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Abstract
Odorant receptors represent the largest family of mammalian G protein-coupled receptors. Phylogenetically, they are split into 
two classes (I and II). By analyzing the entire subclass I odorant receptors sequences, we identified two class I-specific and 
highly conserved motifs. These are predicted to face each other at the extra-cellular portion of the transmembrane domain, 
forming a vestibular site at the entrance to the orthosteric-binding cavity. Molecular dynamics simulation combined with 
site-directed mutagenesis and in vitro functional assays confirm the functional role of this vestibular site in ligand-driven 
activation. Mutations at this part of the receptor differentially affect the receptor response to four agonists. Since this ves-
tibular site is involved in ligand recognition, it could serve ligand design that targets specifically this sub-genome of mam-
malian odorant receptors.
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Introduction

Mammals sense their chemical environment when volatile 
molecules activate the odorant receptors (ORs) embedded 
in the membrane of their olfactory sensory neurons [1]. ORs 
belong to the class A G protein-coupled receptors (GPCRs) 
and represent more than 3% of all protein-coding genes [2]. 

Structurally, class A GPCRs are made up of seven trans-
membrane helices (TM1–TM7) forming a bundle within the 
cell membrane, connected by intra- and extra-cellular loops. 
Class A GPCRs show a remarkably conserved fold and, from 
a sequence point of view, they also share typical hallmark 
motifs that are distributed at various locations within their 
sequences [3].

In the absence of any OR experimental structure, molecu-
lar modeling has been the tool of choice for studying struc-
ture–function relationships in ORs. Comparative modeling 
benefits from the high level of conservation in the structural 
fold of class A GPCRs. Combined with in vitro site-directed 
mutagenesis and functional assays, it has proven extremely 
powerful for predicting various OR features, such as ligand 
binding and selectivity, and selective activation by agonist 
bound within their orthosteric-binding site [4–9].

In ORs, the orthosteric-binding cavity exhibits the greatest 
variability [10], endowing mammals with an extraordinarily 
broad chemical discriminatory power. Phylogenetic classi-
fication of the mammalian olfactory receptor genome splits 
this family of receptors into two distinct classes [11–13]. In 
humans, the 58 class I ORs represent ~ 15% of the 397 recep-
tors that are considered functional. Class I ORs are also 
referred to as “fish-like”, since they resemble the family that 
was first identified in aquatic animals such as fish and frog. 
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They were considered to be ancestral ORs that were main-
tained in mammals [12]. The second class of ORs (class II or 
“tetrapod”) is thought to have appeared during tetrapod ter-
restrial evolution. However, the diversity of mammalian ORs 
remains much smaller than that found in fishes, where many 
more classes have been identified [14]. Interestingly, during 
evolution, class I ORs were maintained in a single cluster as 
opposed to class II OR genes which spread over most chromo-
somes [15]. Class I odorant receptor genes also share a specific 
and conserved genetic mechanism regulating the allelic exclu-
sion during expression [16].

In mammals, class I and class II, despite sharing all the 
typical OR sequence-specific hallmarks, can be clearly dis-
tinguished by some characteristic features that are highly 
conserved within their sequences [13].The extra-cellular 
part of TM6 has been suggested to play an role in the dif-
ferential ligand recognition between class I and class II ORs 
[17], although the associated structural features are yet to be 
uncovered. Between the two classes, no difference could be 
identified concerning the breadth of tuning, the number of 
agonists, or the sensitivity [18].

Extra-cellular allosteric sites have been identified in 
numerous class A GPCRs [19], such as the purinoceptor 
1 (P2Y1 [20]), sphingosine-1-phosphate receptor 1 (S1P1 
[21]), β2-adrenergic receptor [22], and the muscarinic ace-
tylcholine receptors [23]. More specifically, a so-called 
“vestibular-binding site” has been identified at the top of 
the transmembrane domain in the muscarinic acetylcholine 
receptors [23], in the β2 adrenergic receptor [22] experimen-
tal structures, as well as in molecular models of the δ-opioid 
receptor [24]. Focusing on chemosensory receptors, such a 
site was reported in the bitter taste receptor TAS2R46 [25] 
and in the trace amine associated receptor TAAR13c [26]. 
These discoveries laid the groundwork for the design of 
highly selective allosteric modulators. This type of vestibu-
lar-binding site has never been identified in any OR.

