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ABSTRACT: Molecular interactions of odorants with their olfactory receptors (ORs) are of central importance
for the ability of the mammalian olfactory system to detect and discriminate a vast variety of odors with a
limited set of receptors. How a particular OR binds and distinguishes different odorant molecules remains
largely unknown on a structural basis. Here we investigated this question for the mouse eugenol receptor
(mOR-EG). By screening a large odorant library, we discovered a wide range of chemical structures activating
the receptor in heterologous mammalian cells. Potent agonists comprise (i) benzene, (ii) cyclohexane, or (iii)
polycyclic structures substituted with alcohol, aldehyde, keto, ether, or esterified carboxylic groups. To detect
those amino acids within the receptor that are in contact with a particular bound odorant molecule, we
investigated how distinct mOR-EG point mutants were activated by the different odorant agonists found for
the wild-type receptor. We identified 11 amino acids as a part of the receptor’s ligand binding pocket.
Molecular modeling predicted 10 of these residues in transmembrane helices TM3-TM6 and one in the
extracellular loop between TM2 and TM3. These amino acids participate in odorant binding with variable
importance depending on the type of odorant, revealing functional “fingerprints” of ligand-receptor
interactions.

The mammalian olfactory receptor (OR)1 superfamily has
evolved the ability to recognize a seemingly infinite variety of
chemical structures using a repertoire of only ∼1000 different G
protein-coupled receptors (1-4). ORs expressed inmembranes of
specialized sensory neurons of the olfactory epithelium are
molecular detectors and transducers that convert the chemical
odor information via an intracellular signaling cascade into
electrical signals that are sent to the brain and experienced as
smell when processed in the glomeruli at the olfactory bulb and
decoded in the olfactory cortex (5, 6). The ligand specificities of
individual ORs are therefore key determinants in olfactory
coding and perception of odor (7). However, since their discovery
it has been difficult to match mammalian ORs to their primary
ligands because of difficulties in expressing and detecting func-
tionally active ORs in both heterologous and homologous
systems (8-11).

The consensus view is thatORs identify and differentiate odors
via combinatorial odorant receptor coding (12). Some of the best
studied ORs seem to interact with a small subset of structurally
related odorants, examples being rat OR-I7 with octanal (13),
OR-M71 with acetophenone (14), mOR-EG with eugenol (15),

and OR17-40 with helional (16). More recently, SR1, a mouse
OR, that exhibits an unusually broad spectrum of structurally
diverse odorants has been identified (17). Because of the lack of
high-resolution OR structures, there is only little known about
the protein structural determinants for recognition and discrimi-
nation of odorants (15, 18-21).

ORs belong to class A of the large GPCR superfamily (22).
High-resolution structures of a few receptors in this class
currently available include those of bovine rhodopsin and
opsin (23-25), and substantially modified versions of the human
β2-adrenergic receptor (26), the turkey β1-adrenergic recep-
tor (27), the adenosine receptor (28), the CXCR4 chemokine
receptor (29), and the human dopamine D3 receptor (30). They
all feature seven transmembrane helices, an extracellular N-
terminus, and an intracellular C-terminus, and they share several
conserved sequence motifs in the transmembrane domains that
are important for receptor folding and transmembrane signal-
ing (31). However, the overall level of sequence identity among
the receptors is quite low (25%), making the search for ligand
binding structures challenging (32). How the protein structure of
an OR determines its function, which residues of an OR interact
with odorants, and how that translates into differences in their
ligand profiles are largely unknown. Highly variable residues are
present in three of the seven transmembrane domains (TM3-5)
of many ORs, indicating the region of the binding pocket for a
large variety of odorants for which experimental proofs are just
emerging (15, 33).

Here we performed a detailed functional analysis of an odo-
rant binding pocket focusing on the mouse eugenol olfactory
receptor (mOR-EG) as a representative OR with a moderately
broad but still selective odorant specificity.Katada et al. discovered
that mOR-EG is activated by 22 distinct odorants centered
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around the chemical structure of the primary ligand eugenol (15).
Here we report on the random screening of a large panel of 250
odorant compounds revealing 16 novel and very potent mOR-
EG-specific agonists, which exhibit molecular structures signifi-
cantly different from those of eugenol and its derivatives. These
molecules represent a valuable set of molecular structures for pro-
bing the characteristics of the ligand binding pocket of the receptor.

In the absence of high-resolution structural data, molecular
modeling combined with functional investigations of mutant
proteins is a promising strategy for predicting OR structures with
docked odorant molecules. A few studies have used homology
modeling based on the known high-resolution protein structure
of rhodopsin to predict amino acid residues in the odorant bind-
ing pocket of ORs (15, 20). In this study, we chose the high-
resolution structure of the β2-adrenergic receptor as a template
for molecular modeling of mOR-EG (26). In combining compu-
tational methods for the prediction of functionally important
amino acids with site-directed mutagenesis, we were able to
identify five new single residues located in TM3, -5, and -6 and
also the functional contribution of the second extracellular loop
in ligand recognition. Taking also into account the six additional
residues previously described by Katada et al. to be essential in
mOR-EG for binding the primary ligand eugenol (15), we investi-
gated here the functional relevance of 11 amino acids of mOR-
EG for detecting and discriminating quite diverse odorant struc-
tures. We show a detailed comparison of the binding mode of
four structural classes of mOR-EG-specific odorants providing
insights into the localization, functionality, and three-dimen-
sional structure of an odorant binding site of a broadly respon-
sive OR. Our findings have implications for the understanding of
olfactory coding in mammals.

