,R). The K; values for the remaining stereoisomeric forms are as follows:
299 uM Polysantol (S,S), 83 uM Polysantol (S,R), 1 mm Polysantol (R,R), 931 um
Javanol (R,S), 68 um Javanol (S,S), and 15 uM Javanol (S,R).

Compound EC,, of ER K, of ER K, of ER
activation competitive binding  predicted
Estradiol 0.16 = 0.01 nm 1.6 = 1nM 2 nM
MC 86 + 8 mm 76 + 6 uM 21 um
Polysantol (R,S)” 98 + 23 mMm 56 = 5 um 26 uM
Javanol (R,R)“ 50 * 4 mMm ca. 50 um 5 uM
Androstenol 52 * 3mm ca. 25 uM 10 um

a

The indicated stereoisomers were used for predicting K; values, whereas experi-
ments were performed using mixtures of stereoisomers.
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FIGURE 2. Dose-dependent activation of mOR-EG in HEK293 cells by its
cognate ligand eugenol and by the odorant MC. cAMP-dependent cAMP-
response element secreted alkaline phosphatase reporter gene activity of
mock-transfected cells was subtracted from the secreted alkaline phospha-
tase activity induced by the corresponding compounds applied.

T T T ™T

phosphatase. Dose-dependent responses of MC in comparison
to eugenol indicate that both molecules are similarly potent
agonists (Fig. 2); based on our docking simulations and point
mutation analysis these molecules bind similarly to the recep-
tor (for details see legend of Fig. 4). Using the same assay the
sandalwood odorants of our present study did not elicit any
detectable responses on mOR-EG activation. The mOR-EG-
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specific ligand eugenol, on the other hand, although capable of
displacing radioactively labeled E2 from the purified ER, did not
show any detectable estrogenic or anti-estrogenic activities in a
cellular reporter gene assay (60).

Thus far, only odorants structurally related to eugenol, a
major odorant in clove oil, have been identified as mOR-EG-
specific ligands (26). All these active molecules comprise a ben-
zene ring with substitutions at three fixed positions, including an
oxygen at position C1 capable of forming hydrogen bonds and
additional variable substitutions at positions C2 and C4 (Fig. 2)
involved in multiple hydrophobic contacts with the receptor (26).
The penta-substituted benzene ring of MC harboring two
hydroxyl groups, two methyl groups, and an ester side chain is
therefore quite different from previously described mOR-EG-spe-
cific ligands, especially because of the additional functional groups
at the C3 and C5 positions (Fig. 2). Our finding indicates that the
binding site of mOR-EG accepts variable ligand structures with
broader molecular features than previously anticipated (26).

To better understand the molecular interactions of MC with
both ER and mOR-EG, we performed molecular modeling of
the two structurally diverse receptor-ligand complexes. For ER
more than 20 high resolution crystal structures of its ligand
binding domain in complex with different agonists or antago-
nists have been solved (61— 63) allowing detailed atomistic sim-
ulations of odorant binding. The overall promiscuity of ER can
be attributed (i) to its large hydrophobic binding cavity
(depicted in green in Fig. 3), which has a probe-accessible vol-
ume of 450 A® nearly twice of the molecular volume of the
natural agonist E2 (245 A®) and (ii) to the minimal requirement
of an effective ligand to contain an aromatic ring, but the
remainder of the binding pocket accepting a number of
different hydrophobic groups (61-63). The E2-ER complex is
characterized by the two residues His-524 and Glu-353 hydro-
gen-bonded directly to the hormone, and a network of water-
mediated hydrogen bonds involving the side chain of Arg-394
and the backbone carbonyl of Phe-404 (61-63). We applied
molecular docking simulations to model the interactions of the
odorant molecules with the ER (32). Obviously, MC is smaller
than E2 and therefore does not exhibit the same tight interac-
tions with ER as does E2. However, the energetically most
favorable docked conformation retains one of the key hydrogen
bonds to Glu-353 (corresponding to the specific 3-hydroxy
interaction in the E2 complex), and the aromatic moiety of MC
superposes well with the steroid A ring of E2 mimicking also its
hydrophobic contacts to the receptor. Both Javanol and Poly-
santol are chiral molecules with several stereo-chemical cen-

