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HIGHLIGHTS GRAPHICAL ABSTRACT

® Investigating the bimolecular me-
chanism to underly the odor-receptor
binding with a predictive method
based on structural biology approach.

® A new strategy is proposed for G
Protein-Coupled Receptors expressed
on a C. elegans specific olfactory
neuron AWC.

® The method is able to propose a set of
possible candidate ligands for binding
each GPCRs of AWC neurons, pro-
viding reliable results which are con-
sistent with the experimental data.

ARTICLE INFO ABSTRACT

Keywords: The molecular mechanisms regulating the complex sensory system that underlies olfaction are still not com-
Olfactory receptors pletely understood. The compounds formed from the interaction of Olfactory Receptors (ORs) with volatile
C.elegans molecules play a crucial role in producing the sense of olfaction. Therefore, it is necessary to investigate the

Volatile molecules
Chemosensory
G-protein-coupled receptor
Protein structure prediction

binding mechanisms between these receptors and small ligands. In this work, we focus our attention on
C.elegans, this is a particularly suitable model organism because it is characterized by a nervous system com-
posed of only 302 neurons. To study olfaction in C.elegans, we select 21 ORs from its olfactory neurons, and
present a pipeline, consisting of several computational methods, with the aim of proposing a set of possible
candidates for binding the selected C.elegans ORs. This pipeline introduces an approach based on the selection of
templates, and threading, that takes advantage of the structural redundancy among membrane receptors. This
procedure is widely replicable because it is based on algorithms that are publicly available and are freely hosted
on institutional servers.

1. Introduction versatile mechanism for the detection of volatile odorants, which allows
for a highly specific discrimination of similar molecules [1]. The ol-
Chemoperception, and more specifically the sense of olfaction, is a factory sense is fundamental for the survival of a wide range of living
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Table 1
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Table of ligands in complex with GPCR templates. In the first column the ligand names are indicated for each template (fourth column). In the second and third
columns are indicated the average mass (Da) and boiling point ("C at 760 mmHg) respectively. In the fourth column, pdb code for each protein template as provide by
GPCR I-Tasser method. In the fifth column there are the set of C.elegans receptors for each template.

Boiling point (°C at 760 mm Hg)

PDB template C.elegans gene

Ligand Average mass (Da)

(S)-Carazolol 298.379 531.2 = 40.0
ZM241385 337.336 -
-Quinuclidinyl benzilate 337.412 439.0 = 24.0
Glycine 75.067 2409 =+ 23.0
JDTic 465.628 701.9 = 60.0
Neurotensin 1673 1616.4 = 75.0
Dihydroergotamine 583.677 899.5 = 65.0
Ergotamine 581.661 914.5 = 65.0
ON09780307 521.601 725.5 = 60.0
AZ8838 234.269 440.3 = 45.0
AM6538 481.417 -

Taranabant 515.955 634.2 = 55.0
BMS-193885 590.710 707.5 = 60.0

2RH1 Srsx-5

3EML Srj-21

3UON Srsx-5

4BUO Srj-22, Str-2

4DJH Srd-5, Sri-14, Srj-21,
Str-199, Odr-10

4GRV Sra-13, Srab-16, Srd-17,
Sri-14

41AQ Srt-28, Srx-1

41B4 Sra-13, Sre-4, Srsx-3,

Srsx-5, Srsx-37, Srt-7,
Srt-28, Srt-29, Srt-45,
Srt-47, Str-199

4734 Sre-4, Srsx-5
5NDD Sra-13
5TGZ Srd-5, Srd-17, Sri-14,

Srj-21, Srj-22, Srsx-7,
Str-2, Str-130, Str-199

5009 Sra-13, Srab-16, Sre-4,
Sri-14, Srsx-3, Srsx-5,
Srsx-37, Srt-7, Srt-28,
Srt-29, Srt-45, Srt-47,
Srx-1, Odr-10

5ZBH Sra-13, Srab-16, Srd-5,
Srd-17, Sri-14, Srj-22,
Srsx-3, Srsx-5, Srsx-37,
Srt-7, Srt-47, Srx-1,
Str-2, Str-199, Odr-10

organism. Nevertheless, it is still unclear how olfactory receptors re-
cognise volatile molecules, and how the brain decodes the receptor
responses in order to generate appropriate behaviours [1-3]. Currently,
it is known that odorant molecules are perceived by organisms through
specific membrane proteins, Odorant Receptors (ORs), which bind to
volatile ligands. These proteins represent the largest subfamily within
the G Protein-Coupled Receptors (GPCRs) family, and are present in all
multicellular organisms [4-6].

