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Abstract

Metal-coordinating compounds are generally known to have strong smells, a phenomenon that
can be attributed to the fact that odorant receptors for intense-smelling compounds, such as those
containing sulfur, may be metalloproteins. We previously identified a mouse odorant receptor
(OR), OIfr1509, that requires copper ions for sensitive detection of a series of metal-coordinating
odorants, including (methylthio)methanethiol (MTMT), a strong-smelling component of male
mouse urine that attracts female mice. By combining mutagenesis and quantum mechanics/
molecular mechanics (QM/MM) modeling, we identified candidate binding sites in OIfr1509 that
may bind to the copper-MTMT complex. However, whether there are other receptors utilizing
metal ions for ligand-binding and other sites important for receptor activation is still unknown. In
this study, we describe a second mouse OR for MTMT with a copper effect, namely OIfr1019. In an
attempt to investigate the functional changes of metal-coordinating ORs in multiple species and
to decipher additional sites involved in the metal effect, we cloned various mammalian orthologs
of the 2 mouse MTMT receptors, and a third mouse MTMT receptor, Olfr15, that does not have a
copper effect. We found that the function of all 3 MTMT receptors varies greatly among species
and that the response to MTMT always co-occurred with the copper effect. Furthermore, using
ancestral reconstruction and QM/MM modeling combined with receptor functional assay, we
found that the amino acid residue R260 in Olfr1509 and the respective R261 site in OIfr1019 may be
important for receptor activation.
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Introduction

Odorant receptors (ORs) are members of the G protein-coupled recep-
tor superfamily that have 7 transmembrane domains and respond to
exogenous odorants (Buck and Axel 1991; Firestein 2001; Duan et al.
2012). The binding of a certain odorant to a specific OR is determined
by the structure and the concentration of the odorous ligand in the nasal
mucus, as well as by the specificity of the odorant-OR interaction at
the binding site (Araneda et al. 2000; Katada et al. 2005; Touhara and
Vosshall 2009; Nagashima and Touhara 2010; Persaud et al. 2013).
Good metal-coordinating ligands, such as amines and thiols, can be
detected by the olfactory system at very low concentrations (Laska
et al. 2007), possibly due to the fact that metal ions and nanoparti-
cles (particularly copper and zinc) may enhance the binding between
ORs and these ligands. Different studies have predicted the role of
metals in olfaction (Crabtree 1978; Wang et al. 2003; Viswaprakash
et al. 2009; Vodyanoy 2010; Moore et al. 2012; Block et al. 2017).
We previously identified the mouse OR, Olfr1509, as a receptor for
(methylthio)methanethiol (MTMT), which is a sulfur-containing com-
pound in mouse urine that plays an important role in mating (Lin et al.
20035; Duan et al. 2012). More importantly, we found that copper ions
could significantly enhance the function of Olfr1509 when responding
to MTMT. Electrophysiological recordings of the mouse septal organ
(SO) neurons, where Olfr1509 is prominently expressed, and a behav-
ioral assay corroborated the role of copper in MTMT response and
perception, effectively validating the aforementioned hypothesis that
ORs can function as metalloproteins (Duan et al. 2012). Furthermore,
using site-directed mutagenesis and quantum mechanics/molecular
mechanics (QM/MM) calculations, we proposed potential binding sites
(H105, C109, and N202) to the copper/MTMT complex in this recep-
tor (Sekharan et al. 2014).

In addition to MTMT, Olfr1509 is responsive toward a range
of sulfur-containing compounds including other thiols and sulfides
on addition of copper (Duan et al. 2012). In a more recent study,
by screening against the human OR repertoire, we characterized the
first human receptor with a significant copper effect (Li et al. 2016).
We found that OR2T11 could respond to small thiols up to § car-
bons, and the response was enhanced with the addition of copper
and silver ions. In this study, we will focus on MTMT as an exam-
ple of sulfur-containing compounds that require copper, but not any
other metals, for the activation of ORs.

