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Abstract

Deciphering how an odorant activates an odorant receptor (OR) and how changes in specific OR
residues affect its responsiveness are central to understanding how we smell. A joint approach
combining site-directed mutagenesis and functional assays with computational modeling has been
used to explore the signaling mechanics of OR7DA4. In this OR, a genetic polymorphism affects
our perception of androstenone. A total of 0.12 ms molecular simulations predicted that, similarly
to observations from other G protein-coupled receptors with known experimental structures, an

* jerome.golebiowski@unice.fr, hiroaki.matsunami@duke.edu.
Co-first authors
Experimental Section
Experimental details on conservation analysis, molecular modeling and functional assays are given in Supporting information.
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activation pathway connects the ligand and G protein binding site. The 3D model activation
mechanism correlates with /n vitro data and notably predicts that the OR7D4 WM variant does not
activate. Upon activation, an OR-specific sequence motif is the convergence point of the
mechanism. Our study suggests that robust homology modeling can serve as a powerful tool to
capture OR dynamics related to smell perception.

Graphical Abstract
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The selective activation dynamics of the odorant receptor 7D4 is captured by computational
modeling. The role of a specific sequence motif in helix six is described.
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Our sense of smell is triggered by the activation of odorant receptors (ORs) expressed on the
surface of olfactory sensory neurons. Smelling relies on a so-called combinatorial code of
OR activations.[X] Our repertoire of ~400 ORs endow us with spectacular discriminatory
power. ORs represent more than 3% of our protein coding genes and belong to the class A G
protein-coupled receptor (GPCR) family. Structurally, class A GPCRs are made up of seven
transmembrane helices (TMs), named TM1 to TM7, which form a bundle within the cell
membrane. Upon activation, an allosteric signal is transmitted from the ligand to the G
protein binding site over a distance of more than 20 A (~5 helix turns).[2] The intracellular
part of TM6 then tilts outward with respect to its position in the inactive state.[3]

Mammalian OR sequences show a highly conserved and OR-specific RXKAFSTCxSH motif
in the intracellular part of TM6, suggesting a crucial role in the control of OR activation. In
non-olfactory class A GPCRs, only the second lysine is conserved.[4l Odorant receptors
activation dynamics still remains to be uncovered but a significant body of work has focused
on the molecular details of OR activation, especially concerning the interaction between OR
and ligands.[?] The strength of molecular modeling approaches on GPCRs was demonstrated
by a groundbreaking study based on homology modeling and virtual screening, which
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deorphanized GPR68 and GPR65.[6] By applying this to ORs, we recently demonstrated
how certain mutations alter receptor function or dynamics.[4: 7]

The human OR7D4, which is narrowly tuned to detect the testosterone metabolites
androstadienone and androstenone, is a spectacular example of how natural sequence
variations can affect activation and subsequent odor perception. People with two copies of
the most common genetic variant (OR7D4-RT or w) tend to describe the androstenone
smell as sickening, putrid, foul or urine-like. However, people who possess the unresponsive
R88W/T133M variant (OR7D4-WM) tend to report the smell to be more pleasant.[8] This
polymorphism correlates with a differential preference for pork containing varying amounts
of androstenone,[®] which has a consequent effect on the percentage of castrated pigs in
European countries.[10]

To evaluate how an OR sequence affects its activation dynamics we have used a joint
approach combining functional assays with molecular dynamics (MD) simulations. Mouse
and human genomes account for ~1500 ORs, making the OR family suited to build robust
homology models. In this study, a 3D model of OR7D4 was built following a previously
published protocol.[4]

The sequence alignment was performed by comparing residue conservation between the
ORs and crystallized class A GPCRs. Manual adjustments were made to recover constraints
imposed by the 141 /n vitro data points that were tested by site-directed mutagenesis in
various ORs, including OR7D4.[4 7 111 |n summary, they represent 96 distinct positions
within the sequence of OR7D4 (31% of the 312 residues, see Supporting Information). They
cover the seven TMs as well as the orthosteric binding site and unambiguously confirmed
our sequence alignment.

More specifically, in this study we performed 27 site-directed mutations on 16 sites to assess
the final 3D model of OR7DA4. Figure 1 highlights the positions of conserved motifs and
alanine-scanning functional assays. Nine mutations interrogated the binding cavity, motifs
putatively involved in the transmission of the signal, and segments in contact with the G
protein. In mammalian ORs, higher sequence-specific conservation suggests the existence of
points of contact on the faces of the TM3, TM6 and TM7 helices. Our model demonstrated
that most of these conserved residues are facing each other. Consistently, the responses of
the corresponding mutant ORs are strongly affected (Figure 1b). The two control A116T344
and G253A649 mutant ORs (see [12] for numbering), whose side chains are not involved in
any TM contact, show an unaffected response. Neither the w#nor the mutant ORs showed a
luciferase response upon decenal stimulation (See Supporting Information).