In this article, we report the identification of two class I 
OR-specific motifs that face each other at the extra-cellular 
extremities of TM5 and TM6. These motifs are conserved 
in class I ORs but not in the class II. Molecular dynamics 
simulations showed that these motifs form a vestibular site at 
the entrance to the orthosteric-binding cavity. Site-directed 
mutations at the vestibular-binding site affected the recep-
tors’ response to odorant stimulation in vitro, confirming the 
functional role of this vestibule.

Results

ORs show distinct specific sequence motifs

Figure 1 reports the conservation analysis of human GPCR 
sequences. Here, 397 human ORs were compared with 204 

non-olfactory class A GPCRs. As observed previously in 
mice [13], both OR classes show identical conserved regions 
such as the PMYxFL motif in TM2, MAYDRYVAIC in 
TM3, SY residues in TM5, RxKAxxTCxSH, and FY in 
TM6. Other motifs considered to be the hallmarks of the 
GPCR class A family (GN in TM1, DRY in TM3, KA in 
TM6, and NPxxY in TM7) can also be identified (Fig. 1a).

Once the typical class A GPCRs motifs are excluded, the 
hallmarks of class I and class II ORs become quite distinct 
(Files S3 and S4). Specific conserved motifs can be distin-
guished in both classes (Fig. 1b, c). As a general rule, TM3 
of class A GPCRs is a structural and functional hub [3]. 
Class I ORs show a highly conserved  QM3.29FFxH3.33 motif 
(superscripts refer to the Ballesteros–Weinstein notation) 
[28] where the polar methionine and histidine residues are 
predicted to point towards the inside of the binding cavity of 
class I ORs [10, 29]. These two conserved and hydrophilic 
residues  (M3.29 and  H3.33, respectively, conserved at 67% and 
91%, Fig. 1b) are not conserved in class II ORs (where only 
a conserved QxFFxx signature is found).

In TM5, a  YGL5.40 motif is specific to the extra-cellular 
side of class I ORs and is conserved at more than 60% for 
each residue, whereas, in class II ORs, the conservation rate 
at each position drops to less than 40% (Fig. 1b). TM6 also 
presents notable differences in conservation in the extra-cel-
lular side of the receptors between both classes. A  HRFG6.61 
motif, where each residue is conserved at about 70%, is spe-
cific to class I, but this motif is replaced by a conserved 
PxSx motif in class II.

Focusing on the middle of TM6, the highly conserved 
 FY6.48XX motif was shown to act as a toggle switch in ORs 
[6] and is conserved as an FYxP motif in class I ORs. At the 
N-terminal part of TM6 (RxKAFSTCxSH motif), a highly 
conserved FS motif in class II ORs is replaced by an LN 
motif in class I. Note that this motif was shown to be cru-
cial in receptor activation and dynamics [4, 30]. Finally, as 
previously reported in mice [13], three conserved proline 
residues in TM7 are present in class I ORs, while only two 
can be found in class II. TM4 and TM5 are connected by the 
extra-cellular loop 2 (ECL2). Although this structure surely 
plays an active role in ligand recognition [31], it may not be 
specific to class I or class II ORs given its poor conservation 
amongst mammalian ORs.

The conserved motifs  YGLTM5 and  HRFGTM6 form 
a vestibular site

In human, class I ORs are phylogenetically split into three 
sub-groups, OR51, OR52, and OR56 [12].  YGLTM5 and 
 HRFGTM6 are conserved for the two ORs that are repre-
sentative of the two first groups (OR51A2 and OR52A1). 
In the third group (OR56 sub-family comprises 6 ORs), the 
typical OR56A1 receptor shows slightly different motifs 
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in TM5 and TM6  (YQFTM5 and  NLARTM6, see File S1), 
which, nonetheless, face each other, as well. Above all, this 
highlights that the structural feature made up of these fac-
ing motifs is observed amongst the whole class I OR sub-
genome (Fig. 1c). We focused specifically on understand-
ing the functional role of such conserved and class-specific 
motifs in TM5 and TM6 extra-cellular regions. OR51E1 was 
considered prototypical, because its sequence shows all the 
signatures of class I ORs and it has already been thoroughly 
studied, both in vitro and in silico [18, 29, 32]. The model 
was built using a previous protocol, where homology mod-
eling was confirmed to fulfill constraints obtained by func-
tional in vitro assays [29]. In total, 141 mutated positions 
on mammalian ORs were gathered [4], covering 35% of the 
whole sequence of the receptor. As expected,  YGLTM5 and 
 HRFGTM6 form the last extra-cellular helical turn of TM5 
and TM6, respectively, and face each other.