Undestanding the ORs molecular mechanisms is crucial for many
biological applications. Indeed, ORs are expressed in many cell types. In
particular, ORs are present also in tumoral tissues and in these cells
their level of expression is remarkably different compared to healthy
tissues. Specifically, in prostate cancer cells, it has been shown that the
activation of specific over-expressed ORs inhibits the proliferation of
these cells. Although the complete understanding of their biological
role in cancer is still elusive, it is clear that these receptors might
constitute new targets for diagnosis and therapeutics [7].

Therefore, the aim of this work is to investigate how a generic odorant
binds to a specific sub region. This information is fundamental in order to
be able to design specific receptors for any given odorant, or, given an
arbitrary receptor, to be able to predict the odorants activating it [8]. To
address these issues, we select the model organism C.elegans, a round-
worm able to detect a large class of volatile odorants. This nematode is
easy to manipulate genetically and its nervous system, composed only of
302 neurons, is well known and completely mapped [9]. In C.elegans,
olfaction is the primary mechanism for responding to environmental
changes. The genome of C.elegans encodes an extremely large class of
genes for GPCRs, approximately 1200 genes, over half of which have been
suggested as chemosensory receptors. Since C.elegans has only 32 che-
mosensory neurons, each worms olfactory neuron co-expresses dozens of
chemosensory receptors, and it is likely to detect a broad range of mo-
lecules. This redundancy and combinatorial complexity in the chemo-
sensory receptor expression makes extremely difficult to associate C.ele-
gans GPCRs to the sensations of specific cues and to their biological role.
Specifically, C.elegans recognizes odorants mainly with three pairs of

olfactory neurons AWA, AWC and AWB [1]. The first two mediate re-
sponses to attractive volatile odorants, while AWB neurons normally
drive avoidance responses. In all three types of neurons, the chemor-
eception is mediated by members of the seven-transmembrane G-protein-
coupled receptor class (7TM GPCRs). It has been recently shown that
C.elegans is able to discriminate urine of cancer patients from healthy
subject [10]. In fact, C.elegans shows an impressive attraction toward
cancer metabolites. Attraction to volatile compounds is mediated mainly
by a pair of wing neurons, AWCs, which express 20 GPCRs known as
olfactory receptors. Even if we do not know the molecular picture of the
activation of G protein coupled receptors, understanding how GPCRs bind
volatile compounds can guide the determination of the dynamical coef-
ficients in the biophysical neuron-scale models used for the character-
ization of the chemosensory circuit from receptors through the neurons to
the effectors [11-14]. The development of a not computationally ex-
pensive strategy able to select a panel of putative ligands for these GPCRs,
could guide the identification of the possible cancer metabolites acti-
vating the attractive behavior of the nematode. Despite knowledge of
GPCR structures would provides crucial information in the drug design
field, experimental determination of 3D structures of GPCR proteins has
proved to be difficult. More specifically, for ORs no experimental struc-
tural data is available to date [6].

Here we present a computational protocol that aims to propose new
possible volatile compounds as putative activators of C.elegans's mem-
brane receptors based on the idea that similar compounds bind similar
receptors [15]. Therefore, for each AWC's GPCR, a set of similar re-
ceptors of known structure bounded with small compounds were se-
lected. These will be the templates used to predict the 3-dimensional
structure. Through a sequence alignment between the binding region of
the templates and worm's GPCR, we give a confidence score for any
proposed ligand. Furthermore, for each ligand, other molecules with
similar chemical-physical properties have been proposed as additional
candidates. Finally, a docking approach between any ligand and the
corresponding predicted GPCR structure tests the reliability of the
proposed procedure.
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Fig. 1. As an example, the pipeline for sra-13 protein is shown. On the left column (in blue), there is the list of the target GPCRs belonging to the dataset of this work.
On the right column (in blue), there are the main steps of our method: (A) starting from the nucleotide sequence, the amino acid sequence is determined by using
UniProt server; (B) through the use of GPCR I-Tasser server, the three-dimensional structure of each protein is predicted; (C) list of the 10 best templates identified by
GPCR I-Tasser; (D) among the 10 templates only those resolved in complex with a ligand are selected; (E) peptides are removed from the ligand candidates; (F) for
each ligand, a set of chemically and physically analogous compounds are selected from PubChem and ChemSpider databases; (G) for each template, the binding site
residues are identified (in yellow); (H) the binding site sequence identity between each template and the target protein is calculated through their alignment; (I)