And A, And_E and decenal were docked to the apo receptor prior to microsecond timescale
MD simulations. As expected, the model predicts a much larger binding energy of the
receptor for the two agonists than for the control (see Supporting Information), consistent
with the notion that agonists must reach a certain affinity to trigger OR activation.[13]

From a structural point of view, the binding cavity is made up of residues belonging to TM3,
TM5, TM6 and TM7, which is consistent with those identified in GPCRs with a known
experimental structure.[24] Considering the ORs specifically, the key residues forming the
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binding cavity are consistent with those identified by previous modeling approaches.[3b: 7. 15]
In the OR7D4 model, the A202542 methyl side-chain points towards the ligand and allows
for the binding of the bulky agonists. Accordingly, the A202542F mutant OR is unresponsive
to agonists /in vitro.

The model also predicts that A2797-42 points towards the binding cavity. Its mutation to a
bulkier and hydrophilic residue (A—D) was reported to abolish the /n vitro response of the
OR upon agonist stimulation.[16]

Starting from the same initial model structure of OR7D4, three unconstrained MD
simulations of ~5 ps were performed for each of these eight systems. At total, OR7D4
dynamics were investigated for ~0.12 ms and compared to MD simulations of the p2-
adrenergic receptor (B2-AR) bound to an agonist (PDB id: 3SN6) or an antagonist (PDB id:
2RH1). The models provided mechanistic hypotheses that were further tested /in vitro.

Interestingly, for experimentally-activated systems, back and forth movements involving
TM6 and the intracellular loop 3 (ICL3) open a cleft in the intracellular domain of the
receptor. When these movements are observed, the open and closed structures of OR7D4 are
highly similar to those observed in the B2-AR, as shown in Figure 2. This intracellular cleft
is typically used as a benchmark to discriminate between active and inactive conformations
of class A GPCRs.I17] The root mean square deviation (rmsd), with respect to the crystal
structure of the B2-AR in its active and inactive state, correlates with this structural feature.

Structures with conformations closer to the active state of the p2-AR were specifically
monitored for systems where the receptor is shown to respond /n vitro (Figure 2b and rmsd
analysis in the Supporting Information). We have shown that this also applies to
constitutively active mutants of a mouse OR, where the K234%-30 residue was crucial for the
activation likelihood.[]

The MD of agonist-bound OR7D4 compares with those performed on the 2-AR bound to
an agonist. The latter captures the typical cleft opening involving TM6, while this was never
observed during the simulation with an antagonist (Figure 2b, top). Agonist binding shifts
the equilibrium between different receptor states from an inactive to an active-dominant one.
This feature is almost absent for systems where /n vitro data do not report any receptor
response or where the response is considered negligible (C241A6-37, H244A840 and WM
bound to and A, the wtreceptor in its apo form or bound to decenal, figure 2c).

In the OR7D4 agonist-bound systems, fluctuations between these p2-AR active-like and
inactive-like models (Supporting Information) suggest that the activation dynamics involving
TMBG are captured by the model. In all cases, a correlation between in vitro response and
TM6 dynamics is demonstrated (Figure 2c¢). Even though the homology model is not as
accurate as an X-ray structure, it nonetheless selectively captures the nature of the bound
ligand, and the subtle variations within the receptor sequence that affect the equilibrium
between the inactive and active state. The RT to WM changes, although far removed from
the cavity or the G protein binding site, affect the dynamics of the receptor and hamper the
activation signal from being translated from the binding cavity to the intracellular part of
TM6.
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From a mechanistic point of view, the model recovers the typical features of class A GPCRs
activation (Figure 3a). Upon activation, residue Y48 shifts towards P50, consistent with
data reported on the muscarinic 2 or the cannabinoid 1 receptors.[18] Also, the TM6 cleft
opening is accompanied by an inward shift of Y>-28 as typically reported on the p2-AR.[19]
More generally, series of complex allosteric movements propagate the activation signal
through a dynamic network involving the whole protein structure, comprising the loops (see
Supporting Information).

A comparison between inactive and active structures revealed differential receptor dynamics
involving the OR-specific RXKAFSTCxSHTM8 motif. As emphasized in Figure 3, this motif
forms a rigid helical segment whose conformational change is associated with activation.
Similar structural behavior is observed in the B2-AR and more generally in class A GPCRs,
which show a conserved lysine (K8-30) that is involved in the canonical ionic-lock at the
junction between TM6 and 1CL3.[182. 201 | |yciferase assays probing OR7D4 mutants with a
modified intracellular TM6, mutations introducing a hydrophobic residue at position
K2346-30 are likely to prevent the formation of the ionic-lock between TM6 and TM3.I7]
Consistently, the K234l or V mutant ORs are more responsive than the w# (Figure 3b).

Moving towards the extracellular end of this conserved motif, H244A and H244D or C241A
mutations abolish the response to agonists, which is consistent with a conservation of 98%
in human OR sequences. Away from the RXKAFSTCxSH motif, mutations are less
deleterious to the receptor function. Mutations at position 248644 differentially modulate the
responsiveness of the receptor suggesting a role in communicating the signal from the
binding pocket to the convergence point represented by this TM6 motif.