The two motifs are located at the solvent/membrane 
interface. The vestibule is predicted to be 2.5 helical turns 
(approximately 15 Å) above the orthosteric-binding pocket 
(Fig. 2a). Four known agonists of OR51E1, cyclobuta-
noic acid (CBA), butyric acid (BA), isovaleric acid (IVA), 
and nonanoic acid (NA) were docked into the orthosteric-
binding site and the vestibule. The four acids with varied 

chemical propertied showed comparable affinities for both 
sites (Table S1 and Fig. 2b), suggesting that the vestibule is 
likely to interact with agonists.

At the orthosteric cavity, the agonists established contacts 
with  S1113.36,  I2065.44, and  H1083.33, as we have previously 
shown [29]. The ligands locations are consistent with the 
binding poses predicted by several ligand–OR interaction 
studies [4, 7–10, 29, 33].

The dynamics of the four systems was investigated 
through molecular dynamics (MD) simulations. In three 
independent MD simulations, CBA visited both sites dur-
ing the same run (Figs. 2, 3, and S1). The same behavior is 
observed for the three other agonists (Fig. S1), confirming 
the connection between the vestibular site and the orthos-
teric cavity.

We have previously found that  S1113.36 was involved 
in agonist binding to OR51E1 [29]. When the agonist are 
hydrogen-bonded with  S1113.36, they are close to the con-
served motif  (FY6.48VP in class I or  FY6.48GT in class II 
ORs) acting as the activation toggle switch of the receptor 
[6]. Although residues  2556.49 and  2566.50 do not strongly 
interact with the ligands (Fig. S1), structural perturbations 
at these positions affect the general ability of the receptor 
to sense agonists and to activate [5, 6]. The  V2556.49G and 

Fig. 1  Conserved motifs in class I and class II human ORs and com-
parison with non-olfactory class A GPCRs. a Logos summarize the 
conservation amongst 397 human OR sequences (58 are class I ORs 
and 339 are class II) and 204 non-olfactory class A GPCRs [10, 27]. 
Major differences are underlined in blue. b Highest conservation of 

class-specific motifs in TM3, TM5, TM6, and TM7. c Three class I 
human OR structures (representative of each class I subgroup) show 
the position of conserved motifs in  YGLTM5 (blue) and  HRFGTM6 (in 
red). Both motifs are predicted to face each other; in these representa-
tions, intra- and extra-cellular loops are omitted for image clarity
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 P2566.50A mutations consistently modified the receptor’s 
basal activity and decreased its efficacy (Fig. 4a, d).

In general, mutating the residues identified either at 
the orthosteric cavity or at the vestibule affected the basal 
activity (Fig. 4) without apparent impact on the surface 

expression (Fig. S2). This highlights the role of the vestibu-
lar site in the activation mechanism.

During the course of the MD simulations, the agonists 
formed transitory hydrophilic or hydrophobic contacts 
with residues belonging to the orthosteric cavity and the 

Fig. 2  OR51E1 conserved 
motifs form a vestibular-binding 
site visited by ligands. a Cross 
section of OR51E1 van der 
Waals volume (gray). Extra-
cellular loops were modeled but 
are omitted for image clarity. 
A vestibular-binding site and 
the orthosteric-binding cavity 
(red) are detected by a cavity 
detector.  Y2546.48 and  V2556.49 
at the orthosteric cavity and 
 HRFGTM5 and  YGLTM6 form-
ing the vestibule are shown 
in licorice. b Superpositions 
of typical positions of CBA 
(shown in brown) at the cradle 
of the orthosteric-binding cavity 
 (S1113.36 and  Y2546.48) and at 
the vestibular site. c Chemical 
structure of CBA