Fueled by rapid environmental changes, ORs are one of the fast-
est evolving gene families (Bozza et al. 2009; Hayden et al. 2010;
Zhao et al. 2013; Chatelain et al. 2014; Niimura et al. 2014), with
its members frequently becoming pseudogenized, deleted, or dupli-
cated, leading to dramatic changes in olfactory gene repertoires in
different species (Niimura and Nei 2007). In addition, sequence vari-
ations within individual genes result in dramatic variations of the
function of orthologous OR pairs (Conant and Wolfe 2008; Zhuang
et al. 2009; Forslund et al. 2011; Nehrt et al. 2011; Adipietro et al.
2012; Altenhoff and Dessimoz 2012; Altenhoff et al. 2012; Chen
and Zhang 2012). Previous work has shown that OR orthologs can
exhibit diverse functions in different mammalian species (Zhuang
et al. 2009; Adipietro et al. 2012). Significant functional changes
were seen in different primates® OR7D4/OR7D1 orthologs; further-
more, amino acid residues responsible for the functional changes
were obtained by ancestral reconstruction and mutagenesis analy-
sis. Adipietro et al. found that orthologous ORs have similar ligand
choices but different response magnitudes, suggesting adaption dur-
ing evolution.

Here, we investigated the molecular mechanisms of MTMT
reception and the OR copper effect by characterizing the functions

of orthologous MTMT receptors. Given the high sequence identities
of the orthologs of a given OR, comparing the function of orthologs
may identify sites vital for function in the OR gene of interest.
Indeed, our functional studies revealed dramatic changes among the
orthologs of the 2 MTMT receptors with copper effects in different
mammalian species. Furthermore, through ancestral reconstruction
and functional characterization of the Olfr1509 rodent lineage, we
found that the site R260 may be crucial for receptor activation in
MTMT receptors with a copper effect. Using QM/MM modeling
combined with mutagenesis analysis, we found that R260/R261 is
located in the C254/R260/K269 and C203/M254/R261 MTMT/Cu
binding pockets in Olfr1509 and Olfr1019, respectively.

Materials and methods

Chemicals

CuCl, was purchased from Adamas and was dissolved in water.
MTMT was synthesized by Dr Eric Block and was dissolved in etha-
nol. All chemicals were diluted further into working concentrations
before experiments.

Genomic DNA

Mammalian genomic DNA was purchased from Zyagen, including
cow (Bos taurus), rat (Rattus norvegicus, Sprague Dawley), Chinese
hamster (Cricetulus griseus), dog (Canis familiaris), guinea pig
(Cavia porcellus), horse (Equus caballus), cat (Felis catus), rabbit
(Oryctolagus cuniculus), and pig (Sus scrofa). Primate genomic DNA
was purchased from the Coriell Cell Repositories, including chim-
panzee (Pan troglodytes), gorilla (Gorilla gorilla), white-cheeked
gibbon (Hylobates leucogenys), rhesus macaque (Macaca mulatta),
pig-tailed macaque (Macaca nemestrina), marmoset (Callithrix
jacchus), and squirrel monkey (Saimiris ciureus). Human genomic
DNA was extracted from buccal swab cells using the TIANamp
Genomic DNA Kit (Tiangen Biotech). Little brown bat (Myotis
lucifugus) genomic DNA was a generous gift from Dr David A. Ray
at Mississippi State University.

Orthologous sequence mining

Mammalian OR orthologs were mined using the mouse
Olfr1509, Olfr1019, and OIfr15 nucleotide sequences against
the Reference RNA sequence (“Refseq_rna”) in the GenBank
database. Putative orthologs were defined as the reciprocal
best hits to the mouse reference ORs with at least 80% iden-
tity. Among the species queried, complete or partial orthologous
sequences were found for rat, hamster, guinea pig, rabbit, pig,
cow, dog, cat, horse, and human for all 3 receptors. The partial
rabbit Olfr1509 sequence from GenBank was BLATed against
the rabbit (Assembly OryCun2.0) genome in the Ensembl data-
base to obtain the complete sequence. Sequencing of our poly-
merase chain reaction (PCR) amplification products verified the
presence of all orthologs in all species used.