MATERIALS AND METHODS

Reagents.Odorants activatingmOR-EGwere fromGivaudan
and Sigma. They were freshly dissolved in DMSO before
experiments and diluted to the indicated concentrations with
DMEM(Invitrogen). The cDNAofmOR-EG (15) was amplified
from the pME18SRhoEG expression vector (S. Touhara, Uni-
versity of Tokyo, Tokyo, Japan) with insertion of an SpeI site at
the N-terminus and subcloned into the Rho-Myc pBIISK vector.
After digestion with HindII/NotI, the Rho-Myc EGOR insert
was subcloned into thepCEP4vector.mOR-EGmutantsSer113Ala,
Ser113Thr, Asn207Ala, Leu212Val, Phe252Leu, Ile256Leu, and
Leu259Val were kindly provided by K. Touhara and S. Katada
(University of Tokyo). For all experiments, we used a, HEK 293T
cell line stably expressing RTP1, RTP2, REEP1, and GRolf (34).
Site-Directed Mutagenesis. Mutations were introduced by

polymerase chain reaction (PCR) using a reaction mixture con-
taining 20 ng of Rho-Myc EGOR (pCEP4 vector), 125 ng of
oligonucleotide primers, 2.5 units of Pfu turbo polymerase, 5 μL
of reaction buffer, and 1 μL of dNTP mix to which had been
added deionized sterile water to produce a reaction volume of
50 μL (Quickchange mutagenesis kit, Stratagene, La Jolla, CA).
All mutations were confirmed by sequence analysis (Microsynth,
Balgach SG, Switzerland).
cAMP Reporter Gene Assay. Confluent Hana 3A cells

(35000 cells per well) cultured in a 96-well plate at 37 �C (Perkin-
Elmer) were transfected with 0.15 μg of the receptor cDNA and
0.15 μg of the cAMP response element secreted alkaline phos-
phatase reporter plasmid (pCRE-SEAP) using Lipofectamine
2000 (Invitrogen). Cells were induced 8 h after transfection with
cell medium containing either the ligand or cell medium alone.

Cellular responses weremeasured 16 h after addition of odorants.
An aliquot of supernatant from eachwell was thenmixedwith an
equal volume of 1 M diethanolamine bicarbonate (pH 9.8)
containing 20 mM p-nitrophenyl phosphate and 1 mM MgCl2
(Sigma). The kinetics of hydrolysis of p-nitrophenol phosphate
by alkaline phosphatase was determined by measuring the
absorbance at 410 nm using a multiwell plate reader (Spectra-
Max 360, Molecular Devices).
Cell-Surface FlowCytometry.Hana 3A cells were split into

a 24-well plate (TPP) with a density of 150000 cells per well (500
μL/well) and transfected with 0.8 μg of the receptor cDNA using
lipofectamine. Flow cytometry analysis was performed 36 h after
transfection. The cells were washed once with ice-cold PBS and
then incubated for 15 min on ice with PBS containing 5% fetal
bovine serum (FBS). The cells were then labeled with anti-
rhodopsin 4D2 antibody (diluted 1:100 from stock) and ATTO
488 anti-mouse IgG (diluted 1:1000 from stock) and filtered
through a nylon mesh to remove aggregates (BD Biosciences).
Fluorescence was excited at 488 nm and monitored at 510-550
nmon aCyAnADPhigh-performance flow cytometer (Beckman
Coulter). Approximately 30000 events were recorded. Histo-
grams represent the fluorescence intensity versus the number of
event counts. Normalization was obtained by dividing each event
count by the total number of counts.
Molecular Modeling and Ligand Docking. Homology

models for the mouse eugenol receptor (mEG-OR) were built
on the basis of the high-resolution crystal structure of the β2-
adrenergic receptor (26, 35). Multiple-sequence alignment be-
tween the mouse eugenol receptor (UniProt entry Q920P2) and
several receptor orthologues was generated on the basis of the
structure of the β2-adrenergic receptor and bovine rhodopsin (23)
using 3D_COFFEE (36). This initial target-template alignment
was further modified via incorporation of Bayesian pairwise
interactions of neighboring residues (37), GPCR-specific finger-
prints (38), and functional mutation studies (15). Coordinates of
different structuralmodelsweregeneratedusingMODELER(39)
on the basis of several alternative target-template alignments.
Because of the sequence and structural variability among known
GPCRs, the conformation of the second extracellular loop
(Ser163-Leu198) was generated de novo with the loopmodeling
module of Rosetta 3.1 (40) (cyclic coordinate descent algorithm,
30000 conformations generated). Residue Cys180 was con-
strained to form a disulfide bond with Cys98 in TM3. Cys180
separates the loop into two parts (Ser163-Phe179 and
Glu181-Leu198) that were modeled separately. A cluster anal-
ysis (threshold of 1.25 Å) was performed on the 1% most
energetically favorable structures, and the conformation with
the minimal energy was selected from themost populated cluster.
The odorants were flexibly docked into each of the alternative
receptor models using the Glide Induce Fit Protocol (41) of
Schr€odinger Suite 2007. Restraints on H-bonding interactions of
Ser113 were used for ligands featuring a polar group, which is
able to form a hydrogen bond with Ser113. Prior to docking, the
receptor was checked for the correct orientation of Asn and Gln
side chains, and both receptor and ligand were assigned ioniza-
tion and tautomerization states. The receptor was subsequently
subjected to impref restrained optimization based on the OPLS
force field (version 2005), as implemented in the Schr€odinger
protein preparation wizard protocol. In particular, the impref
restrained optimization consists of a series of minimization cycles
performed on the whole modeled receptor amino acid sequence
by imposing decreasing constraints on every atom but not on
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hydrogens, until the maximum root-mean-square deviation of
0.30 Å from the original structure is reached. The Induced Fit
Protocol includes (i) an initial step of docking using a softened
potential (van der Waals radius scaling), (ii) a round of binding
site residue side chain prediction for each of the protein-ligand
complexes, (iii) protein minimization 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 (v) estimation of the binding energy (IFDScore) for each
result pose.Additional information concerning the target-template
alignments, the starting models, and the clustering results is
provided as Supporting Information.