Fig. 3  Vestibule is connected to 
the orthosteric-binding cavity. 
a Locations of CBA (as shown 
by a sphere corresponding to 
its carboxylic atom) during two 
independent MD trajectories 
initiated either at the orthos-
teric cavity (Run #1, left) or at 
the vestibule (Run #2, right). 
Green-to-blue colors indicate 
simulation time evolution. b 
Distance analysis between a 
CBA oxygen atom and donor/
acceptor groups of S111 (bot-
tom of the cavity), and Y201, 
H264, and R265 (forming the 
vestibule). In both simulations, 
CBA engages opportunistic 
hydrogen bonds with residues 
forming the vestibule. Periods 
during which CBA visits the 
vestibule are highlighted
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vestibule, whatever the starting point of the ligand (Figs. 3, 
S1). This suggests an active role of these residues in ligand 
recognition. In the vestibule, transitory hydrogen bonds 

could be observed between the agonists and  R2656.59, 
 H2646.58, or  Y2015.38, as illustrated for CBA in Fig. 3.

Fig. 4  In vitro assessment of the functional role of the vestibule and 
the binding cavity. a Snapshot where CBA bound at the vestibu-
lar site can form a hydrogen bond with  R2656.59 (blue dashed line) 
and hydrophobic contacts with  L2035.40 and  F2666.60. In this rep-
resentation, extra-cellular loops are omitted for image clarity. For 
each residue near the agonist, normalized dose–response curves 
of the response of OR51E1 mutants (red) in comparison with the 
wt (black) to CBA stimulation are shown. The y-axis represents the 
firefly luminescence normalized to Renilla firefly and normalized to 
the wt response. b Normalized dose–response curves (error bars rep-
resent SD; n = 3) for OR51E1 wt to nonanoic acid (NA), isovaleric 
acid (IVA), and butyric acid (BA). c Log(EC50) values for the four 

agonists. Comparison between the wt and the mutant ORs at the posi-
tion  V2556.49 and at the vestibular site. nr non-responsive. Mutation 
 V2556.49G, which does not interact with agonists, has no statistically 
significant (ns) effect on the EC50 for any agonist. Mutations at the 
vestibular site differentially affect potency. A ‘asterisk’ indicates that 
the 95% EC50 confidence intervals do not intersect (Table S3). The 
 H2646.58A mutation only affects IVA binding, while the  F2666.60A 
mutation affects all ligands except NA. The  L203A5.40 mutation 
mostly decreases both CBA and IVA potencies. d Normalized basal 
activity for all mutant ORs normalized to wt. All mutants’ basal 
activity is significantly different than the wt (****p < 0.001; ANOVA 
Dunnett’s multiple comparisons test)
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Mutations at the vestibular site differentially affect 
agonists’ recognition in vitro

The opportunistic and transitory agonist–vestibule interac-
tions observed during the MD simulations underline the role 
of the vestibule in agonist recognition.  R265A6.59 as well 
as  Y2015.38A mutant ORs were no longer responsive to the 
agonists in vitro (Fig. 4a), confirming the crucial roles of 
these residues in ligand-driven receptor activation.

The EC50 confidence intervals for each ligand and each 
mutant (Tables S2 and S3) are compared in Fig. 4c to exam-
ine the changes in potency upon mutation. The  V2556.49G 
mutation has a negligible effect on the potency of all the 
agonists, consistent with the orientation of  V2556.49 towards 
the membrane. However, different modulations are observed 
when mutating residues located at the vestibule, namely 
 L2035.40,  H2646.58, and  F2666.60. All mutant ORs are less 
responsive to agonists, but each mutation affects each ligand 
in a different manner. This suggests that the vestibular resi-
dues do interact with the ligands. Each residue of the ves-
tibules, thus, plays a role in the ligand recognition process, 
which naturally depends on the chemical property of the 
stimulating odorant (Fig. S3 and Table S2).

Discussion: class I odorant receptor 
sub‑genome exhibits a vestibular cavity

Sequence analysis of human class I and class II ORs showed 
that both classes have distinct signatures in their sequences, 
as previously observed in mice [13]. Motifs within the ECL3 
were considered to play an active role in ligand recognition 
by class I ORs [17]. Interestingly, we identified two motifs 
in the extra-cellular domain of class I ORs that face towards 
each other and are not conserved amongst class II ORs. Site-
directed mutagenesis and functional assays determined that 
these motifs form a functional allosteric extra-cellular bind-
ing cavity, 15 Å removed from the canonical ligand cavity of 
ORs. This structural feature is likely to be observed within 
the whole class I sub-genome.