Ancestral reconstruction

Olfr1509 orthologous ORs from 17 species, including mouse,
human, marmoset, cow, rat, Chinese hamster, horse, cat, rabbit, pig,
little brown bat, chimpanzee, gorilla, white-cheeked gibbon, rhesus
macaque, pig-tailed macaque, and squirrel monkey were used for
ancestral reconstruction. In cases where the sequence of the cloned
allele was different from the sequence downloaded from databases,
the sequenced allele was used. The protein sequences of Olfr1509
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from the 17 species were aligned with MEGAS, and a phylogenetic
tree was constructed with the neighbor-joining algorithm using a
bootstrap cutoff at 1000. After removing gaps and stop codons in
the aligned sequences, ancestral reconstruction was performed with
the CODEML program using the tree model in the PAML4.8 soft-
ware package (Yang 1997, 2007). See Supplementary Figure S14 for
putative ancestral sequences.

Plasmid construction

The first 20 amino acids of human rhodopsin (N-MNGTEGPNF
YVPFSNATGVVR-C) were inserted between the Nhel and EcoRI
sites in the mammalian expression vector, pCL. All orthologous
sequences of Olfr1509, Olfr1019, and Olfr15 were amplified with
open reading frame-flanking primers (Supplementary Table S1)
and PrimeSTAR DNA polymerase (TaKaRa). Double-stranded
PCR products were column purified using PCR Product Purifying
Kit (Generay Biotech) and then cut with Mlul (TaKaRa) and Nozl
(TaKaRa) to insert into the pCI vector. Olfr1509 and Olfr1019
mutants were generated by site-directed mutagenesis through
overlap-extension PCR from existing clones. Protein sequences of
the hypothetical ancestors were generated by sequential mutagen-
eses from the closest existing clones (Supplementary Figures S14;
Figure 2A). All clones were verified by sequencing.

Dual-Glo luciferase assay

HEK293T-derived Hana3A cell line (Saito et al. 2004) were grown
in minimum essential medium (HyClone) containing 10% fetal
bovine serum (FBS; Gibco) at 37 °C with 5% CO,. Hana3A cells
were plated onto 96-well plates (Greiner). After 18-24 h, trans-
fection was performed. For each 96-well plate, 1 pg of CRE-Luc,
1 pg of pRL-SV40, 5 pg of OR, and 1 pg of mRTP1S were trans-
fected. Plasmid DNA was transfected using Lipofectamine2000
(Invitrogen). At 18-24 h after transfection, the medium was replaced
with CD293 chemically defined medium (Gibco), and then the cells
were incubated for 30 min at 37 °C with 5% CO,. The medium was
then replaced with various concentrations of MTMT plus copper
ions dissolved in CD293 (Invitrogen) and incubated for 4 h at 37 °C
with 5% CO,. The Dual-Glo Luciferase Assay System (Promega)
was then used, following the manufacturer’s protocol for measuring
chemiluminescence.

Flow cytometry

Hana3A cells were seeded in 6-well plates (Greiner) and then
transfected with 1.5 pg of OR DNA or pCI and 0.3 pg mRTP1S
expression vector per well. As a control for transfection efficiency,
0.3 pg of a green fluorescent protein (GFP) expression vector
was transfected per well. Twenty-four-hour post-transfection,
the cells were dissociated in a staining and washing solution
for flow cytometry (phosphate-buffered saline containing 2%
FBS and 15 mM NaN,) and transferred to a tube for incuba-
tion with the anti-rhodopsin antibody (EMD Millipore) and then
with phycoerythrin-conjugated donkey anti-mouse IgG (Jackson
ImmunoResearch Laboratories, Inc.). Fluorescence was analyzed
using Gallios Flow Cytometer (Beckman Coulter).