RESULTS

Discovery of Novel mOR-EG-Specific Agonists. By cou-
pling mOR-EG activation to the cyclic AMP pathway and the
expression of a reporter gene, we screened a large odorant library
and discovered 16 novel activating compounds with structures
and sizes that significantly differ from 22 previously described
ligands (15). In addition to eugenol- and vanillin-related com-
pounds, we found three additional classes of mOR-EG-specific
agonists comprising benzene derivatives, polycyclic compounds,
and cyclohexane derivatives (Figure 1), exhibiting EC50 values
comparable to that of the primary ligand eugenol. Additional
dose-response curves of mOR-EG-specific odorants are shown
in the Supporting Information.

With regard to the group of eugenol- and vanillin-related
compounds, we observed that methylisoeugenol, which has been
described elsewhere as a competitive antagonist of mOR-EG

(42), behaves as an agonist under our experimental conditions
(Figure 1). Our finding has important implications for themecha-
nism of receptor activation. Whereas Katada et al. (15) antici-
pated that the presence of three substituted groups with a fixed
orientation on the benzene ring is a critical structural element of
agonists, we found that mOR-EG accepts agonists with a much
higher variability in the number and type of substituent on the
benzene ring. For instance, the compound Mousse Cristal, a
pentasubstituted benzene ring harboring two hydroxyl groups,
two methyl groups, and an ester side chain, is a potent agonist
similar to eugenol. Dose-dependent activation of mOR-EG was
also detected for compounds like raspberry ketone lacking a
substituent at position 2 of the phenol ring structure in eugenol
(Figure 1).

Furthermore, we discovered that cyclohexane-derived com-
pounds like orivone or tert-butylcyclohexanone (TBCHone)
were potent agonists (Figure 1), indicating that the aromatic ring
found in eugenol and its derivatives is not essential for mOR-EG
agonists. This was further supported by our finding that not only
monocyclic but also polycyclic ketones like Z95 activate mOR-
EG in a dose-dependent fashion, indicating that mOR-EG can
bind also significantly larger ligands than previously (15) antici-
pated (Figure 1).
Structural Model of mOR-EG and Docking of Ligands.

To probe odorant-receptor interactions at a molecular level, we
built a structural model of mOR-EG on the basis of the crystal-
lographic structure of the β2-adrenergic receptor (26). The evolu-
tionary relationship and alignment between TM1-4 and TM7 of
the β2-adrenergic GPCR and mOR-EG can be readily estab-
lished. However, because of the low level of sequence homology

FIGURE 1: Odorant agonists formOR-EG. (A) Chemical structures of four classes of agonists (derivatives of eugenol, benzene, and cyclohexane;
polycylic compounds) grouped according toEC50 values for activatingwild-typemOR-EG: dark gray, EC50e 25μM;gray, EC50=30-100 μM;
light gray, EC50>100 μM. For colored compounds dose-response curves are shown in (B) with corresponding color code. (B) Normalized
dose-response profiles of representative ligands of each structural class of odorants measured on wild-type mOR-EG. (C) Odorants ranked
according toEC50 value for activatingwild-typemOR-EG.Dose-response curves of additionalmOR-EG-specific ligands are shown inFigureS1
of the Supporting Information.
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between the β2-adrenergic receptor and OR families, the per-
residue correspondence in EL2, TM5, and TM6 could not be
resolved unambiguously by sequence alignment methods. There-
fore, we used a series of alternative alignments to generate an
ensemble of comparative receptor models, which were evaluated
for consistency with results from mutational analyses, results of
Bayesian analysis of mutual information in ORmultiple-sequence
alignments, and the molecular docking results. In addition, the
conformation of EL2 was modeled de novo as described in
Materials and Methods. By docking representative agonists of
each of the four mOR-EG-specific odorant classes (EG, MIEG,
MC, OV, and WW) to the receptor, we identified five amino
acids, not investigated previously, that are predicted to be in the
proximity of the odorants and therefore to be part of the ligand
binding pocket: Cys106 (TM3), Phe182 (EL2), Phe203 (TM5),
Glu208 (TM5), and Tyr260 (TM6).
Site-Directed Mutations of Amino Acids. To determine

the role of these five residues, they were individually exchanged
with other amino acids using site-directed mutagenesis. The thus
obtained mutant receptors were analyzed for activation by EG,
MIEG, MC, OV, and WW using reporter gene expression as a
readout. The same analysis was also performed for point muta-
tions at six other residues (Ser113, Asn207, Leu212, Phe252,
Ile256, and Leu259), which were previously shown to be critical
for recognition of EG (15). The EC50 values for activation of the
particular mutated mOR-EG are listed in Table 1, and the
corresponding dose-response curves are shown in Figure S2 of
the Supporting Information.The expressionof allmutant receptors
on the cell surface was quantified by flow cytometric analysis
(Figure S3 of the Supporting Information).