Allosteric-binding sites have been identified in many 
GPCRs from distinct classes [19]. In ORs, notably, some 
residues located in helix eight were reported to play a func-
tional role in response to ligand binding [34]. In the case 
of extra-cellular allosteric sites and more specifically in 
muscarinic acetylcholine receptors, the vestibular site has 
been extensively studied, since these receptors have strictly 
conserved binding sites, while the vestibule is an allosteric 
pocket that acts as a potential subtype selectivity filter [35]. 
Class I ORs show the opposite mechanism, where the ves-
tibule appears to be highly conserved, while the binding 
pocket (either in class I or class II) is strongly divergent. 
Coming back to the vestibular-binding site, class II ORs do 

not show any conservation at these positions. This could 
be connected with observed differences in ligand properties 
within the two classes.

From a sequence point of view, the most comparable 
vestibular motifs to those reported herein are found in 
the β2-adrenergic receptor (β2AR) vestibular entry site 
[22]. In the β2AR, the OR-equivalent motif of  YGLTM5-OR 
is  YAITM5-β2AR, while the  HRFGTM6-OR equivalent is 
 HVIQTM6-β2AR. These residues, as well as others located in 
the extra-cellular domain, interact with the agonists in the 
very first steps of the binding of alprenolol to the receptor 
[22]. Namely,  A2005.39,  H2966.58, and  V2676.59 interact with 
the ligand through hydrophobic interaction. An analysis of 
the structures of class II ORs studied by us previously did 
not reveal the presence of any vestibular cavity [4, 33, 36]. 
Hence, the presence of a vestibule in the class I olfactory 
sub-genome suggests that the ligand-binding mechanism of 
class I ORs lies between non-olfactory class A GPCRs 
(where vestibules can be identified) and class II ORs.

Molecular dynamics simulations of OR51E1, a pro-
totypical class I OR, showed that the motifs facing each 
other in the three-dimensional structure constitute a simi-
lar vestibular-binding site as those found in the β2AR. In 
the simulation, the ligands transiently visited the vestibule 
highlighting the connection that exists between the vesti-
bule and the orthosteric-binding site. Docking experiments 
suggested that the vestibular-binding site had a comparable 
binding affinity for the agonist with respect to the orthos-
teric-binding cavity. The functionality of the vestibule was 
assessed through in vitro experiments. Here, we show that 
mutation of the residues identified as being in contact with 
the ligand during molecular dynamics simulations strongly 
affected the response of the receptor. The residues constitut-
ing this vestibular pocket play an important role in agonists’ 
recognition.

Class I receptors have already been shown to bind more 
hydrophilic compounds than class II ORs [18]. We have 
revisited and updated all ligands considered to be agonists 
for any human OR (File S3). A statistical analysis of the 
agonist chemical properties shows that class I and class II 
ORs agonists have noticeably different properties (Figs. S4 
and S5; Tables S4 and S5) [17, 18, 37]. Typically, class I 
OR agonists are more hydrophilic than the class II. Coun-
terintuitively, an analysis of the residues lining the orthos-
teric-binding cavities of class I ORs shows that they are less 
hydrophilic than those of class II ORs (Fig. S6). The ves-
tibular site could act as a molecular sieve in class I ORs to 
favor hydrophilic ligands.

Beyond providing insight into the binding process of class 
I OR ligands, the identification of these TM5 and TM6 con-
served motifs lays the groundwork for the rational design of 
allosteric modulators for the entire olfactory class I OR sub-
genome. Such modulators will be of broad interest beyond 
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olfaction, since this class of receptors is expressed not only 
in the nose. They are found in numerous non-olfactory tis-
sues, although their functional roles and expression levels 
remain to be established in several cases. More specifically, 
six class I ORs were shown to be the amongst the 40 most 
highly expressed ORs outside of the nose. These include 
OR51E1, OR51E2, OR52N4, OR52B6, OR52D1, and 
OR51B5 [38]. In addition, 53 class I human ORs transcripts 
were found to be expressed in polymorphonuclear leuko-
cytes, B and T cells, whereas class II ORs were not detected 
in these cell types [39]. This wide-spread expression and 
evidence for important regulatory roles in various diseases 
makes class I ORs interesting and novel pharmacological 
targets. The design of ligands with specific interactions with 
this allosteric cavity would thus be extremely useful.