Data analysis

Data were analyzed with Microsoft Excel 2007 and GraphPad
Prism 5. Normalized luciferase activity was calculated by the
formula [luc(N) - luc(lowest)]/[luc(highest) - luc(lowest)], where
luc(N) = luminescence of firefly luciferase divided by luminescence

of Renilla luciferase of a certain well; luc(lowest) = lowest lumi-
nescence of firefly luciferase divided by luminescence of Renilla
luciferase of several column of a plate or a plate, or a set of
plates; and luc(highest) = highest luminescence of firefly luciferase
divided by luminescence of Renilla luciferase of a plate or a set
of plates. We note that the EC, value of a given receptor can
vary between experiments due to varying assay conditions, but
the relative sensitivities of the receptor orthologs and mutants
remain the same.

Homology modeling

The initial coordinates of the Olfr1509 were taken from the previ-
ously reported Olfr1509 model (Sekharan et al. 2014). Such a model
of Olfr1509 was prepared with the software package Modeler 9v7
(www.salilab.org/modeller), using the X-ray structure of human M2
muscarinic acetylcholine receptor bound to an antagonist (Protein
Data Bank ID: 3UON at 3.0 A) as a template (Haga et al. 2012).

The homology model of Olfr1019 was built analogously, using
the X-ray structure of human M2 muscarinic acetylcholine receptor
as a template, because it is the reported crystal structure with highest
sequence similarity. Supplementary Figure S10 shows the alignment
of primary sequences for the human M2 muscarinic receptor (Haga
et al. 2012) and the mouse OR Olfr1019.

Supplementary Figure S11 shows the superposition of structures
corresponding to the sequence alignment of transmembrane (TM)
regions of Olfr1019 (red) and human M2 muscarinic receptor (blue).
The TMHMM server (http://www.cbs.dtu.dk/servicess TMHMM/)
was utilized to obtain the TM domains by employing the transmem-
brane hidden Markov model analysis, as applied to model Olfr1509
(Sekharan et al. 2014). As shown in Supplementary Figure S12, the
amino acid residues of Olfr1019 with a posterior TM probability
greater than 0.1 were assigned to the transmembrane domain.

QM/MM models of OIfr1509 and OIfr1019

QM/MM models of Olfr1509 and Olfr1019 were obtained by geom-
etry optimization of the homology models, as previously reported for
the human OR OR2T11 (Li et al. 2016) and the mouse OR Olfr1509
(Sekharan et al. 2014). Starting with the coordinates of the Olfr1509
and Olfr1019 structures as obtained for the homology models of
Olfr1509 and Olfr1019, the QM/MM structures were prepared by
assigning the bond orders, adding hydrogen atoms, and establishing
disulfide bonds with the preparation wizard in Maestro (Maestro
20135). The protonation states for all titratable residues were deter-
mined at neutral pH according to PROPKA calculations (Sastry
etal. 2013) as implemented in the Schrodinger’s Maestro v.10.2 soft-
ware package (Maestro 2015). Cavities accessible to solvent were
filled with water molecules, and a copper ion was coordinated to the
putative active site identified by the most favorable interactions. The
resulting structures were relaxed via a 3-step optimization procedure
to minimize structural changes and preserve the natural shape of
the protein. Full optimization based on the AMBER96 force field
level (Cornell et al. 1995) was followed by re-optimization using the
2-layer ONIOM scheme with electronic embedding (Vreven et al.
2003) as implemented in Gaussian09 (Frisch et al. 2009). The QM
layer of Olfr1019 included the Cu(I) ion, key residues at the bind-
ing site (R260, K269, and C254 for Olfr1509 and C203, M256,
and R261 for Olfr1019) and the MTMT ligand treated at the DFT/
MO6-L level of theory (Zhao and Truhlar 2006, 2008). The Stuttgart
8s7p6d2f and 6s5p3d2f ECP10MWB contracted pseudopoten-
tial basis set (Andrae et al. 1990) was applied for Cu, whereas the
6-31G(d) basis set (Wiberg 1986) was applied for all other atoms in
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the QM layer. The MM layer included the rest of the protein mod-
eled according to the AMBER96 molecular mechanics force field.
The interface between the QM and MM layers was treated using the
standard hydrogen-link atom scheme (Bakowies and Thiel 1996).