Our structural model of mOR-EG predicts a cluster of polar
amino acid residues at the bottom cleft of the binding pocket to
be important for ligand recognition. One key residue is Ser113
(TM3), which serves as a hydrogen bond donor for the ligand.
The formation of this hydrogen bond was already predicted
elsewhere to be essential for eugenol binding (15). Our model
indicates that Ser113 also plays an important role in binding of
other classes of mOR-EG-specific ligands, comprising hydroxyl
and keto groups capable of forming hydrogen bondswith Ser113.
Accordingly, we found that this residue was sensitive to muta-
tions (summarized in Table 1). The Ser113Ala substitution, for
instance, resulted in a complete loss of receptor activation by OV
and WW, each possessing only one polar group. For EG, the

Table 1: Effects of Point Mutations on Activation of mOR-EG by Different

Odorantsa

mutantb ligand EC50 (μM)

EC50(WT)/

EC50(mut)

TM3 C106A eugenol 41 ( 5 0.3

MC 59 ( 4 0.4

Orivone 41 ( 6 0.6

Wolfwood no response 0

MIEG 116 ( 66 0.3

S113A eugenol 115 ( 20 0.2

MC 122 ( 20 0.4

Orivone no response 0

Wolfwood no response 0

MIEG 50 ( 10 1.2

S113T eugenol 7 ( 2 2.4

MC 27 ( 21 1.9

Orivone 39 ( 11 1.5

Wolfwood 19 ( 3 1.5

MIEG 47 ( 10 1.3

EL2 F182T eugenol no response 0

MC 104 ( 20 0.2

Orivone no response 0

Wolfwood no response 0

MIEG no response 0

F182V eugenol 42 ( 10 0.3

MC 89 ( 6 0.3

Orivone no response 0

Wolfwood no response 0

MIEG 241 ( 339 0.1

TM5 F203W eugenol 92 ( 7 0.1

MC 92 ( 18 0.3

Orivone no response 0

Wolfwood no response 0

MIEG no response 0

N207A all ligands no response 0

E208A eugenol 52 ( 8 0.2

MC 54 ( 9 0.5

Orivone 6 ( 2 0.8

Wolfwood 7 ( 2 1.3

MIEG 4 ( 2 6.5

E208Q eugenol 48 ( 6 0.2

MC 77 ( 5 0.3

Orivone 10 ( 3 2.5

MIEG 29 ( 8 1

E208D eugenol 97 ( 6 0.1

MC 167 ( 63 0.1

Orivone no response 0

Wolfwood no response 0

MIEG 37 ( 4 0.8

L212V eugenol 35 ( 13 0.5

MC 80 ( 11 0.7

Orivone 97 ( 28 0.6

Wolfwood no response 0

MIEG 118 ( 36 0.5

TM6 F252L eugenol 60 ( 7 0.3

MC 137 ( 55 0.4

Orivone 90 ( 35 0.6

Wolfwood no response 0

MIEG no response 0

I256L eugenol 107 ( 28 0.2

MC no response 0

Orivone 103 ( 28 0.6

Wolfwood 57 ( 18 0.5

MIEG no response 0

L259V eugenol 48 ( 10 0.4

MC 118 ( 24 0.4

Orivone no response 0

Wolfwood 65 ( 17 0.5

MIEG 124 ( 34 0.5

Table 1. Continued

mutantb ligand EC50 (μM)

EC50(WT)/

EC50(mut)

Y260F eugenol 92 ( 8 0.1

MC 117 ( 3 0.2

Orivone no response 0

Wolfwood no response 0

MIEG no response 0

Y260L eugenol 120 ( 22 0.1

MC 170 ( 47 0.1

Orivone no response 0

Wolfwood no response 0

MIEG no response 0

aEC50 values of EG, MC, MIEG, OV, and WW obtained from dose-
response curves using the SEAP reporter assay measured on wild-type and
mutant receptors of mOR-EG as shown in Figure S2 of the Supporting
Information. Experiments were performed in triplicate, and data are given
asmeans( the standard deviation. bAmino acids indicated in one-letter code.
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EC50was increased∼7-fold. Just forMC,which possesses several
polar groups, the EC50 increased only ∼2-fold, indicating that
this ligand favors the hydrogen bonding with Ser113 but is
capable of performing alternative polar interactions to activate
the receptor (our docking model suggests Asn207, Glu112, and
Tyr260 as additional hydrogen bond partners). The Ser113Thr
mutant strengthened the hydrophilic interactions with all differ-
ent classes of ligands as indicated by ∼2-fold decreased EC50

values (Table 1). This shows that the OH group of the side chain
of Ser113 is important for polar interactionswith the ligands. The
finding that the Ser113Ala substitution does not affect receptor
activation by MIEG (Table 1) further suggests that regardless of
hydrogen bond formation between a ligand and Ser113 other
interactions are effective for achieving receptor activation.

Our docking simulations suggest a hydrophilic cluster of amino
acid residues in the binding pocket, comprising Ser113 (TM3),
Asn207 (TM5), and Glu208 (TM5). Substitutions of Asn207
abolished the responses to the primary ligand eugenol (15). The
Asn207Ala mutant also exhibited no detectable activation by
EG, MIEG, MC, OV, or WW (Table 1). However, because
Asp207Ala is functionally expressed at the cell surface as
previously shown (15), our results point to a general importance
of this residue in ligand recognition. The potential involvement of
Asn207 in odorant binding is suggested by our docking results
and by the fact that this position is highly variable in the sequence
of the OR superfamily (43).

