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Abstract

Predicting the activity of chemicals for a given odorant receptor is a longstanding challenge. Here
the activity of 258 chemicals on the human G-protein-coupled odorant receptor (OR)51E1, also
known as prostate-specific G-protein-coupled receptor 2 (PSGR2), was virtually screened by
machine learning using 4884 chemical descriptors as input. A systematic control by functional in
vitro assays revealed that a support vector machine algorithm accurately predicted the activity of a
screened library. It allowed us to identify two novel agonists in vitro for OR51E1. The
transferability of the protocol was assessed on OR1A1, OR2W1, and MOR256-3 odorant
receptors, and, in each case, novel agonists were identified with a hit rate of 39-50%. We further
show how ligands’ efficacy is encoded into residues within OR51E1 cavity using a molecular
modeling protocol. Our approach allows widening the chemical spaces associated with odorant
receptors. This machine-learning protocol based on chemical features thus represents an efficient
tool for screening ligands for G-protein-coupled odorant receptors that modulate non-olfactory
functions or, upon combinatorial activation, give rise to our sense of smell.
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Odorant receptor (OR) gene products represent >4% of our proteome.! ORs belong to the
class A G-protein-coupled receptor (GPCR) family of proteins, which are responsible for
transmitting signals across cell membranes. ORs play a crucial and central role in our sense
of smell, endowing us with an extraordinary olfactory discrimination ability.2 They are also
ectopically expressed in various organs and modulate non-olfactory functions.3 Therefore,
understanding the chemical space that ORs respond to is not only relevant to understand
olfaction but also may have a pharmacological impact.

Upon smelling, odorant compounds reach ORs present at the surface of olfactory sensory
neurons. At the molecular level, odorants combinatorially activate a fraction of our 397
types of ORs,1# and the pattern of activation codes for a specific olfactory percept. Thus
ORs are very subtle molecular machines, and small modifications in their amino acid
sequence can drastically affect their response to chemicals.® Accordingly, the relationship
between the ligand chemical space and the receptor space is complex and subtle; however,
our understanding of how OR characteristics match ligand features remains limited in the
field of odor perception as well as more generally in research on GPCRs.

From a pharmacological perspective, odorants are no more than ligands for G-protein-
coupled OR. GPCR ligands can be classified as agonists, non-agonists, or antagonists.
However, the defining features of GPCR agonists are not well characterized. It is very likely
that molecular features of candidate ligands encode their activity, and the challenge for
researchers lies in identifying rules that link chemical descriptors to receptor activation. For
agonists, the strength of the receptor response (efficacy) is then determined by a finely tuned
interaction between the ligand and the receptor, which controls the downstream signaling.®

Machine learning may be a useful general approach to explore the chemical space of
mammalian ORs and to identify general chemogenomic rules. Indeed, machine-learning
approaches have been shown to predict olfactory perception from chemical features of
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odorants.” Focusing on GPCR drug design, machine learning is considered sufficiently
promising to increase the success rate of discovery of novel ligands in the coming years.8 To
date, machine learning mostly processed ligand similarity® or a few types of ligand chemical
descriptors or protocols.10-13 Most GPCR studies focused on already known data and
discussed the accuracy of machine-learning models. However, the use of an external data set
using novel candidates is crucial to assess the real performance of the model, as recently
performed on bitter taste receptors.14

In this work, we designed a synergistic approach that combines machine learning, in vitro
luciferase assays, and homology modeling® to (i) identify novel ligands for ORs and (ii)
better understand the receptor features that govern agonist efficacy. We chose OR51E1 as the
receptor of interest because it is a highly characterized OR. It also has ubiquitous functions
in olfactory and non-olfactory tissues.16 OR51E1 is also known as prostate-specific G-
protein-coupled receptor 2 (PSGR2) and is of particular interest because it is involved not
only in odor recognition but also in human prostate or lung cancer cell proliferation.

Furthermore, this receptor is postulated to be a marker for neuroendocrinic carcinoma cells.
17,18

Ligand Activity Is Predicted by a Support Vector Machine Algorithm.

