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Abstract: Odorant receptors (ORs) are the largest subfamily within class A G protein-coupled

receptors (GPCRs). No experimental structural data of any OR is available to date and atomic-level

insights are likely to be obtained by means of molecular modeling. In this article, we critically align
sequences of ORs with those GPCRs for which a structure is available. Here, an alignment consist-

ent with available site-directed mutagenesis data on various ORs is proposed. Using this align-

ment, the choice of the template is deemed rather minor for identifying residues that constitute the
wall of the binding cavity or those involved in G protein recognition.
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Introduction
Odorant molecules are perceived by mammals

through extraordinary subtle mechanisms, notably

involving odorant receptors (ORs).1 In human, the

family of genes coding for ORs is one of the largest,

as it represents more than 2% of our genome. At the

protein level, ORs account for more than 4% of our

proteome and constitute the largest subfamily of

class A (or Rhodopsin like) G protein-coupled recep-

tors (GPCRs). GPCRs are seven-transmembrane

domain (7 TM) proteins that transmit extracellular

signals across the plasma membrane. Although

structures of some class A members have been

experimentally solved, no experimental structure is

to date available for any OR. For now, molecular

modeling appears as the only way to propose atomic-

level mechanisms of either ligand selectivity or

receptor activation for these proteins on a structural

basis. Models can either be made ab initio or based

on sequence homology with respect to known experi-

mental structures.2,3 In both cases, sequence align-

ment between the candidate receptor and the

experimentally determined templates is undoubtedly

the crucial step.

Within the motifs that represent hallmarks of

class A GPCRs, most are shared by ORs,4 suggesting

rather similar activation mechanism upon ligand

binding and similar signal transduction. It follows

that templates available for now may be sufficiently

adapted to recover trustable OR models. Neverthe-

less, ORs conserved motifs are either broader or dif-

ferent than those observed in class A GPCRs. These
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motifs within OR sequences are as follows, with

those shared by nonolfactory class A GPCRs written

in bold:

� GN in Trans-Membrane domain 1 (TM1),

� LHxPMYFFLxxLSxxD in TM2,

� MAYD(E)RYVAICxPLxY in TM3,

� SY in TM5,

� KAFSTCxSH in TM6,

� PxLNPxIYSLNR in TM7.

Although TM1, 2, 3, and TM7 motifs are suffi-

ciently conserved to lead to unambiguous align-

ments, TM4, 5, and 6 cases are more subtle and

require additional data, ideally brought by experi-

ments. An accurate sequence alignment will provide

extremely useful information on residues forming

the binding cavity or involved in receptor activation.

Based on a thorough alignment and analysis of con-

servation thresholds between mouse and human

ORs, such information was inferred and allowed

identifying residues that contribute to ligand bind-

ing.5 In this article, we revisit and update this data

by recapitulating available experimental results

published so far. We combine information gained by

sequence alignments and in vitro data using site-

directed mutagenesis to provide an optimal sequence

alignment consistent with experiment. In a second

step, we use this alignment to assess the choice of

the template for building a representative OR and to

confirm that site-directed mutagenesis data can be

interpreted on a structural basis using this model.

Results

Olfactory and nonolfactory GPCRs alignment

Alignments of TM1, TM2, and TM3 sequences are

straightforward as the conserved motifs in each of

these TM domains are clearly identified between

ORs and available GPCR structures. Figure 1 reca-

pitulates the alignment for ORs with available site-

directed mutagenesis data. In TM1, the typical class

A GPCR “GN” motif is conserved at 90 and 99%

within human and mouse ORs, respectively.14,15

Figure 1. Alignment of ORs with some G protein-coupled receptors (GPCRs). Only ORs for which site-directed mutagenesis

combined to molecular modeling was available are considered. Residues commonly conserved between ORs and non-OR

GPCRs (dark blue), specific to ORs only (yellow), and specific to non-OR GPCRs only (light blue) are identified. Residues which

experimentally modify the OR response upon odorant stimulation are shown in red, while those which do not change the OR

response are in gray. Each transmembrane (TM) domain is boxed and the Ballesteros-Weinstein numbering scheme is indicated

for Class-A GPCR. An alternative numbering scheme is proposed for the TM5 and TM6 of OR, which takes into account for

highly conserved residues within these TMs (orange, italics). Site-directed mutagenesis data are reported for the Human (h)

OR1A1 and hOR1A2,6 hOR1G1,7 hOR2AG1,8 Rat (r) and Mouse (m) I7,9 mOR-EG,10,11 mOR42-3,12 and mOR244-3.13 OR

sequences are aligned with sequences of Bovine Rhodopsin (bRho), human b2-adrenergic (hb2AR), human Adenosine-2A