FIGURE 1. Estrogenic odorant compounds. A, fluorescence confocal micrographs showing odorant-dependent intranuclear clustering of ER-YFP in HEK293
cells (ex. 514 nm, em. 530 nm). Nuclear distribution of ER-YFP before addition of odorant (left panels), and 15 min after addition (right panels), of 10 nm natural
cognate ligand E2 (E2 panel), 100 um MC (MC panel), 100 um Polysantol (PS panel), 100 um Javanol (JA panel), and 10 um Androstenol (AN panel).
B, activation of endogenous ER by estradiol and different odorants monitored by luciferase reporter gene expression. MCF7 cells were co-transfected with a
p2xERE-Luciferase reporter, and a Renilla luciferase expression vector for normalization of the cellular luminescence responses. Compounds were added 8 h
after transfection and incubation at 37 °C was continued for 20 h. Luminescence was measured using GloMax 96 Microplate Luminometer (Promega). The
co-application of ER-specific antagonist ICl 182,780 together with increasing concentrations of the relevant odorant compounds completely blocked the ER
activation in the reporter assay. Representative results are shown for MC (red dashed line). C, competitive binding of odorants to ER determined by fluorescence
polarization. Concentration-dependent displacement of 1 nm fluorescent estrogen ligand (Fluormone™ ES2, dissociation constant K; = 4 = 2 nm) from ER (15
nm) by increasing concentrations of the indicated compounds. Points are mean values of triplicate measurements, expressed as millipolarization (mP) units.
D, histograms show the proliferation of MCF7 cells 4 days after application of E2 and the odorant compounds at the indicated concentrations (n = 6). The
co-application of the ICI 182,780 (10 uwm) significantly reduced proliferation induced by E2 and the odorants. Controls were either not treated with ligands (black
line) or treated with ICl 182,780 at 10 um (gray line). E, chemical structures of the natural cognate ligand estradiol and of estrogenic odorants.
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FIGURE 3. Structural model of human ER with bound ligands. A-D, estradiol (white); A, Mousse Cristal (black); B, Javanol (R,R) (black); C, Polysantol (R,S) (black);
and D, Androstenol (black). Hydrogen bonds to residues His-524 and Glu-353 of the ER are shown as dotted lines. Hydrophobic regions of the molecular surface
of the receptor are green, mild polar regions are blue, and hydrogen bonding are violet. Chemical structures of ligands are depicted in Fig. 1E.

ters. For the docking simulations, all possible stereoisomeric
forms, unless known to be inactive, were docked into the recep-
tor. In the docked complex, Javanol, Polysantol, and Androste-
nol occupy almost the entire length of the binding pocket and
can adopt two orientations, where the hydroxyl group of the
molecule can form a hydrogen bond with either Glu-353 or
His-524 (Fig. 3). Although MC and Javanol exerted quite similar
concentration-dependent effects in our ligand-displacement
experiments, the two molecules acted differently in the
reporter assay. Javanol, which is larger and according to our
docking simulation occupies more available space of the bind-
ing cavity, is also a stronger ER-specific agonist than MC. Prob-
ably Javanol, due to its size and shape, is capable of performing
more functional interactions with ER, which favors essential
conformational changes that result in receptor activation. All
odorant compounds and also androstenol significantly
increased the proliferation of MCF7 cells as compared with
non-treated control cells. Similarly as found in the reporter
gene assay performed in MCF7 the odorant Javanol exhibited
the highest activity in the proliferation assay. The ER-mediated
proliferative effect of the odorants was reversible by the addi-
tion of the antagonist ICI 182,780 (Fig. 1D).