Our model predicts Glu208 at a central part of the ligand
binding pocket. All substitutions in this position resulted in a
significant loss of responsiveness by more polar ligands like EG
and MC (Table 1). By contrast, the Glu208Asp and Glu208Ala
substitutions yielded slight decreases in the EC50 values for more
hydrophobic agonists like OV and WW. The Glu208Gln and
Glu208Asp substitutions did not significantly alter the respon-
siveness to MIEG as compared to that of the wild type, but the
Glu208Ala substitution strongly decreased the EC50 for MIEG
∼7-fold (Table 1). Point mutations that replace the negatively
charged large side chain of Glu208 with the small uncharged
alanine residue seem to create more space at the bottom of the
binding pocket, offering a steric advantage for large or lipophilic
ligands likeWW,OV, orMIEG to interactwith Ser113 orAsn207.

Tyr260 is predicted to be located at the membrane-water
interface, with the ligand binding pocket pointing its OH group
toward the ligand. The Tyr260Phe substitution decreased the
EC50 values of EG and MC by 5-8-fold and the Tyr260Leu
substitution 7-11-fold. Furthermore, the same point mutations
completely abolished the responsiveness to OV,WW, andMIEG.
Our results indicate that the OH group of Tyr260 is the relevant
interacting part of its side chain. However, in addition, hydro-
phobic interactions with Tyr260 cannot be excluded because the
activation by lipophilic ligands (OV,WW, andMIEG) was more
affected onmutation than that by ligands having more polar side
groups (EG and MC).

Cys106 (TM3) in our model is predicted to be in the vicinity of
other functionally important amino acid residues (Asn207 and
Glu208). The Cys106Ala substitution slightly affected receptor
activation by MC and EG. Their corresponding EC50 values
increased approximately 3-4-fold, whereas the responsiveness to
WW was completely abolished (Table 1). The Cys106Ala sub-
stitution had only minor effects on the responsiveness to OV
(Table 1). For othermouse ORs, amino acid positions equivalent
to mOR-EG’s Cys106 were predicted to be involved in odorant
recognition (44). The results of our point mutation analysis

deliver functional evidence of a possible role of Cys106 in ligand
binding and discrimination of particular odorant molecules.
Contribution of the Second Extracellular Loop (EL2) to

Receptor Activation. Phe182 is located in EL2, which accord-
ing to the predicted disulfide bond between Cys98 and Cys180 in
our structural model projects into the binding pocket and directly
interacts with the mOR-EG-specific odorants. It is striking that
the Phe182Thr substitution abolished receptor activation by EG,
OV, WW, andMIEG and substantially weakened the activity of
MC with a 5-fold increase in EC50 compared to that of the wild-
type receptor (Table1). The Phe182Val substitution showed no
activity for OV andWW, a 4-8-fold increase in the EC50 for EG
and MC, and activation by all the remaining tested odorants.
Phe182 corresponds to a presumably conserved odorant interaction
site within EL2 (43), and our results provide the first functional
proof of this prediction.
Contribution of Hydrophobic, Transmembrane Amino

Acids to Receptor Activation. Our model predicts an amphi-
pathic ligand binding pocket composed of clusters of hydrophilic
amino acids Cys106, Ser113, Asn207, and Tyr260 and a persistent
hydrophobic environment. Mutations of amino acids Leu212,
Phe252, Ile256, and Leu259 increased the EC50 value for EG
more than 5-fold and had variable effects on other odorants
(Table 1). For instance, the Leu112Val substitution did not alter
receptor activation by MC but completely abolished receptor
activation by WW. Similarly, a substitution at Phe252 did not
have any effects on receptor activation by OV but eliminated the
response to WW, supporting the finding of Katada and co-
workers (15) that these residues are involved in ligand binding;
however, they are not equally important for all odorants, as the
results of our mutation analysis indicate.

In this study, we also investigated the importance of Phe203,
which our model predicted to be located at the periphery of the
ligand binding pocket, between TM5 and TM4. This residue
might interact with the extended hydrophobic part of larger
odorants because this loop region also plays a role in ligand-
receptor interactions in the β2-adrenergic receptor. We found
that the Phe203Trp substitution in mOR-EG had strong effects
on the receptor activation by MC and EG, showing 4-8-fold
increased EC50 values. The same mutation completely abolished
receptor activation by WW and OV, suggesting that Phe203 is
involved in ligand-receptor interactions.

DISCUSSION

A restricted set of mOR-EG activating odorants has been
reported elsewhere, proposed as a 3-fold substituted benzene ring
as the core activating structure (15). Here, by random screening
of a large odorant library, we found thatmOR-EG is activated by
amuchbroader variety of odorant structures.Most strikingly, we
discovered that the aromatic, rigid benzene ring is not essential
for the activation of mOR-EG. Also, more flexible cyclohexane-
based odorants and even polycyclic compounds are potent
agonists, indicating that mOR-EG also accepts larger odorants.
Furthermore, the receptor tolerates a variety of polar substitu-
ents on the benzene ring (hydroxyl, ether, aldehyde, keto, and
esterified carboxyl groups) and has no obvious preference for
specific structures of apolar side chains. However, in a previous
study, it has been pointed out that eugenol derivatives possessing
a 1-propenyl group at position 4 of the benzene ring as in the case
of methylisoeugenol (MIEG) tend to become mOR-EG-specific
antagonists (42). The apparent discrepancy between this previous
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report and our finding that MIEG is an agonist for mOR-EG
might be explained by the observation of another study (45)
that revealed that distinct odorants act either as agonists or as
antagonists depending on the particular G protein presented in
the heterologous system. The employment of a nontypical GR15
in the study of Katada and co-workers (15) instead of the natural
olfactory GRolf subunit (46) as in our study might alter the beha-
vior of mOR-EG towardMIEG, which is an important observa-
tion with regard to ligand-OR interactions and the plasticity of
OR activation.