docking analysis is performed to test the method. (For interpretation of the refe
article.)

2. Methods
2.1. Datasets

We select all the 20 genes encoding GPCRs expressed on AWC
neurons: sra-13, srab-16, srd-5, srd-17, sre-4, sri-14, srj-21, srj-22, srsx-
3, srsx-5, srsx-37, srt-7, srt-28, srt-29, srt-45, srt-47, srx-1, str-2, str-130,
str-199 [16]. In this discussion we include also odr-10, a gene expressed
on AWA neuron, encoding one of the few GPCR directly linked to a
specific odorant, namely diacetyl [17,18], also sensed by SRI-14. A
summary of the dataset with information related to the biological ac-
tivity of each gene is shown in Table 1. All information was obtained by
consulting UniProt sever (http:// www.uniprot.org/) [19,20].

2.2. Structure prediction

Starting from 21 genes of C.elegans, codifying for different GPCRs of
unknown structure, we obtained the corresponding amino acid se-
quence using Uniprot server (Fig. 1A). Their tridimensional structure
was predicted through the GPCR I-TASSER computational method [21],

rences to colour in this figure legend, the reader is referred to the web version of this

an hybrid protocol able to construct GPCR structure model considering
both experimental mutagenesis data and ab initio simulations of
transmembrane helix assembly. The GPCR I-TASSER protocol can be
divided in two parts: the first part individuates templates, and the
second part predicts the structure. The first part finds the putative
templates with Local Meta-Threading Server (LOMETS), a meta-
threading method for template-based protein structure prediction [22].
In the second part, GPCR I-TASSER only uses the 10 best templates with
the highest significance in terms of the threading alignments in order to
predict the structure (Fig. 1B).

2.3. Selection of candidate compounds

For each target GPCR, there is a group of 10 GPCR templates
(Fig. 1C). For each group, we have only selected the subset of GPCR
proteins which have been resolved in complex with a ligand (Fig. 1D).
We exclude the case in which the ligand was a peptide (Fig. 1E).

Table 1 reports the physical-chemical features of each found ligand.
Furthermore, we associate at each ligand a list of alternative com-
pounds with similar chemical and structural properties which forms a
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Table 2

Pair alignment between the templates and the C.elegans GPCRs. The first
column shows the pdb code for each protein template as provided by GPCR I-
Tasser method. In the second column there is the corresponding C.elegans re-
ceptor target. The third and fourth columns give the GlobalAlig and BSAlig
scores. The fifth column lists the percentage of residues in common between the
template protein and the target one in the binding region. In the last column,
the number of residues involved in the GPCR template-ligand binding is re-
ported.