(hA2A), and human Chemokine-1 (CXCR1) receptors.
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Here, residue N is referenced as N1.50, according to

the Ballesteros-Weinstein notation.16 In TM2, the

PMY motif found in ORs has no equivalence in any

other class A GPCRs but the highly conserved

LSxxD in ORs is straightforward to align with the

highly conserved GPCR LAxAD (D2.50) motif. The

alignment of TM3 is the easiest case because of the

presence of both the D(E)RY motif (R3.50) involved in

the activation of all class A GPCRs, and the cysteine

residue C3.25 involved in the cysteine bridge with

the extracellular loop 2 (ECL2). Within TM4, the

tryptophan residue (W4.50) strongly conserved in

nonolfactory GPCRs is also present in ORs, with

conservation of 58% and 50% within human and

mouse ORs, respectively. This residue provides a

good anchoring point for fitting TM4 sequences of

ORs and nonolfactory GPCRs. Before considering

TM5 and TM6, we focus on TM7, where the NPxxY

(P7.50) motif is conserved in all class A GPCRs mak-

ing easy the alignment of TM7. In TM5, the highly

Figure 2. Residues governing the function of mammalian ORs projected onto the sequence and the structure of hOR1G1. A,

snakeplot of the OR sequence with residues involved in odorant contact in green and those involved in the OR activation

through a contact with the G Protein in purple. Residues in light green will be strongly in contact with the odorant, those in

dark green contribute to the wall of the binding cavity. Number 50 residue of the Ballesteros-Weinstein notation are circled in

blue. The cysteine bridges are also indicated. B, position of important residues on the structure of the receptor, with some

Ballesteros-Weinstein notations. C, C-a positions Root Mean Square deviation (in Å) between models build using Bovine Rho-

dopsin (PDB ID: 1U19), b2-adrenergic (PDB ID: 2RH1), Chemokine-1 (PDB ID: 2LNL) receptor, or a multitemplate (Multi) of the

three receptors cited above, or an ab initio model (See Supporting Information for PDB structure of each model).
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conserved proline (P5.50) in class A GPCRs16 is mod-

erately represented in ORs (conservation of 39% and

37%, in human and mouse ORs, respectively). How-

ever, the tyrosine residue of the “SY” (Y5.58) motif is

strongly conserved in both GPCR subfamilies (100%

and 93% in mouse and human ORs, respectively).

Taking this tyrosine residue as a reference assesses

the accurate alignment of TM5 and remains consist-

ent with of the position of the proline residue (P5.50)

between OR and sequences associated to available

X-ray structures.

TM6 is even much trickier, as this TM lacks the

CWxP (P6.50) motif considered as the TM6 hallmark

of class A GPCRs. In TM6, ORs sequences show a

highly conserved KAFSTCxSH motif for which the

equivalence with nonolfactory GPCRs is not obvious.

A “KA” motif can, however, be identified in nonolfac-

tory GPCRs, and a 29% conserved proline in human

ORs is aligned with the P6.50, assessing our

alignment.

Intra and extra-cellular loops are also of impor-

tance for the function of a receptor. Here, we notably

focus on ECL2 since it is involved in ligand binding

and receptor structure. A disulfide bridge between

ECL2 and C3.25 at the top of TM3 is common to all

class A GPCRs. In ORs, three cysteines are present

in ECL2 domain and one at the top of TM3, suggest-

ing the presence of two disulfide bridges. Indeed, in

addition to the canonical S-S bridge (between

C973.25 and C179ECL2), identification of an additional

SAS bridge within ECL2 (between C169ECL2 and

C189ECL2) was characterized by mass spectrometry

in hOR1D2.17 Forcing the alignment of the canonical

cysteine bridge between ORs and nonolfactory

GPCRs (C973.25-C179ECL2) provides a crucial data

for the optimal alignment of ECL2.

This sequence alignment does not contain any

gap within TM domains. The only gaps are set

within loop sequences, consistent with a larger

sequence and structure variability within loops with

respect to the bundle.18 Based on the alignment of

Figure 1, we next address the choice of template

used for building a structural model consistent with

site-directed mutagenesis data.