Materials and methods

Chemical space analysis

To examine the characteristics of the molecules that class I 
and class II ORs respond to, all the data concerning deor-
phanization of human ORs were gathered. All references 
regarding OR deorphanization data and used in this study 
can be found in the Supplementary Material (File S3). Only 
molecules eliciting agonist activity on ORs were considered 
for further analysis: 92 were identified as agonists for class 
I ORs and 189 as agonists for class II ORs. We calculated 
4884 chemical and topological descriptors using the Dragon 
Software [40] on this set of molecule. We extracted eight 
descriptors that are of interest due to their pharmacological 
importance (they relate to the well-known Lipinski’s rule of 
five) (File S4). The descriptors were normalized and aver-
aged to create the spider plot. An average was identified as 
significantly different with a one-way ANOVA test, using 
p < 0.05.

Sequence logos

Multiple sequence alignment was performed using Jalview 
[41]. 397 sequences of human ORs were gathered and 
aligned as well as 204 non-olfactory class A GPCR 
sequences. The alignment was then split into three: 58 
sequences were used for generating the class I sequence 
logo, 339 sequences were used to generate class II sequence 
logo, and 204 sequences for other class A GPCRs. Phylo-
genetic trees and secondary structure prediction were per-
formed using the Jalview built-in Web Service application. 
Logos were generated using WebLogo. Sequence alignments 
for class I and class II ORs are provided in separate fasta 
files (Files S1 and S2).

Conservation analysis

Information about the conservation rate of each amino acid 
making up underlined motifs is given in Fig. 1. These con-
servation rates were obtained using Jalview [41], and the 
most conserved residue and its associated value are reported.

Human OR51E1 3D model

The protocol follows a previously published method [10]. 
Briefly, all 397 human OR sequences were aligned to the 
sequence of GPCRs for which the experimental structure is 
known. Manual adjustments were performed to be consistent 
with the data from the 141 mutants previously described in 
the literature. A homology model was obtained using the 
crystal structures of bovine rhodopsin receptor (PDB id: 
1U19), CXCR4 chemokine receptor (3ODU), human adeno-
sine A2A receptor (2YDV), and human chemokine CXCR1 
receptor (2LNL) as structural templates using Modeler [42]. 
The N-terminal structure was omitted to avoid perturbing 
the modeling protocol. Five models were obtained, and the 
one that was consistent with the in vitro data and several 
structural constraints [no large folded structure in extra-
cellular loops, all trans-membranes helices (TMs) folded as 
α-helices, and a tiny α-helix 8 at the C-terminal extremity] 
was kept.

Cyclobutanoic acid (CBA), nonanoic acid (NA), 
isovaleric acid (IVA), and butyric acid (BA) structures 
parameters were prepared with the antechamber module of 
AMBER with AM1-BCC charges. They were docked into 
the receptor cavity, using flexible docking parameters on 
residues  H1083.33,  Y2546.48, and  F2576.51 with Autodock 
Vina for the docking in the orthosteric-binding cavity and 
 Y2015.38,  H2646.58, and  R2656.59 for docking in the vestib-
ular-binding site [43]. In each site, all docking poses were 
similar, and we considered the one with the lowest binding 
free energy for simulations.

Ligand-binding poses considered for the MD simulations 
are given in Table S6. The cavity volumes were analyzed 
with MDPocket [44].