Results

MTMT is a semiochemical that plays an important role in mouse
reproduction (Lin et al. 2005). Whether there are other receptors
responsible for MTMT perception, whether the copper enhance-
ment effect is essential for the animal’s sensitive detection of MTMT,
and whether this copper enhancement effect is mouse specific are
still unknown. To address these questions, we first performed a
high-throughput screening aimed at finding mouse MTMT recep-
tors in addition to Olfr1509. We identified another MTMT receptor,
OIlfr1019, which responded to MTMT (Supplementary Figure S1).
Similar to Olfr1509, we found the response to MTMT by Olfr1019
was significantly enhanced by copper addition (Figure 1B). The pres-
ence of a copper effect in Olfr1509 and Olfr1019 is contrasted with
a third mouse receptor, Olfr15, which also responded to MTMT, but
did not show a copper effect (Duan et al. 2012).

We then blasted the GenBank database for orthologs of mouse
MTMT receptors in other mammalian species. Intact sequences for
Olfr1509, Olfr1019, and Olfr15 are present in a few different spe-
cies, such as rat, hamster, pig, horse, and cow. We also found that 1
or more of the 3 receptors became pseudogenized in certain species.
In total, we were able to clone 8, 10, and 10 mammalian orthologs
for Olfr1509, Olfr1019, and Olfr15, respectively.

We next used a heterologous OR expression system to test the
function of these orthologs. We found that the function of all 3 recep-
tors changed at least a few times during evolution: for Olfr1509,
some of the orthologs, including pig, rabbit, hamster, cat, and horse,
exhibited similar functions as mouse Olfr1509. Importantly, all of
these functional orthologous ORs showed a copper effect. Other
orthologs, including rat, cow, and human, as well as some nonhu-
man primate species did not respond to MTMT, with or without
copper (Figures 1A,D; Supplementary Figure S2). For Olfr1019,
although the human ortholog did not respond to MTMT, the oth-
ers, including rat, hamster, guinea pig, rabbit, pig, cow, dog, cat, and
horse, responded to MTMT and exhibited a copper effect at the
same time, similar to the case of Olfr1509 (Figure 1B,D). Finally,
for Olfr15, of the 11 orthologs tested, 5 orthologs showed total
loss-of-function phenotypes, including guinea pig, cow, horse, cat,
and human, whereas dog, pig, rabbit, hamster, and rat responded
to MTMT, but all without a copper effect (Figure 1C,D). Notably,
among the orthologs of the 2 receptors with a copper effect,
we found that all Olfr1019 orthologs except for human exhib-
ited MTMT response with a copper effect. In contrast, Olfr1509
ortholog functions were far more variable. For example, guinea
pig and dog Olfr1509 orthologs were pseudogenized, whereas rat
and cow Olfr1509 orthologs showed complete loss-of-function.
Also, we noticed that the human orthologs of the 3 receptors were
all nonfunctional. From a high-throughput screening for human
receptors for MTMT, we found a receptor (OR2W1) that could
respond to MTMT (Supplementary Figure S3). A broadly tuned OR,
OR2W1, responds to a panel of odorants with different structures
(Saito et al. 2009). However, the response of OR2W1 to MTMT
exhibited no significant difference with and without copper added
(Supplementary Figure S4).

With the 3 known MTMT mouse receptors, we hypothesize
that amino acid residues crucial for receptor activation and copper

effect must be conserved in Olfr1509 and OIfr1019, but not in
Olfr1S5. For the 2 former receptors, these residues should be present
in the functional orthologs, whereas mutated in the nonfunctional
ones. Previously, as a step toward the elucidation of the activa-
tion mechanisms of the MTMT receptors, we identified 3 residues
in Olfr1509, H105, C109, and N202 that are involved in binding
to the copper—-MTMT complex (Sekharan et al. 2014). On exami-
nation of the orthologous sequences, we found that all 3 sites are
conserved in the 9 Olfr1509 orthologs (Supplementary Figure S§),
although these orthologs exhibit different functions against MTMT/
Cu. Moreover, these 3 sites are not conserved in either Olfr1019 or
Olfr15 (Supplementary Figure S6). We conclude that there must be
other residues responsible for copper binding and for the functional
differences among the 3 receptors and among the orthologs.