PDB C.elegans gene Globalalign BSalign BS res N. res
2RH1 srsx-5 0.275 0.2 0.018 5
3EML stj-21 0.285 0 0.003 1
3UON srsx-5 0.28 0.111 0.032 9
4BUO srj-22 0.244 0.188 0.05 16
4BUO str-2 0.311 0.25 0.05 16
4DJH srj-21 0.295 0.2 0.035 10
4DJH srd-5 0.285 0.1 0.035 10
4DJH sri-14 0.31 0.2 0.035 10
4DJH str-199 0.303 0.4 0.035 10
4DJH odr-10 0.303 0.2 0.035 10
4GRV sri-14 0.297 0.25 0.04 12
4GRV sra-13 0.296 0.167 0.04 12
4GRV srab-16 0.312 0.25 0.04 12
4GRV srd-17 0.327 0.417 0.04 12
4GRV str-130 0.299 0.167 0.04 12
4I1AQ srt-28 0.289 0.182 0.04 11
4I1AQ srx-1 0.285 0.182 0.04 11
41B4 srsx-5 0.328 0.353 0.06 17
41B4 str-199 0.297 0.294 0.06 17
41B4 sra-13 0.311 0.176 0.06 17
41B4 srab-16 0.329 0.412 0.06 17
41B4 srt-28 0.337 0.412 0.06 17
41B4 sre-4 0.28 0.353 0.06 17
41B4 srsx-3 0.356 0.294 0.06 17
41B4 srsx-37 0.297 0.176 0.06 17
41B4 srt-7 0.367 0.235 0.06 17
41B4 srt-29 0.321 0.471 0.06 17
41B4 srt-45 0.335 0.412 0.06 17
41B4 srt-47 0.347 0.176 0.06 17
4734 srsx-5 0.33 0.286 0.024 7
4734 sre-4 0.299 0.143 0.024 7
SNDD sra-13 0.331 0.125 0.027 8
5TGZ srj-21 0.335 0.444 0.031 9
5TGZ srj-22 0.351 0.222 0.031 9
5TGZ str-2 0.315 0.333 0.031 9
5PDB C.elegans gene GlobalAlign BSAlign BS res N. res
5TGZ srd-5 0.271 0.111 0.031 9
5TGZ sri-14 0.315 0.333 0.031 9
5TGZ str-199 0.279 0.333 0.031 9
5TGZ srd-17 0.323 0.222 0.031 9
5TGZ str-130 0.371 0.222 0.031 9
5TGZ srsx-37 0.367 0.444 0.031 9
5U09 srsx-5 0.335 0.083 0.042 12
5U09 sri-14 0.354 0.25 0.042 12
5U09 odr-10 0.336 0.417 0.042 12
5U09 sra-13 0.337 0.167 0.042 12
5009 srab-16 0.29 0.333 0.042 12
5U09 srt-28 0.337 0.083 0.042 12
5U09 srx-1 0.314 0.333 0.042 12
5009 sre-4 0.304 0.333 0.042 12
5U09 srsx-3 0.29 0.167 0.042 12
5U09 srsx-37 0.372 0.25 0.042 12
5009 srt-7 0.317 0.167 0.042 12
5U09 srt-29 0.376 0.417 0.042 12
5009 srt-45 0.306 0.167 0.042 12
5009 srt-47 0.372 0.333 0.042 12
5ZBH srsx-5 0.284 0.231 0.043 13
5ZBH srj-22 0.285 0.231 0.043 13
5ZBH str-2 0.272 0.308 0.043 13
5ZBH srd-5 0.25 0 0.043 13
5ZBH sri-14 0.282 0.154 0.043 13
5ZBH str-199 0.291 0.231 0.043 13
5ZBH odr-10 0.284 0.308 0.043 13
5ZBH sra-13 0.266 0.231 0.043 13
5ZBH srab-16 0.294 0.231 0.043 13
5ZBH srd-17 0.31 0.154 0.043 13
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Table 2 (continued)

PDB C.elegans gene Globalalign BSalign BS res N. res
5ZBH srx-1 0.258 0.154 0.043 13
5ZBH srsx-3 0.276 0.231 0.043 13
5ZBH srsx-37 0.345 0.385 0.043 13
5ZBH srt-7 0.359 0.308 0.043 13
5ZBH srt-47 0.294 0.385 0.043 13

set of possible candidates that could bind C.elegans receptors (Fig. 1F).
All chemical and physical features were achieved through the use of
ChemSpider database (www.chemspider.com) [23] and PubChem da-
tabase [24].

2.4. Method validation

The method validation is composed of three tests:

We select all the ligands proposed for odr-10 and srt-14 and then we
compare their physical-chemical features with diacetyl which is
experimentally proved to bind these receptors.