All available data regarding OR51E1 were gathered (File S1). To our knowledge, 24
molecules are reported as agonists of OR51E1, while 96 are reported as non-agonists.
Agonist and non-agonist spaces cannot easily be discriminated based on simple chemical
descriptors (Figure 1a). The 24 known agonists of this receptor have a wide array of
chemical functions and structures. About 58% of these are carboxylic acids, and the
remaining 42% belong to various chemical families (aldehydes, aromatic cycles with
alcohols, esters, and ethers as well as nitrogen- and sulfur-containing molecules). Of the 14
agonists within the carboxylic acid family, only one has a cyclic structure (5-norbornene-2-
carboxylic acid), while the other 13 present aliphatic side chains. The carbon chains range
from 4 to 14 carbon atoms (butyric acid to tetradecanoic acid). To make sense of such a
complex chemical space, we used a machine-learning algorithm to capture the chemical
characteristics necessary to identify a molecule as an agonist.

We further defined the odorant molecular space by computing 4884 chemical, topological,
and electronic descriptors of 2577 commonly used odorants.1® Odorants belonging to our
library as well as odorants whose activity on OR51E1 has been previously reported (Files S1
and S2) were projected onto this subspace formed by the first three principal components
(PCs) that account for 56.6% of variance to examine to what extent they covered the odorant
space (Figure 1b and Figure S1). The first and the third molecular PCs were weighted by
factors that are reasonable descriptors for the size and composition of a molecule (size of the
molecule and presence/absence of oxygen, sulfur, or nitrogen atoms). The second PC was
weighted by factors describing either the embranchment or the complexity of the molecule
(see the Supporting Information (SI)). In this case, agonist and non-agonist spaces were
found to be strongly intertwined, which highlights the need to mine them using machine
learning. A quantitative structure activity relationship approach featuring a machine-learning
protocol that uses a support vector machine (SVM) was performed.
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As shown in Figure 1c, the initial library was made up of 258 compounds, 176 of which had
never been tested before on OR51E1L. A first reduction of the testable compounds was
performed by assessing the applicability domain of the model. The applicability domain
encompasses molecules that are considered similar to the training set. This means that the
SVM model “learned” from particular structures of the training set, and only similar
structures from the untested library can be reasonably screened by the model. Here we used
molecular fingerprints and a Tanimoto score to compare molecules from the untested library
to the training set (see the Sl). In our untested library, 144 molecules that were structurally
too dissimilar to those of the learning set were accordingly excluded from virtual screening.
The remaining 32 compounds belonging to the applicability domain were virtually screened
using the SVM algorithm.

These were split into 4 potential agonists and 28 non-agonists. The predicted agonists were
2-methyl-butyric acid, cyclobutanecarboxylic acid, dimethyl-trisulfur, and (S)-(+)-2-octanol.
Functional luciferase in vitro assays were used to assess the activity of these 32 compounds
as well as 44 compounds initially excluded from the applicability domain for quality-control
reasons (Figure 1c). A total of 76 molecules were screened at 100 xM on OR51E1 and
compared with a set of three positive controls and three negative controls (Figure 2a). None
of the molecules outside of the applicability domain nor those predicted as non-agonists
triggered a receptor response. However, of the four potential agonists, two activated the
receptor and two did not. Cyclobutanecarboxylic acid and 2-methyl butyric acid exhibited an
agonist dose-dependent behavior in vitro, while the two other predicted agonists (dimethyl-
trisulfur and (S)-(+)-2-octanol) were false-positives (Figure 2b and Table S1). Thus our
model accurately captured the activity of 30 compounds out of the 32 belonging to the
applicability domain. It shows an in vitro hit rate of 50% (two true agonists out of four
predicted agonists) and a reliability of 94% (30 correct predictions out of 32).

The transferability of the protocol was assessed by applying it to two other human receptors
(OR1A1, OR2W1) and a mouse receptor (MOR256-3), for which many agonists and non-
agonists are reported (see File S1). For each system, the SVM algorithm processed the part
of the untested library belonging to the applicability domain. Then, in vitro assays were used
to compare their ability to trigger OR response to those of control agonists. Table 1 reports
in vitro hit rates for the four systems studied. Novel agonists were predicted with hit rate in
the range of [39%, 50%]. For OR1A1, OR2W1, and MOR256-3, in vitro data assessed 7, 2,
and 5 novel agonists, respectively (Figures S2 and S3 and File S1). This suggests that
machine-learning approaches are useful to explore the wide chemical space associated with
ORs and potentially other GPCRs if a sufficient number of agonists and non-agonists is
known. Here the smallest database used for training a supervised model concerned OR51E1,
consisting of 24 agonists and 24 non-agonists.