Because of the broad structural variations found in the 32
mOR-EG-specific agonists (Figure 1 and ref 15), it is difficult to
define key molecular features of an active ligand. In general, a
mOR-EG agonist consists of at least one six-atom, preferentially
carbon, ring structure comprising at least one oxygen directly
attached to or integrated within the ring. Most agonists carry on
the ring an additional hydrophobic substituent, which can be a
small unbranched or branched aliphatic group or a larger cyclic
hydrocarbon ring.mOR-EG is a receptor accepting a remarkably
broad spectrum of agonists. Other ORs have been reported in the
literature to be able to bind broad classes of compounds but with
different degrees of selectivity.Mouse receptor SR1, for instance,
has been identified to respond with stronger intensity to 19
distinct odorants of quite variable structures and functional
groups. In contrast tomOR-EG, SR1 does not require cycloalkane
or benzene ring structures but accepts linear aliphatic odorants
(17). In the case of rat ORI7, a wide range of 23 odorants is
recognized. ORI7 is highly specific for compounds featuring an
aldehyde group but rather unspecific concerning the hydropho-
bic moiety, which can be a variable-length aliphatic chain or a
hexyl ring (47). Each of these odorant receptors is obviously
capable of binding odorant molecules of a broad range of molec-
ular structures, different sizes, and polar groups. Our molecular
models are a first step toward understanding the plasticity of the
ligand binding for mOR-EG.

In this study, we have chosen the β2-adrenergic receptor as a
homology template for molecular docking studies to predict
amino acid residues in mOR-EG critically involved in odorant
recognition. The β2-adrenergic receptor belongs to the same class
A of the GPCR superfamily as rhodopsin and the ORs. A high-
resolution structure is available for the β2-adrenergic receptor
(26, 35). The receptor functions like the ORs, as it binds diffusible
ligands, whereas bovine rhodopsin has covalently bound its
ligand retinal. The β2-adrenergic receptor and ORs exhibit also
other common features in the signal transduction mechanism:
upon activation they both promote the formation of cyclic
adenosinemonophosphate (cAMP) via coupling to the adenylate
cyclase (46, 48), whereas rhodopsin initiates a different signaling
cascade via coupling transducin to phosphodiesterase, which
upon activation lowers the intracellular concentration of cyclic
guanosine monophosphate (cGMP) (49). The extracellular do-
main is very compact in rhodopsin, shielding the hydrophobic
retinal ligand from the aqueous phase, while in the other resolved
GPCR structures, the extracellular domain shows a more open
conformation to act as a tunnel for diffusible ligands (26). How
odorants access the binding pocket of its ORs is not known. They
might enter the receptor directly from the extramembranous
phase. As many odorants are quite hydrophobic, they partition
into the hydrophobic cellular membrane, from where they might
access the binding pocket in the receptor, as discussed elsewhere
for other GPCRs (50). Alternatively, odorant binding proteins
might function as shuttles for transporting the odorant molecules

through the nasal mucus to the hydrophobic ORs and presum-
ably facilitate the uptake of ligands by or their removal from the
receptors (7, 51, 52).

While superimposing our model with the homology model of
mOR-EG based on bovine rhodopsin, we found specific differ-
ences, which are caused by the choice of the different templates
and an alternative target-template alignment. As a consequence,
our model of the receptor structure is more open to the extra-
cellular space, shows a different orientation of transmembrane
helices TM3 and TM5, and has a different conformation of the
second extracellular loop (Figure 2).

The putative odorant binding pocket of our docking of the
primary ligand eugenol is to a certain extent in agreement with
the model of Katada and co-workers (15). It includes several
contacts with the bound ligand such as hydrogen bonds at
Ser113, hydrophilic interactions with Asn207, and hydrophobic
contacts with Leu112, Phe252, Ile256, and Leu259. Here we
found additional amino acid contact sites and propose a different
orientation for the ligand, which is preferentially parallel to the
transmembrane helices and not perpendicular as previously
proposed (15) (Figure 2). In our model, eugenol occupies a posi-
tion within the receptor that is closer to the extracellular com-
partment. Furthermore, the ligand is closer to the critical amino
acid residues Phe182, Asn207, and Glu208, and our docking
model suggests additional polar contacts with Tyr260, which
have not been investigated previously (Figure 2).

After having pointed out these general features of our struc-
tural model compared to that of Katada et al. (15), we discuss in
the following the binding of the four classes of mOR-EG-specific
odorants within our model. Particular amino acid residues in
predicted transmembrane helices TM3-6 are believed to form
the odorant binding pocket of most ORs (53, 54). The binding
pocket of mOR-EG according to the predictions of our model is
formed by a network of 10 residues distributed on transmem-
brane helices TM3, TM5, and TM6 toward the extracellular side
along with one residue at the second extracellular loop. Via a
search for amino acids that are highly conserved in orthologous
ORs and less conserved in paralogous ORs, a set of 22 evolution-
arily conserved amino acid positions were proposed to form a
generalized odorant binding pocket (43). Six of these residues
(Cys106, Ser113, Phe182, Phe203, Asn207, and Ile256) overlap
with our docking model of mOR-EG and were shown in our
study to be sensitive tomutations formost of the tested odorants,
whereas the model of Katada and co-workers (15) shows only
four overlaps (Ser113, Phe206, Asn207, and Ile256). In addition,
Tyr260 has been suggested to be involved in odorant recognition
for other mouse ORs (44), for which we delivered the functional
proof because mutations of Tyr260 influenced receptor activa-
tion by all tested odorants.