® Given a resolved GPCR in complex with a specific ligand, we verify
if the same small molecule binds the predicted receptor; To do this,
we initially perform a global alignment between the sequence of the
template GPCR and the sequence of the unknown GPCR. Then we
define a binding site region of the template mapping it into the
unknown GPCR. Any template-ligand complex residue is considered
to be part of the binding site, if at least one of its atoms is at a
distance less than 5A from the ligan [25,26]. We perform the
alignment between the two sequences by using the “pairwiseA-
lignment” function of R “Biostrings” package [27,28]. Using pid
function of R [29] and setting the “PID2” alignment criteria, we
calculate the percentage of sequence identity both for the entire
sequences (named GlobalAlign) and for the residues of the Binding
Site (named BSAlign). We use Autodock Vina to predict the bound
conformations of the GPCR protein target with the corresponding
template ligand [30,31]. This test has been performed with the
known template 41B4, a chimeric protein of 5-HT2B-BRIL in com-
plex with ergotamine, and the predicted structure of the unknown
SRT-29, the protein with the highest BSAlign.

The test replicates the entire protocol for the 5 U09 complex. 5 U09
is a known complex with a resolved structure formed by the Human
CB1 cannabinoid receptor and Taranabant. We submit the 5 U09
GPCR sequence to the I-Tasser procol [32-34], in order to under-
stand which candidate ligands we find and where they bind, and
compare them with the binding site of Taranabant. We set the upper
sequence identity threshold to 0.25, maintaining similar conditions
to what is imposed by the GPCRs belonging to the dataset analyzed
in this work. Then, we perform molecular docking between any
identified compound and the 5UQ9 receptor. The top 3 docking
poses for each test are taken into account. The poses are evaluated
with the root-mean-square deviation (rmsd) values which are oba-
tined by Autodock Vina considering “RMSD lower bound” option.
Any compound structure is obtained by PubChem database [24].

3. Results and discussion

The aim of this work is to propose a strategy for investigating which
volatile molecules interact with transmembrane receptors of C.elegans.
In the nematode [35] three main pairs of neurons have been directly
linked to the detection of volatile compounds (odorants). These olfac-
tory neurons, AWAs, AWBs, AWCs, are largely studied in literature.
Among them, AWCs are the main olfactory neurons mediating a be-
havioral attractive response toward a large battery of volatile mole-
cules. While the set of volatile odorants sensed by AWC neurons is now
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For each ligand found to be in complex with a given GPCR (first column), the corresponding set of compounds with
similar chemical and physical characteristics are listed (second column).

Ligand

Alternative compounds

(S)-Carazolol

CID162634, CID657621, CID744496, CID744498, CID10027233

ZM241385 CID557420, CID19097290, CID135955191

-Quinuclidinyl benzilate CID129944, CID380245, CID425114, CID13773336, CID13773338
Glycine CID161853, CID3826162, CID5744934, CID15175457, CID87848611
JDTic CID62211446, CID119294836, CID119294836, CID134347871
Dihydroergotamine CID53461897, CID57515979

Ergotamine CID119463, CID53461897, CID57515979

ONO09780307 CID11351723, CID66861790, CID66862148, CID66862149, CID66862237
AZ8838 CID818136, CID818137, CID3061227, CID3407115, CID3782154
AM6538 CID59703686

Taranabant CID9958708, CID9981621, CID10004486, CID10027233, CID10028559
BMS-193885 CID22393400, CID46920820, CID52442769, CID52442770, CID101159919

well known (e.g. chemotaxis to benzaldehyde, butanone, iso-
amylalcohol, 2,3pentanedione and 2,4,5 trimethylthiazole), little is
understood on the receptor-odor pairings for the several GPCRs of the
AWC neurons. So, we select all the 20 genes encoding GPCRs expressed
on AWC neurons. We include also odr-10 which is a gene expressed on
AWA neurons known to sense diacetyl [18]. For each of these GPCRs a
set of possible volatile molecules have been proposed.

Most drug discovery approaches are based on the identification of
the protein target in order to obtain a verified drug target. Therefore, in
ordinary studies investigating the binding between protein targets and
small molecules, we are required to determine experimentally the
protein three-dimensional structure, which is usually obtained using
either x-ray crystallography or nuclear magnetic resonance (NMR)
spectroscopy [36]. However, structure determination is not yet a
straightforward process: x-ray crystallography is constrained by the
difficulty of getting some proteins to form crystals, especially for
transmembrane proteins, and NMR is typically to protein molecules
which are smaller than GPCR [37]. Furthermore, olfactory receptors
belong to the GPCR hyperfamily for which little structural data are
available [38]. Therefore, in order to face the study from a structural
biology point of view, we need to resort to protein structural predictive
computational methods.