Molecular dynamics

The OR51E1 model was embedded into a model membrane. 
Its orientation in the membrane was determined using the 
OPM server [45]. The simulation box is made of POPC 
lipids solvated using TIP3P water molecules in Maestro 
[46]. The total system is made up of ~ 36,000 atoms in a 
periodic bow of 74*59*89 Å3. Molecular dynamics simula-
tions were performed with sander and pmemd.cuda modules 
of AMBER16 with the ff14SB force field for the protein, and 
the lipid14 for the membrane, and the gaff2 force field for 
the ligands. Bonds involving hydrogen atoms are constrained 
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using the SHAKE algorithm and long-range electrostatic 
interactions are handled with Particle Mesh Ewald (PME). 
The cut-off for non-bonded interactions is set to 8 Å. With 
CBA, an alternative run (Run #3) with a cut-off set to 10 Å 
was also run for comparison purposes. Similar findings were 
obtained, i.e., a visit of both the vestibule and the orthos-
teric cavity (CBA run #3 behavior is shown in Fig. S1). MD 
simulations were stopped once the ligand sampled both the 
orthosteric cavity and the vestibule.

Temperature is kept constant in the system using a Lan-
gevin thermostat with a collision frequency of 2 ps−1. In 
addition, a weak anisotropic algorithm with a relaxation time 
of 1 ps−1 is applied to keep a constant pressure. Snapshots 
are saved every 20 ps. The workflow used for energy mini-
mization, thermalization, equilibration, and production of 
molecular dynamics simulations is detailed in Fig. S7. The 
total simulation time for this study is 5.6 µs. The RMS devia-
tions of OR51E1 during all molecular dynamics simulations 
are shown in Fig. S8. The distance analysis was performed 
considering heteroatoms of each agonist and the closest 
H-bond donor/acceptor heteroatom of residue S111, Y201, 
H264, and R265.

Site‑directed mutagenesis

The coding sequence of OR51E1 was cloned into a pCI vec-
tor (Promega) and tagged at the N-terminal with the 20 first 
amino acids of rhodopsin. Site-directed mutagenesis was 
performed by Phusion DNA polymerase (NEB) [29]. The 
sequence of all plasmids was validated using the BigDye 
Terminator Sequencing Kit (Applied Biosystem).

Dual‑luciferase reporter gene assay

The dual-luciferase reported gene assay was used to evaluate 
the functionality of wild-type and mutant clones of OR51E1 
in an in vitro system [29, 47]. Hana3A cells have been cul-
tured and plated the day before transfection at 1/10 of a 
100% confluence 100 mm plate into 96-well plates coated 
with poly D lysine. After overnight incubation, the required 
genes were transfected in triplicate using, for each plate, 
5 ng SV40-RL, 10 ng CRE-Luc, 5 ng human RTP1S [48], 
2.5 ng M3 receptor [49], and 5 ng of receptor (OR51E1 wt 
or mutant) plasmid. After around 18 h of transfection, cells 
were stimulated during 3.5 h by 25 µL of odorant diluted in 
CD293 + glutamine + CuCl2. The luminescence of Firefly 
(Luc) and Renilla (Rluc) luciferase was then sequentially 
monitored by injecting the corresponding substrate. The 
activity in each well was normalized as (Luc-400)/(Rluc-
400), and mean and standard deviation were determined for 
each triplicate. The response of a receptor was also normal-
ized to its basal activity as (NLX/NL0)-1, where NL0 is the 

normalized luminescence value at 0 µM of odorant and NLX 
is the value at X µM.

Cell surface expression

Fluorescent-Activated Cell Sorting (FACS) was con-
ducted to evaluate cell surface expression of OR51E1 and 
mutants. Hana3A were seeded in a 35 mm dish (Corning) 
in Minimum Essential Medium containing 10% FBS (M10). 
Lipofectamine2000 (Invitrogen) was used for transfection 
of plasmid OR and RTP1s DNA. At the time of transfec-
tion, green fluorescent protein (GFP) expression vector 
and RTP1s were co-transfected to monitor and improve the 
transfection efficiency. About 24 h post-transfection, cells 
were incubated 30 min with PBS containing anti Rho-tag 
antibody 4D2 (gift from R. Molday), 15 mM  NaN3, and 2% 
FBS, and then washed and incubated 30 min with phyco-
erythrin (PE)-conjugated donkey anti-mouse IgG (Jackson 
Immunologicals). 7-amino-actinomycin D (7-AAD; Calbio-
chem), a fluorescent, cell-impermeant DNA-binding agent, 
was added before flow cytometry to eliminate dead cells 
from analysis as 7-AAD selectively stains dead cells. The 
intensity of PE signal among the GFP-positive population 
was measured and plotted to evaluate the OR expression to 
the plasma membrane.
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