In order to capture additional copper/MTMT-binding sites, we
employed a branch-specific approach to focus on lineages of closely
related species that had recently experienced functional changes in
evolution. In this respect, the Olfr1509 rodent lineage presents an
excellent example because the orthologs exhibited different func-
tions (Figure 1A,D). The Olfr1509 rat ortholog, rat Olfr1644, does
not respond to MTMT and shows no copper effect even when it
shares 95% sequence identity with mouse Olfr1509. The hamster
Olfr1509 ortholog, on the other hand, retains the ability to respond
to MTMT with a copper effect, but has a decreased function com-
pared with mouse Olfr1509.

We next investigated whether the presence or absence of receptor
function/copper effect is ancestral. We performed ancestral recon-
struction to obtain the hypothetical ancestral sequences for mouse
and rat (Ancestor MR) and for mouse, rat, and hamster (Ancestor
MRH), using a maximum likelihood algorithm as implemented in
the PAMIL4.8 package (Yang 1997, 2007). We then cloned these
putative ancestral receptors by mutating sequentially from rat,
which differs from Ancestor MR by 5 amino acids, and from ham-
ster, which differs from Ancestor MRH by 4 amino acids (Figure 2A;
Supplementary Figure S14). We found that both ancestors were
functional (Figure 2B), pointing to a change in receptor function
from Ancestor MR to rat. Of all the § single mutants cloned from
rat, 2 mutants, W260R and S297A, differed from the wild-type rat
ortholog and showed response to MTMT with the addition of cop-
per. Although the S297A mutant exhibited only a slight increase,
the W260R mutation could undoubtedly restore the function lost
in rat Olfr1643. Conversely, the mouse Olfr1509 R260W mutant
showed a complete loss-of-function phenotype, with or without
copper (Figure 3A). In addition, 2 other Olfr1509 mutants, R260H
(mutated according to the nonfunctional cow Olfr1509 ortholog,
which has H260; Supplementary Figure S5) and R260A, exhibited
decreased function and total loss-of-function, respectively.

To further explore the role of the R260 residue in the copper-
enhanced MTMT response, we focused on its conservation in all 3
mouse MTMT receptors. We found that the R260 residue is con-
served in mouse Olfr1019 (R261), which shows a copper effect,
but not in mouse Olfr15 (L261), which exhibits no copper effect
(Supplementary Figure S6). R261 is conserved in all 11 Olfr1019
orthologs, of which all 10 nonhuman receptors responded to MTMT
with a copper effect. The human Olfr1019 ortholog, OR5ART1,
similar to the human orthologs of Olfr1509 and Olfr15, however,
showed a total loss-of-function phenotype. Furthermore, similar to
Olfr1509, various R261 mutants of Olfr1019, R261W, R261H, and
R261A showed total loss-of-function phenotypes (Figure 3A), indi-
cating possible roles of this residue in receptor function involving
copper or in receptor function in general.
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Figure 1. Copper effect co-occurs with the ability to respond to MTMT. Mammalian orthologs of (A) OIfr1509, (B) OIfr1019, and (C) OIfr15 responded differently
to MTMT with or without a copper effect. The y axis represents mean luciferase activity + SEM (N = 3). All responses were normalized to the highest response
of the corresponding mouse orthologs. (D) A diagram summarizing the function of the orthologs of the 3 mouse MTMT receptors on a cladogram showing the
widely accepted evolutionary relationships among the species. Pseudogenized OIfr1509 orthologs in guinea pig and dog are indicated with a “W"

Finally, we investigated the mechanism of how the R260/R261
site affects receptor function. One route is by affecting receptor fold-

ing and/or trafficking to the cell-surface membrane. We found that
of all Olfr1509 orthologs tested, rat Olfr1643 and cow OR4E2-like
are not expressed on the cell-surface membrane (Supplementary