There are two fundamental template-based approaches in protein
structure prediction, homology modeling-based methods and
threading-based methods. Typically, methods of structural prediction of
proteins are based on homology modeling which is an approach that
uses the information from homologues with an experimentally solved
3D structure, i.e. templates. Unfortunately, the ORs belong to the GPCR
family and the pairwise sequence identity between proteins in this fa-
mily is low (~0.25) [39]. For this reason, we can not adopt homology
modeling-based approaches, but we have to use protein threading-
based methods. Conveniently, in the GPCR family the overall structure
and the key residues in each helix are highly conserved [40]. We expect
that this improves the stability of the structure prediction. Nowadays,
many methods and tools for GPCRs modeling are available [41-44].
Among these we used GPCR-I-TASSER, because it is one of the best
performing algorithms and was designed specially for the predction of
GPCR 3D structure. GPCR-I-TASSER uses an hybrid protocol [21]. In
fact, its strategy is initially to search homologous templates and then to
use mutagenesis data as constraints for structure assembly simulations
approach [45]. When homologous templates are not available, GPCR-I-
TASSER adopts an ab initio folding program to assemble artificial he-
lices into a 7-TM-helix bundle.

The ORs sequence heterogeneity explains their ability to bind dif-
ferent classes of odorant molecules which are distinct in terms of shape
(aliphatic, cyclic), length, hydrophobicity, and functional groups [7].
More specifically, the binding is not highly specific because the ligand-
receptor complexes are mainly characterized by weak hydrophobic
intramolecular interactions. This means that a single OR could bind

odorant molecules with different chemical features. At the same time, a
given odorant molecule may activate different ORs [46-48]. From the
acknowledgement of this redundancy in the odorant-receptor pairing,
we develop an algorithm that associates a diversified set of putative
binding compounds for each C.elegans OR protein.

3.1. Computational protocol

For a given sequence, GPCR-I-TASSER method returns five pre-
dicted structures and then we select the model with the highest score.
Then, the algorithm finds ten templates and we select only those ex-
perimentally resolved in complex with a ligand. The compounds which
are associated to any C.elegans gene with this method are shown in
Table 1. When the vapor pressure for a given compound is not avalil-
able, we describe its volatility by reporting the mass and the boiling
point [49]. The next steps are based on the idea that two proteins with
an high structural similarity have a great propensity to bind similar
compounds, because it is more likely that also the chemical-physical
properties may be preserved [26,50-52]. Therefore, our rationale is
that the ligand coupled to a given template should be accommodated in
similar binding regions of the corresponding C.elegans GPCR because
the two proteins are similar in structure. In principle, the hypothetical
binding site of the predicted protein may be in a different structural
region of the template protein. Nevertheless, the probability that the
candidate ligand binds the target protein of C.elegans increases as the
global sequence identity (GlobalAlign) increases. In particular, the two
proteins also share more likely the same binding site region if their local
sequence identity (BSAlign) is higher, see Table 2.

The BSAlign will be used as a score about the goodness of the
binding between the candidate ligand and the target protein. To expand
the set of candidates, for each ligand we search all those compounds
with the most similar chemical-physical characteristics (molecular
weight, number of donors and acceptors, hydrophobicity, accessible
surface area). For each ligand in complex with a given GPCR, the al-
ternative chemical compounds are reported in Table 3. The results
corresponding to each GPCR of C.elegans are shown in Fig. 2.

Specifically, Fig. 2 shows how promiscuity works in both directions.
For a given GPCR the protocol proposes a set of putative ligands with
different chemical physical properties associated to the corresponding
templates. This is the first kind of promiscuity where different binding
site regions bind different ligands. In the next step, for each of the
proposed ligands we identify a broader range of similar compounds,
binding the same receptive range of the receptor, as shown via docking
test. This is the second kind of promiscuity.