Three-dimensional structure and comparison

with experimental data
Here, we analyze the accuracy of the alignment by

translating it into atomic-level models. Five models

of the human OR1G1 are built either with Model-

ler19 using different receptor structures as templates

(Bovine Rhodopsin, Human b2-adrenergic, Human

Chemokine-1, and a combination of them three) or

by means of the ab initio GEnSeMBLE (GPCR

Ensemble of Structures in Membrane BiLayer Envi-

ronment) complete sampling method.3,20,21

Figure 2 gathers information inferred from

these models. Focusing on the helical TM domains,

all structures are similar with Ca Root Mean Square

deviations (RMSd) lower than 3 Å [see Fig. 2(C)]

between pairs of models, at the exception of that

based on the chemokine receptor. The latter exhibits

a RMSd value of �6 Å with respect to other struc-

tures. The main difference when using the Chemo-

kine receptor template appears for TM1, TM2, and

TM7 which show a small deviation with respect to

other templates. This difference has however a small

influence on the position of residues lining the bind-

ing cavity. Focusing on eight of them (1043.32,

1083.36, 2025.42, 2065.46, 2526.48, 2566.52, 2606.56, and

2797.42, vide infra), we compute a Ca RMSd of 3.2 Å

between the multitemplate model and that build

with the chemokine receptor. Importantly, despite

these tertiary structure weak dissimilarities, all

models exhibit similar secondary folds. Furthermore,

residues that constitute the wall of the binding cav-

ity and those involved in the signaling pathway

through a contact with the G protein appear to be

located in the same regions.22,23 As observed in all

class A GPCRs, the canonical binding site is made

up by residues belonging to TM3, TM5, TM6, and

TM7.5 Inspection of TM3 3D-structure shows that

side-chains of residues 1093.37, 1083.36, 1053.33, and

1043.32 participate to the binding cavity. This is con-

sistent with a modification of the odorant response

when tested in mutants expressed in vitro (Fig. 1).

In the models, residue 1123.40 is located under the

binding cavity. Its non-synonymous mutation is con-

sistent with a general decrease of the OR response

to odorants in hOR1G1 (Ala ! Ser),24 mOR-EG (Ser

! Ala or Val),10,11, and hOR1A1 (Ser ! Ala).6

TM4 would contribute to lining the binding cav-

ity through one or two residues located at the top of

the helix. Mutations at these positions (4.55 and

4.56) however do not affect responsiveness of the

receptor,6 suggesting that this contribution is

deemed rather minor.

Amino-acids belonging to TM5 largely contrib-

ute to define the binding cavity. Side-chains of resi-

dues 1995.39, 2025.42, 2065.46 point inward the cavity,

consistent with a modification of the response to

odorants upon mutation on mOR-EG10,11 and

mOR42-3 in vitro.12 In mOR-EG, mutations at resi-

dues located deeper into the structure (5.50 and

5.51) also affected responsiveness of the receptor

when stimulated by odorants. They would rather

contribute to stabilize the receptor since they corre-

spond to positions within the sequence showing a

larger conservation (Pro at �40% at position 5.50,

Phe/Leu at 64% at 5.51, and Ile at �85% at 5.61)

than hypervariable residues found within the cav-

ity.5 The main contribution of TM6 to the function of

the receptor stems not only from residues within the

binding cavity but also from others involved in the

activation. The highly conserved aromatic residue at

position 6.48 (Y/F252 is conserved at �95%) is
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located at the bottom of the binding cavity. One,

two, and three helix turns above, residues

2556.5122566.52, 2596.5522606.56, and 2636.5922646.60

are pointing to the cavity. These positions are in line

with in vitro data on mOR-EG,10,11 mOR42-3,12

hOR2AG1,8 hOR1A1, and hOR1A2, where the

response of the receptor upon odorant stimulation is

modified by mutations at these positions.6 Deeper

into the intracellular part, the “KAFSTCASH” is

likely to take part in the contact with the G protein

upon activation, as shown on mOR-EG.22 The contri-

bution of TM7 to the binding pocket is mostly com-

ing from residue 2797.42, consistent with its impact

on ligand recognition on several ORs in vitro.6,8,10

Conclusion
We have built an alignment of mammalian Odorant

Receptor sequences that recapitulates available

experimental data obtained by site-directed muta-

genesis. More particularly, the debatable alignment

of TM5 and TM6 are now consistent with data pro-

vided by several other studies. The effect of the tem-

plate in the case of homology-based approaches is

deemed rather minor if one is interested in identify-

ing residues that belong to the binding cavity or

those potentially involved in the coupling of a G

protein to the OR. These data provide a robust start-

ing point for initiating mechanistic or structural

studies involving odorant receptor and their com-

plexes with ligands.

Materials and Methods

The alignment was performed with Jalview.25

Sequences have been firstly aligned with ClustalW

before manual adjustments. Tools of GPCRDB have

been used to obtain a snakeplot. Three-dimensional

models have been built either with Modeller19 by

homology modeling using a mono- or multitemplate

(Bovine Rhodopsin PDB ID: 1U19, Human b2-

adrenergic PDB ID: 2RH1 and Human Chemokine-1

PDB ID: 2LNL) or by an ab initio protocol with the

GEnSeMBLE (GPCR Ensemble of Structures in

Membrane BiLayer Environment) complete sam-

pling method.20 Visual analysis, images, and RMSd

calculations have been performed with VMD.26
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