Focusing on OR51E1, agonists show a large range of activation strength. Compared with
nonanoic acid, a known agonist of OR51E1,20-2 the two novel agonists showed comparable
potencies (see dose-response curves in Figure 2b) but different efficacies. Namely,
cyclobutanecarboxylic acid triggered a response 230% higher than nonanoic acid, while 2-
methyl-butyric acid had an efficacy that was 50% lower (Figure 2b). These variable
strengths of the receptor responses suggest differential interactions and affinities between
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ligands and the receptor cavity. We further investigated the influence of the receptor cavity
features on ligand activity using a 3D model.

Agonist Efficacy Is Affected by the Receptor Cavity.

From a structural point of view, ORs, like class A GPCRs, form a bundle within the cell
membrane and are composed of seven helices named TM1 to TM7. The canonical ligand
binding site is located 10 A below the extracellular side of the receptor. The largest sequence
variability between ORs lies at this binding site to potentially endow our olfactory system
with a large discrimination of the chemical space.?2:2% The OR51E1 3D model was built
based on X-ray class A GPCR templates and showed a binding cavity with a solvent-
accessible surface area of ~300 A3, ~70% of which is apolar. Consistently, the whole set of
26 agonists of OR51E1 encompasses ligands with variable bulkiness (ranging from 90 to
360 A3) and a relatively high lipophilicity (logP ranging from —0.8 to 4.7).

In the present study, nonanoic acid and cyclobutanecarboxylic acid, whose efficacies were
found to differ by two orders of magnitude, shared the same binding mode. They were both
predicted to bind the receptor through their carboxylic moiety at the cradle of the cavity
(Figure 3a,b). The acidic function is in contact with the so-called toggle switch involved in
receptor activation, Y254548 (6.48 refers to the Ballesteros-Weinstein notation24). The
ligands bind between TM3 (S1113-36, H1083-33), TM5 (1206544), and TM®6 (Y 2546-48),
which is in line with typical binding modes observed in X-ray structures of agonists bound
to A2-adrenergic and opsin receptors.2°:26

More specifically, residues H108 and 1206 were found to be differentially in contact with the
two agonists, while S111 and Y254 were found to interact with the carboxylic acid moiety.
This suggests that H108 and 1206 control the bulkiness of the agonist. Mutant ORs at these
positions consistently showed differential efficacy modulation in vitro (Figure 3c). The
efficacy of nonanoic acid increased by more than two orders of magnitude when the receptor
was reprogrammed with smaller residues at the top of its cavity (HL08A and 1206A in
Figure 3d). These mutants both showed a nonsignificant effect on the much smaller
cyclobutanecarboxylic acid.

When H108 was mutated into a ~25% bulkier and less hydrophilic residue (H108F), the
response of the receptor was totally abolished for both agonists, which is likely attributed to
a complete blockage of the binding cavity (Figure S4a). We show that these residues are
located at the upper part of the cavity and modulate its size. They control the accessibility of
agonists within the binding cavity by sensing the size of their hydrophobic moiety. This
accessibility then modulates the efficacy of the receptor response.

On the contrary, mutations of residue S111 similarly modulated the response to the two
different agonists; this is suggestive of a role of S111 in acid moiety recognition, which
triggers the activation mechanism once the ligand is bound (Figure S4b,c).

Consistent with its low efficacy, the energy-minimized docked structure of 2-methylbutyric
acid suggested that the ligand is closer to H108 and 1206 compared with
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cyclobutanecarboxylic acid (Figure S5). As for nonanoic acid, such tighter contacts with the
top of the binding cavity would prevent these agonists from having a large efficacy.

In conclusion, we used supervised learning algorithm (SVM) to expand the chemical space
of OR51E1, whereby we virtually screened a database of 176 compounds. After assessment
by in vitro luciferase assays, we predicted 30 out of 32 ligand activities and revealed two
novel agonists of OR51EL1 in vitro, which were carboxylic acids. It is interesting to note that
the structures of the acid agonists reported for this receptor are very different; some are
short-chained aliphatic acids (such as butyric acid), while others exhibit cyclic structures
(such as 5-norbornene-2-carboxylic acid). However, OR51E1 cannot be considered simply
as a carboxylic-acid-sensing receptor. Of the 45 acids that were tested on OR51E1, 64.5%
were non-agonists. Our machine-learning model was able to accurately learn from this
complex set of known agonist and non-agonist structures and successfully predicted two
novel ligands for this receptor. The applicability to other ORs was assessed through the use
of a similar protocol on OR1A1, OR2W1, and MOR256-3. The models predicted the in
vitro activity with a hit rate ranging from 39 to 50% and identified novel agonists in all
cases. This suggests that machine learning is capable of predicting the activity of candidate
compounds using their chemical features. Note that these machine-learning models are
limited to their applicability domain, which naturally restricts the chemical space research
area. Other agonists present outside this domain could be discovered using molecular
modeling to predict ligand activity based on receptor activation dynamics.2’