In this study, a robust homology model of OR7D4 was analyzed using MD simulations of its
apo form or bound form with androstenone and androstadienone, two known agonists, and
also to (Z)-2-decenal as a negative control. The intriguing WM variant associated with a
differential perception of boar taint was also studied together with two additional control
mutants.

The model of OR7D4 is consistent with conservation analyses and /n vitro functional assays
on 27 mutant ORs obtained by site-directed mutagenesis at 16 different sites. In total, the
dynamics of OR7D4 variants were explored for ~0.12 ms. The model more frequently
explored structures showing the typical features of an active (open) state, while /n vitro data
assessed receptor activation.

Conversely, when considered in its apo form, bound to a non-agonist or mutated at
deleterious sites (WM, C241A, H244A), the receptor was mostly modeled in a closed
(inactive) state. Thus, starting from this single model of the receptor we were able to
discriminate agonists of the human OR7D4 from non-agonists. This was achieved by
monitoring the allosteric movement of the TM3-TM6 inter-helical cleft, the metric most
representative of a GPCR preorganized for recruiting the G protein. A total of 24
independent MD simulations were run and 18 of them were consistent with 7 vitro data,
leading to a predictive power of 75%. For each system studied, at worse, only one MD out of
three led to either a false positive (apo-wt, C241A, and WM) or a false negative (And A,
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And_E, and D111A). This highlights the importance of enhanced sampling through multiple
MDs to prevent erroneous conclusions on the nature of the bound ligand.

Shifts between open and closed conformations involve rearrangements of the mammalian
OR-specific motif within TM6, with respect to TM3. This RXKAFTCxSH motif thus plays a
pivotal role in activation, consistent with its high conservation across mammalian ORs.[!
The position of this highly conserved motif emphasizes its importance in the control of both
OR activation and specificity for the olfactory G protein (Ggjs).

In the WM variant bound to androstadienone, while mutations are far removed from the
orthosteric binding site or the G protein coupling area, the receptor does not show any
intracellular cleft opening. This highlights the crucial role of residues that do not belong to
the binding cavity in the dynamics of GPCRs in general. Similarly, genetic analysis of
“super smellers” of androstenone suggested a link with a single nucleotide polymorphism in
TM2 of OR7D4 (S84N). This higher detection threshold is related to the mutant OR, which
is more responsive to the agonists.[] This emphasizes the extreme complexity of GPCR
signaling mechanisms. Subtle sequence modifications affect OR activation and, in this case,
can spectacularly impact smell perception and food preferences.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1.
OR7D4 3D model with the loops omitted for clarity a) Location of the conserved sequence

motifs as predicted by the model. Residues R88 and T133 are highlighted in cyan. b) 3D
model of OR7D4 with TM3, TM6 and TM7 shown as helices with residues colored by
conservation (from white (low) to blue (high)). Yellow spheres indicate the position of
residues for which androstadienone dose-response curves are obtained. For each position the
mutant OR (yellow curve) is compared to the wr (blue curve). Normalized responses are
shown as means and s.e.m. (n= 3). Stimulations with androstenone induce receptor
responses similar to that of androstadienone (Sl). ¢) Chemical structures of androstadienone
(and_A), androstenone (and_E) and Z-(2)-decenal (decenal).
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Figure 2.

OR7D4 intracellular cleft opening is similar to that of p2-adrenergic receptor (B2-AR). (a)
Comparisons between the B2-AR X-ray structure in its inactive (grey, PDB id: 2RH1) and
active state (cyan, PDB id: 3SN6) and typical structures of OR7D4 sampled during the
simulations. The TM domains of the receptor are shown as cylinders, except TM6 which is
shown as a ribbon. Loops are omitted for clarity. The cleft opening involving the
intracellular part of TM6 is indicated with an arrow. (b) /n vitro activations are correlated
with a cleft opening during MD simulations. The TM3-TM6 cleft opening is measured by
the distance between the Ca atoms of the ionic-lock residues, (R3-0 and E®-30 in 2-AR and
D349 and K630 in OR7D4). A 5 ps MD simulation of the B2-AR in its active state bound to
an agonist (3SN6) samples cleft opening events, while the inactive state (2RH1, antagonist-
bound) does not. Similarly, in MD simulations of three OR7D4 systems where in7 vitro data
confirms activation, structures with an open intracellular cleft are observed. The opening is
highlighted by a cyan arrow on the distance distribution. Alternatively, such a cleft is rarely,
if ever, observed in the five systems where /in vitro data does not report any activation.
Normalized responses are shown as means and s.e.m. (1= 3). (c) Cleft opening and rmsd
similarity with B2-AR active state (PDB id 3SN6) correlate with the /n vitro response,
represented as “+” when the feature is clearly observed, “~" when it is not. A “~” represents
an intermediate observation of the considered feature.
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Figure 3.
a) The mechanism of activation involves reorganisation of TM5 and TM6 residues Y648 and

Y558 b) and A dose-response curves involving the RXKAFSTCxSHTM8 motif residues.
Normalized responses are shown as means with s.e.m. (7= 3). Comparison between the open
(cyan) and closed (transparent) conformations of OR7DA4.
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