The individual docking orientations of EG,MC,OR, andWW
are shown in Figure 3. Our analysis suggests that all ligands
occupy a similar location within the binding pocket ofmOR-EG,
including a hydrogen bondwith Ser113 that is consistent with our
experimental results and the previous docking and mutational
study of the binding of eugenol (15). The importance of Ser113
for ligand recognition in mOR-EG is underlined by the finding
that in human OR1A1 and OR1A2 receptors a corresponding
amino acid exists in the form of Ser112, which plays a key role in
odorant interaction (20). Furthermore, in the rat ORI7 receptor,
Cys117 has been shown to be centrally important in odorant
recognition, and this position corresponds to Ser113 in mOR-
EG (55).
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By probing the potency of our different odorants in activating
each of the point mutant ORs, we experimentally identified the
residues forming the odorant binding pocket and their relative
importance for receptor activation by the different types of agonists
as indicated in Figure 3 by color code from white (no effect) to
dark red (strong effect).

We also found that mutations of six residues (Ser113, Phe182,
Asn207, Phe203, Glu208, and Tyr260) changed receptor activa-
tion for all odorants. This is consistent with ourmodel suggesting
these residues are part of the ligand binding pocket, with Phe182
located at the second extracellular loop (EL2) at the opening of
the ligandbinding pocket (Figure 3). Our experimental data show
that Phe182 plays an important role in activatingmOR-EGby all

tested odorants. In our structural model, Cys180 in EL2 forms a
disulfide linkage to Cys98 located at the extracellular interface of
TM3, and as a consequence, Phe182 in EL2 becomes part of the
receptor’s ligand binding pocket (Figure 3). There are several
observations that support this structural determinant. A corre-
sponding disulfide linkage between EL2 and TM3 was found in
many GPCRs, including rhodopsin, adrenergic receptors, ade-
nosine receptors, and angiotensin receptors, to mention a few.
Corresponding EL2-TM3 cysteine pairs are also highly con-
served in most of the OR sequences (43), but EL2 also exhibits
structural variations among different GPCRs. It adopts a hairpin
structure in bovine rhodopsin (56), has anR-helical conformation
in β2-adrenergic receptors (26), and is unstructured in the

FIGURE 2: Superposition of twohomology structuralmodels ofmOR-EGwithbound eugenol basedon the crystal structures of theβ2-adrenergic
receptor (gray) and rhodopsin (green). (A) Side views with the extracellular side on the top and the intracellular side on the bottom (left) and top
views from the extracellular side (right). The backbone structures are represented as ribbons, and the odorant eugenol is represented as sticks
[black for ourmodel and dark green for themodel ofKatada et al. (15)]. (B) Interaction of eugenol with amino acid residues in the binding pocket
of mOR-EG as found experimentally in our study (left) and that suggested by Katada et al. (15) (right). Ser113 forms a hydrogen bond with the
OHgroup of eugenol (red dots) in bothmodels. Potential interactions of eugenol withAsn207 andGlu208 are shown as black dots. In ourmodel,
eugenol has a different orientation, occupies an upward shifted position in the receptor, and is closer to amino acid residuesAsn207 andGlu208 as
in themodel ofKatada et al. (15). Additional amino acid residues lining the binding pocket in ourmodel are Leu212, Phe252, Ile256, and Tyr260.
Our predicted three-dimensional structure of the binding pocket of the receptor is in accord with the experimentally determined amino acid
contact sites reported in Table 1 and Figure S2 of the Supporting Information.
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A2A-adenosine receptor (28). Despite these variations, all known
GPCR structures suggest EL2 to take part in ligand binding (23, 28,
56, 57). A recent functional study of the angiotensin II type 1
receptor revealed the ability of EL2 to interact with its ligands
and to perform agonist-induced conformational changes (58). As
this report exemplifies how GPCRs generally could bind ligands

by EL2, mOR-EG might in analogy interact with odorants in a
dynamicmanner, influencing the accessibility of the binding cavity
for the ligands on their way to and from the binding pocket.

Five amino acids (Cys106, Leu212, Phe252, Ile256, andLeu259)
exhibited a variable degree of importance, depending on the
specific odorant used in the functional assay. They were sensitive

FIGURE 3: Predicted amino acid contact sites of mOR-EG with the odorants eugenol (A), Mousse Cristal (B), Orivone (C), and Wolfwood (D)
derived from functional studies ofmutant receptorproteins (cf. Table 1 andFigureS2of the Supporting Information) and shown for eachodorant
as a snake topology diagram and a three-dimensional (3D) structural model. In the snake diagrams, the OR sequences are represented by the
amino acid single-letter code, the transmembrane helices (TM1-7) are depicted as rectangular frames, and mutations of amino acids are
highlighted by colored circles. The effects of different pointmutations ofmOR-EGon the receptor’s activation by a particular agonist as reported
in Table 1 are represented here by a color code, which is identical in the snake diagrams and in the corresponding 3D docking models. Dark red
indicates amino acid point mutations exhibiting strong effects either in loss or in gain of function as compared to wtmOR-EG, more specifically,
either yielding no detectable responses to the indicated odorant or significantly decreasing the EC50 values compared to that of the wild-type
receptor. Red indicates point mutations that cause a strong increase in the EC50 values (up to 10-fold). Light red indicates point mutations that
cause a modest increase in the EC50 values (up to 3-fold). White filled red circles indicate point mutations that did not affect the EC50 values. The
3D structural models of the receptor’s binding pocket show the orientations of amino acid residues C106III, S113III, F182EL2, F203V, N207V,
E208V, L212V, F252VI, I256VI, L259VI, and Y260VI (superscripts indicate TM helices in Roman numerals or loop EL2) relative to each of the
docked odorants.
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tomutations for some of the odorants and less or not sensitive for
others (Figure 3), pointing to a higher mobility of these odorants
in the binding pocket. This finding suggests that these residues
determine the receptor’s ligand specificity. The binding of larger
odorants like WW is more affected by point mutations, implying
that bulkier molecules have more contact sites with the receptor
than smaller ligands EG and MC (Figure 3). Also, the less polar
odorant OV seems to have a larger number of contact sites with
the receptor than MC and EG (Figure 3).