To estimate the binding affinities of the different ligands to
ER, we applied multidimensional quantitative structure activity
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relationship (6D-QSAR) using up to four energetically favor-
able conformations for each of the docked odorants. Multidi-
mensional QSAR methods represent each ligand molecule by
an ensemble of conformations in a three-dimensional receptor
structure representation, allowing for a potentially flexible
receptor site (mimicking local induced fit) and combines differ-
ent solvation models (37). The estimated values of the inhibi-
tion constants (K, Table 1) for the ER-specific odorants corre-
late reasonably well with the experimental K; and EC,, data.
They are two to three times lower for MC, Polysantol, and
androstenol, and about 10 times lower for Javanol. The differ-
ences may arise because we used in the experiments mixtures of
stereoisomers of the particular odorants, whereas the in silico
calculations were performed with the pure stereoisomers,
which exhibited the energetically most favorable conformation
in complex with the receptor.

DISCUSSION

Apparently, the ligand binding site of the ER is quite dynamic
(64); conformational changes can be induced by small lipophilic
ligands such as a phenol derivative, which reacted as an ER-
specific agonist favoring the agonist-bound conformation of
helix 12 (65). Also parabens, which are similar in size and shape
to MC, were shown to exhibit estrogenic activity (66). Further-
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FIGURE 4. Structural model of the odorant receptor mOR-EG. A, backbone
structure of mOR-EG in complex with MC (shown as a ball-and-stick model).
B, close-up view of Eugenol (left) and MC (right) docked into the mOR-EG
binding site. Site-directed mutagenesis of amino acid residues Ser-113 (5713),
Asn-207 (N207), Thr-211 (T211), Leu-212 (L212), Phe-252 (F252), lle-256 (1265),
and Leu-259 (L259) reduce the activity for Eugenol at a ratio of ECg,(wt)/
ECso(mut) < 0.5 (18). Our own results show that mutants S113A (Eugenol,
EC50: 115 = 20 um; MC, ECy: 122 + 20 um), E208D (Eugenol, EC54: 98 = 10 um;
MC: no response), F203W (Eugenol, ECs,: 96 * 13 um; MC: no response), and
Y260F (Eugenol, EC5,: 103 = 16 um; MC, EC5: 120 * 25 um) reduce receptor
activity for both Eugenol and MC as compared with the wild-type mOR-EG
(Eugenol, EC5y: 10 = 1 um; MC, EC50: 11 = 2 um). In our molecular model, both

OCTOBER 30, 2009+VOLUME 284 -NUMBER 44

Odorants with Extra- and Intracellular Functions

more, MC fits well to the binding pocket of ER (Fig. 3) and
therefore might act as a partial agonist. In contrast to the ER,
the molecular determinants governing the interactions be-
tween odorants and their corresponding ORs are less well
understood due to lack of experimentally determined high res-
olution structures and specific binding affinity data for this
large family of GPCRs. The binding sites of a few ORs have been
modeled on the basis of the known crystallographic structure of
rhodopsin (26, 67, 68) or by assembling and optimizing the
packing of the seven-helix TM bundle of ORs in lipid bilayer
(69). Alternatively, an approach to classify OR binding sites
based on sequence comparison has been proposed (70). To bet-
ter understand the mode of recognition of MC by the mOR-EG,
we built structural models for the odorant-receptor complex on
the basis of the recently solved high resolution crystallographic
structure of 32-adrenergic receptor (38), which together with
the ORs and rhodopsin belongs to the class A family of GPCRs
(39). Combining our own and previous results (26) of the func-
tional analysis of the mOR-EG binding site involving site-di-
rected point mutations, we established a three-dimensional
model of the mOR-EG in complex with eugenol and the MC
odorant (Fig. 4).