Figure S7A). Olfr1019 orthologs showing different cell-surface
expression all conserve R261 (Supplementary Figure S7B), indicat-

ing there are other important residues or different mechanisms for

the folding and/or trafficking of these 2 orthologous receptor groups.
In addition, we also found that the cell-surface expression of the
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Figure 2. Single mutations contribute to functional variations in the rodent
lineage of OIfr1509. (A) A cladogram showing the cloned rodent orthologs
with all amino acid changes from each of the reconstructed ancestors to
rat and hamster indicated in boxes. Dots indicate ancestral nodes “Ancestor
MR" and “Ancestor MRH,” which stand for the ancestor of mouse and rat and
the ancestor of mouse, rat, and hamster, respectively. (B) The reconstructed
ancestors and single mutants from rat and hamster showed different MTMT
response and copper effect with the rat W260R mutation restoring ancestral
function. The y axis represents mean luciferase activity + SEM (N = 3). All
responses were normalized to the highest response of OIfr1509.

Olfr1509 R260 mutants, as well as the Olfr1019 R261 mutants,
were not significantly different from that of the corresponding
wild-type receptors (Figure 3B), excluding the impaired cell-surface
expression as a cause for receptor malfunction. An alternative pos-
sibility is that R260/R261 may play an important role in the activa-
tion of the receptors by the MTMT—-copper complex.

Structural modeling

Figure 4A,B shows the structural models of Olfr1509 and Olfr1019,
respectively. The models share common structural features, includ-
ing a highly conserved disulfide S-S bond, and provide important
insights into the odorant-binding sites. Amino acid residues C179
and C97 form the S-S bond, which is critical for the receptor’s struc-
tural stability.

The structural analysis suggests the presence of 2 binding
sites (site 1 and site 2) in Olfr1509, separated by about 6.0 A
(Supplementary Figure S8). An earlier study of Olfr1509, sup-
ports ligand-binding to one of these sites (site 1), located near
the extracellular domain (Sekharan et al. 2014). Site 1 involves
Cu(I) coordinated to the heteroatoms N, S, and O of amino acid
105> Cro0 and N5

hedral coordination with N,;, - and S_ , and a weak interaction

with O in the absence of a ligand (Sekharan et al. 2014). In

N202

residues H respectively. Cu(I) adopts a tetra-
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Figure 3. R260/R261 may be involved in copper/MTMT binding in OIfr1509
and OIfr1019. (A) OIfr1509 R260 mutants and OIfr1019 R261 mutants exhibit
reduced function or total loss-of-function phenotypes. The y axis represents
mean luciferase activity + SEM (N = 3). All responses were normalized to the
highest response of the corresponding wild-type receptors. (B) Cell-surface
expression of OIfr1509 R260 and OIfr1019 R261 mutants remain relatively
unaffected compared with that of the wild-type receptors.The x axis indicates
the intensity of phycoerythrin (PE) signal in the GFP-positive cell population.

contrast, site 2 involves residues C254 and R260 from TMé6
near the top of TM6 and K269 from TM7. Analogous to site 1,
Cu(I) forms a trigonal planar configuration by coordination to
the heteroatoms S N,,.» and N, with distances Cu-S,,,,
Cu-N,,,,» and Cu-N,, of 2.16, 1.99, and 2.27 A, respectively
(Supplementary Figure S9A). We note that ligand binding induces
coordination rearrangements. We find that the Cu-N,,, distance
increases to 2.77 A on MTMT (thiolate form) binding, forming a
distorted tetrahedral configuration with the distances Cu-S
Cu'sczs4’ Cu'Nsto’ and Cu'NK259
respectively (Figure 4C).