We have also identifiedMIEG as a mOR-EG-specific agonist.
MIEG does not possess polar groups able to form a hydrogen
bondwith Ser113 like the other ligands (EG,MC,OV, andWW).
This could explain why the Ser113Ala substitution has no
influence of the receptor’s responsiveness to MIEG (Figure 4).
Our binding model proposes apolar interactions with amino acid
residues Phe182, Phe203, and Tyr260 and polar interactions with
Asn207 and Glu208 (Figure 4). Mutations at Tyr260 result in a
significant loss of activation of mOR-EG by MIEG (Table 1),
which is consistent with our model predicting π-π interactions
between the neighboring aromatic rings of the ligand and the
amino acid side chain (Figure 4). The experimental data do not
indicate significant polar interactions ofMIEGwithGlu208. The
Glu208Asp and Glu208Gln substitutions reduce the level of
activation to an only minor extent, and the Glu208Ala substitu-
tion even results in a gain of function, because the EC50 signif-
icantly decreased compared to that of the wild type (Table 1). The
less bulky methyl group of alanine could improve ligand-receptor
interactions via additional hydrophobic contacts or reduced steric
hindrance in the binding site. The fact that any substitution of
Asn207 abolishes receptor activation by MIEG indicates an
important role of this residue either directly for ligand binding or
more generally in stabilizing the receptor structure. Liganddocking
simulations place the propenyl group ofMIEG in the proximity of
Phe182 in the second extracellular loop. The substitution of Phe182
with valine, exhibiting a less bulky apolar group, generates weak
activity, whereas the Phe182Thr mutation completely abolishes
activation by MIEG (Table 1). This result indicates that MIEG
shares the same orientation in the binding pocket as the other
agonists (Figure 4) with hydrophobic contacts around the propenyl
substituent. Our results also show that receptor activation does not
depend on the interaction of the ligand with Ser113.

In summary, this study delivers detailed information about the
ligandbindingpocket of a prototypical odorant receptor,mOR-EG.

By screening a large odorant compound library, we found a
surprisingly wide variety of chemical structures and sizes capable
of activating the wild-type receptor. This suggests a high plasti-
city of the receptor’s binding pocket and perhaps a high mobility
of the ligands within the pocket, which could explain why the
dose-response curves for receptor activation are spread over 3
orders of magnitude of agonist concentration. From the activa-
tion profiles of mutant receptors with single-amino acid replace-
ments located around a predicted receptor ligand binding region,
we finally localized in the receptor protein sequence 11 amino
acid residues contacting a bound agonist odorant molecule.
Thereby, we precisely defined the amino acid composition of
the ligand binding pocket of mOR-EG. Using homology model-
ing, we finally predicted the three-dimensional structure with the
docked ligand for each case of the receptor activating odorant.
Unraveling key amino acid residues involved in odorant-receptor
interactions also might be important for designing novel
synthetic ligands (59). Because of the lack of high-resolutionOR
structures, docking of odorants to OR structure models must be
considered with caution. However, the close agreement between
our functional mutagenesis studies and our docking results delivers
confidence in the molecular details we have obtained for the
ligand binding pocket of mOR-EG. Our discovery of receptor-
specific functional fingerprints of receptor-ligand interactions
might be of functional importance for olfaction.

The existence of a class of broadly tuned low-affinity ORs has
been hypothesized to exist and to function as odor intensity
detectors (60). In this study, we have discovered that mOR-EG is
activated by a large number of odorants at concentrations similar
to the concentrations required to activatemore selective receptors
in similar functional assays (61). Therefore, we conclude that
mOR-EG might encode odorant character rather than odor
intensity. This finding also has implications for olfactory proces-
sing, because our results provide evidence that already at the level
of a distinct OR dense odorant information is perceived to be
transmitted to the brain. This is consistent with functional ana-
lyses in the olfactory bulb that apart from sparse glomerular
inputs (62) glomeruli with a large diversity of chemical spectra
also can be observed (63).

Our understanding of the mechanisms of odor perception is
still in its infancy. Novel approaches are required for unravelling
the molecular basis of olfaction, for example, by extending
the functional studies to larger OR libraries (61) if possible in

FIGURE 4: Interaction ofmOR-EGwithMIEG. (A) Close-up ofMIEGdocked to amino acids C106III, S113III, F182EL2, F203V, N207V, E208V,
L212V, F252VI, I256VI, L259VI, and Y260VI in the three-dimensional structural model of the receptor’s binding pocket (notations as in Figure 3).
(B) Snake diagrams of mOR-EG transmembrane topology below docking images. Other notations and color codes as in Figure 3.
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primary olfactory cells where activation of properly labeled ORs
might be followedonamolecular level byoptical imaging (10,64).
On the other hand, high-resolution structures of ORs are
desperately required, and the recent isolation of large quantities
of odorant receptors for structural and biophysical studies is a
first step in this direction (11).
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