The binding site of the receptor is formed by residues from
transmembrane (TM) helices III, V, and VI and the second
extracellular loop. The evolutionary relationship and alignment
between TM I to IV and VII of the B2-adrenergic GPCR and
mOR-EG receptor can be readily established. However, due to
the evolutionary and functional distance between the 82-adre-
nergic and OR families, the per-residue correspondence in TM
V and VI cannot be resolved unambiguously by sequence align-
ment methods. Therefore, a series of alternative alignments
was used to generate an ensemble of comparative receptor
models, which were evaluated for consistency with results from
mutational analysis studies (see above), Bayesian analysis of
mutual information in OR multiple sequence alignments (41),
and the molecular docking results. The most favored model
based on these criteria shows a mainly hydrophobic binding
pocket with a pronounced network of polar interactions by res-
idues Ser-113, Asn-207, Glu-208, Thr-211, and His-253 at the
bottom of the cleft (Fig. 4B) connecting TM IIL, V, and VI. The
major differences between the binding sites of our current
model and previous results (26) are due to a different target-
template alignment of TM V, and intrinsic structural differ-
ences between the [2-adrenergic receptor and rhodopsin
receptor, in particular, the relative orientation of TM Il and V
(38).

All active odorants recognized by the mOR-EG have at least
one polar group, which in our model is interacting with this
polar patch. In particular Ser-113 (26) and Glu-208 seem to
define receptor specificity for the polar moiety, whereas most of
the remaining MC- and eugenol-receptor interactions are

Eugenol and MC form hydrogen bond interactions with the cluster of polar
residues around Ser-113, whereas the remaining interactions with the recep-
tor are hydrophobic. C, schematic representation of the receptor binding site:
amino acid residues contributing to hydrophobic interactions are blue, and
those contributing to polar interactions with MC are green; mutated residues
significantly reducing receptor activation are highlighted with a red circle.
Green line indicates disulfide bond between conserved cysteins.
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hydrophobic (see Fig. 4B). In analogy to ER, the interaction of
MC with mOR-EG involves the formation of specific hydrogen
bonds within a mainly hydrophobic binding site. However, the
two evolutionary unrelated protein folds give rise to distinct
binding pockets with different shapes and character: although
the ligand binding site of ER is formed by a large hydrophobic
cavity, the ligand binding site of mOR-EG lies at the bottom of
a solvent-accessible cleft. GPCRs are predicted to exist in a
dynamic equilibrium of agonist and antagonist conformational
states, eventually with intermediate states (71). Our current OR
model based on (B2-adrenergic receptor in complex with the
partial inverse agonist carazolol only allows for qualitative
interpretations, e.g. in the context of planning further func-
tional site-directed mutagenesis experiments, and studying the
structure-activity relationship of mOR-EG-specific ligands
with newly discovered odorants structurally different from the
originally found cognate ligand eugenol. Quantitative predic-
tions of ligand specificity of ORs remains a goal for the foresee-
able future. In contrast, the detailed atomistic model of the ER
has turned out to correlate well with the experimental observa-
tions and might open the possibility of systematically screening
libraries of odorants and other non-volatile small molecules in
silico for their potential to activate nuclear hormone receptors.
The functional relevance of our present finding that specific
odorant molecules have dual activities both on OR and on ER is
highlighted by previous results showing the expression of ER in
olfactory sensory neurons (72). These neurons respond both to
sex steroids and to odorant molecules by secreting the gonado-
tropin-releasing hormone providing evidence for a direct link
between the olfactory and neuroendocrine systems in human
(72, 73). A potential functional role of the two receptors in
olfactory organogenesis or in the neuroendocrine network that
controls human productive behavior is conceivable.

Our approaches are also of general importance for evaluating
potential risks of chemical compounds used in fragrances.
There is evidence that the human skin does not act as a barrier
to certain small, lipophilic compounds (mass < 500 Da) (74).
Most odorants including those used in our present study fulfill
these criteria and might therefore enter the human body via the
skin. Polycyclic musk fragrances, for instance, were shown to
accumulate in human adipose tissue and human milk (37). A
daily administration of these odorants might therefore result in
local concentrations far beyond the limit where endocrine
activities become relevant. In addition, estrogenic odorants
might act cumulatively on ER activation.

The dual active odorant molecules of the present study
exhibit distinct lower estrogenic potency than the natural hor-
mone. However, the physiological relevance of our findings is
underlined by the fact that they were achieved on the natural,
endogenous ER expressed in human breast cancer cells (MCF7)
representing a widely accepted assay system for detecting estro-
genic activities (19).
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