3.2. Test results

In our first test we compare the chemical features of the proposed
compounds for odr-10 and sri-14 with diacetyl which is experimentally
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Fig. 2. For each GPCR of C.elegans the entire pipeline path is shown. Starting from the inner circle, the names of the 21 genes are indicated. Each of these is mapped
on a larger circle where GPCR I-Tasser template proteins are indicated. Considering only GPCR template proteins in complex with a ligand, the third circle shows the
names of the ligands associated with the template proteins. The outermost layer contains the names of the alternative ligands which are similar to the ligands selected

in terms of physical-chemical characteristics.

proved to bind these receptors. Surprisingly, we found that these li-
gands share with diacetyl a central amide with two symmetric hydro-
phobic groups. In general, we stress that even if their dimensions are
typically larger than those of ligands found to activate AWC neurons,
like isoamyl alcohol, benzaldeide, butanone, 2,3 pentanedione, 2,4,5
trimethyl thiazole, etc., the candidates we identify for ODR-10 and SRI-
14 share key chemical properties with those that interact with GPCRs
expressed on AWCs.

In the second test, we first select the GPCR template with a binding
site composed by the largest number of residues compared to all the
other templates: 4IB4, a receptor binding the ergotamine ligand, having

17 residues involved in the binding site. We then investigate the
binding between ergotamine ligand and a predicted C.elegans target
protein which has 4IB4 as a template, namely SRT-29, since it has the
largest binding site alignment score value among the overall target
proteins considered (47.1%). To investigate if the binding between SRT-
29 and ergotamine takes place in the same region of 4I1B4 complex, we
use a molecular docking approach (see Methods). We accept only the
docking poses inside the receptor channel. Although GlobalAlig be-
tween 4IB4 and SRT-29 is only of 32.1%, the high BSAlign score
(47.1%) gives a large number of shared residues between the two
binding regions as shown in Fig. 3.
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Fig. 3. Cartoon representation of molecular docking between receptors (in blue
the 4IB4 template and in gold the corresponding target SRT-29) and ligand
(ergotamine, in red). In green the ergotamine docking poses are shown for the
predicted structure. (For interpretation of the references to colour in this figure
legend, the reader is referred to the web version of this article.)

In the third test to further validate our approach, we repeat all the
protocol for 5 U09 receptor as a target protein, selecting its templates
with a sequence identity less than 25%. All ligands in complex with the
corresponding templates are used as chemical compound input for
molecular docking with x-ray 5 U09 receptor structure. The three best
docking poses have been evaluated in terms of root-mean-square de-
viation (rmsd). The rmsd average value among the 15 proposed docking

Biophysical Chemistry 255 (2019) 106264

poses is 2.66 = 1.22. The obtained results shown in Fig. 4, are very
encouraging and demonstrate that this approach proposes ligands with
physical-chemical properties that maintain the binding site (Fig. 4A)
and the binding mode of the complex resolved experimentally
(Fig. 4B,C).

4. Conclusions

In this work, we propose a strategy to individuate a list of chemical
compounds for GPCRs which are expressed on one of the olfactory
neurons in C.elegans, namely AWC. The strategy of the protocol is based
on the assumption that similar compounds are more likely to share a
similar binding accommodation in the same receptor protein.
Furthermore, similar target and template proteins may form binding
regions for analogous ligands. The method proposed here provides re-
liable results which are consistent with the experimental data.
Moreover, the tests in the paper, based on molecular docking ap-
proaches between GPCR structures and proposed candidate com-
pounds, confirm the rationale and the effectiveness of our approach.
Even if the dimensions of ligands proposed here are typically larger
than those of ligands found to activate AWC neurons, like isoamyl al-
cohol, benzaldeide, butanone, 2,3 pentanedione, 2,4,5 trimethyl thia-
zole, etc., the candidates we find still share common fundamental fea-
tures with those that interact with GPCRs expressed on AWCs. For
example, as we have shown, diacetyl, known to form complexes with
ODR-10 and SRI-14, shares chemically and physically analogous char-
acteristics with the ligands that our method proposes. For future ap-
plications, this work lays the basis for guiding protein deletion ex-
periments in C.elegans and allows us to discover the largely unknown
odor-receptor pairings in olfactory neurons, more in general, it can be
applied to other families of receptors.

RAMELTON

Fig. 4. Cartoon representation of molecular docking results between each identified ligand and 5 UQ9 receptor. The entire 5 U09 structure with the best 3 docking
poses for each ligand (A). (B) and (C) show respectively a more detailed representation for the best AM6538 and DU172 poses.
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