Furthermore, to understand the link between the strength of a response and receptor features,
a 3D model of OR51E1 was built. We showed how some residues in the cavity can
selectively affect efficacy. On the basis of the 3D model, we successfully reprogrammed
ORS51E1 wr, which confirmed that residues at the top of the orthosteric binding cavity
control agonist efficacy. For these two mutants, nonanoic acid was specifically transformed
into a highly efficacious agonist compared with the OR51E1 wt. This emphasizes the crucial
role of some residues in modulating the strength of a receptor response. These residues
belonging to TM3 and TM5 are well documented as being involved in ligand recognition in
ORs.®

Ligand-based machine-learning approaches can be used to enhance our knowledge of the
chemogenomic links between the vast space of odorants, made up of millions of molecules,
and that of receptors, comprising 397 functional genes in humans. Olfactory sensing is still
in its infancy, and such approaches will help widen the chemical space associated with ORs,
for which few agonists and non-agonists are reported. By integrating descriptors for the
receptor features, one can envision producing numerical SVM models able to reliably
predict not only the activity of candidate ligands but also their efficacy.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1.
Odorant molecular space and protocol used for OR51E1 virtual screening. (a) Spider plot

representing the weight of eight attributes (molecular weight, logP, number of hydrogen-
bond donor and acceptors, total surface area, hydrophilicity, and surface areas of acceptor
and donor atoms) to define OR51E1 agonists (red) and non-agonists (blue), as identified
prior to this study. (b) Projection of our library of 176 original odorants, shown in gray, into
the three first principal components of the odorant space computed on the basis of chemical
descriptors of 2577 odorant compounds. Known agonists and non-agonists are shown in red
and blue, respectively. (c) Of our library of 258 odorants, 176 had been untested on
ORS51EL, and 32 belonged to the same chemical space (applicability domain) of our model.
The virtual screening predicted four agonists, two of which elicited a receptor response in
vitro. All predicted non-agonists were tested in vitro for quality-control purposes, as were 44
randomly selected compounds initially excluded from the library; none triggered a receptor
response in vitro.
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In vitro screening of OR51EL. (a) Response of OR51E1 to six controls (three non-agonists
and three agonists, in black), 4 predicted agonists by the SVM model (in red), 28 predicted
non-agonists by the SVM model (in blue), and 44 molecules not within the applicability
domain (in gray). Odorants were injected at 100 £, and each response of OR51E1 was
corrected by that of the empty vector (pCl) response and by basal activity of receptors. It
should be noted that negative responses do not reflect inhibition of the response but rather
cell toxicity. (b) Dose-response curves for the four potential agonists as identified by the
SVM model. Cyclobutanecarboxylic acid and 2-methylbutyric acid were found to activate
the receptor, while S-(+)-octanol and dimethyl trisulfide did not. All responses were
normalized to that of nonanoic acid.
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Figure 3.
Some OR51E1 cavity residues control the efficacy of bound agonists. (a) Overview of

ORS51E1 wild type (OR51E1 w2) bundle structure and binding cavity (white volume).
Unfolded loops are omitted for clarity. (b) Binding mode of nonanoic acid (left) and
cyclobutanecarboxylic acid (right) in the binding cradle of OR51E1 wt. Carbon atoms are
shown in gold (or gray in the case of the ligand), oxygen atoms in red, and nitrogen atoms in
blue. Hydrogen-bond contacts are shown as dashed lines. (c) Dose-response curves of
OR51E1 wrand OR51E1 mutants to nonanoic acid (black) and cyclobutanecarboxylic acid
(red). (d) Efficacies of OR51E1 wrtand OR51E1 mutants to nonanoic acid (black) and
cyclobutanecarboxylic acid (red). Error bars indicate the SEM (*p < 0.01).
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Table 1.

Performance and Transferability of the SVM Model®

OR51E1 OR1A1 OR2W1 MOR256-3

in vitro/SVM 2/4 7/18 2/5 5/10
hit rate 50% 39% 40% 50%

aNumbers of in-vitro-validated and SVM-predicted agonists and corresponding hit rate for the four systems studied.
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