Similar to OIfr1509, the binding site in Olfr1019 is located
near the extracellular domain (Figure 4B). The binding site involves
€203° NR261’ and NM256‘
Cu(I) forms trigonal planar geometry by coordination to the het-

20w Nigep and N« with distances Cu-S, ., Cu-N,
and Cu-N,, - of 2.28,1.96,and 2.30 A, respectively (Supplementary
Figure S9B). These bond lengths increase to 2.25,2.27, and 2.92 A,
respectively, on MTMT binding as a thiolate, with a 2.26 A bond
length for the Cu-S
ation of the Cu-N,
active site triggered upon ligand binding.

Site-directed mutagenesis combined with the analysis of acti-
vation profiles are consistent with the active sites suggested by
QM/MM modeling, showing a lack of response to MTMT when
mutating amino acid residues responsible for Cu binding. Among
the Olfr1509 mutants, C254S and K269A showed a decrease
in response, whereas K269H exhibited total loss-of-function.
Furthermore, Olfr1019 C203S exhibited a total loss-of-func-
tion phenotype, whereas Olfr1019 M256A showed a decreased
response (Figure ).

C254°

MTMT?

0f2.32,2.24,2.01, and 2.77 A,

Cu(I) coordinated to amino acid residues S

eroatoms S

distance (Figure 4D). The significant elong-

MTMT
bond suggests a conformational change at the
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Figure 4. QM/MM modeling reveals metal-binding sites in OIfr1509 and
0Ifr1019. (A) OIfr1509 homology model. Two binding sites are shown as cyan
dotted and solid circles. The disulfide (S-S) bond is shown on the top of the
model. (B) OIfr1019 homology model. The disulfide (S-S) bond is shown as
an orange stick. The red solid circle represents the binding site. (C) QM/MM
optimized model of OIfr1509 with MTMT. The distance between Cu* and the

S,mur (thiolate form), S_,.,, N, and N,,., are 2.32, 2.24, 2.01, and 2.77 A,
respectively. (D) QM/MM optimized ligand-binding site in OIfr1019. The
distance between Cu* and the S, (thiolate form), S_,.., N.,.,, and N, . are

2.26, 2.25, 2.27, and 2.92 A, respectively.
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Figure 5. OIfr1509 and OIfr1019 mutant functions. OIfr1509 C254S, OIfr1509
K269A, and OIfr1019 M256A exhibited decreased functions, whereas Olfr1509
K269H and OIfr1019 C203S showed total loss-of-functions. The y axis
represents mean luciferase activity + SEM (N = 3). All mutant functions were
normalized to the highest response of the corresponding wild-type receptors.

Discussion

Thiols and other metal-coordinating chemicals play important roles
in the life of mammals that have in turn evolved elaborate yet pre-
cise detection and response mechanisms for these compounds. We
previously discovered the copper-requiring detection of MTMT
by Olfr1509. Here, we characterize the functional variation in the

different MTMT receptor orthologs and identify additional sites
important for receptor function.

Sensitive detection of metal-coordinating odorants
Several metal-coordinating odorants are central to the different
aspects of organismal behaviors, including reproduction, social
communication, feeding, and predator avoidance. Besides MTMT,
trimethylamine is another attractive and potentially metal-coor-
dinating compound in male mouse urine (Hancock and Martell
1988; Gavaghan McKee et al. 2006; Li et al. 2013). Of carnivo-
rous origin, trimethylthiazoline and 2-phenylethylamine are odors
that repel rodent species (Sabelli et al. 1975; Morrow et al. 2000;
Buron et al. 2007; Ferrero et al. 2011). Sulfur- and nitrogen-con-
taining odors are found in body-borne odors of primates, suggest-
ing that they may play important roles in social communication
(Laska et al. 2007). In humans, thiols and amines such as trimethyl-
amine are associated with bad breath (Yaegaki and Suetaka 1989;
Bollen and Beikler 2012) and sweat (Troccaz et al. 2004, 2009;
Loos et al. 2017). Other mammals such as the flower-visiting bats
in the tropical lowland rain forests of Costa Rica are specifically
attracted by sulfur odor-containing flowers, with MTMT being one
of the odorous components (von Helversen et al. 2000). It is worth
noting that our in vitro experiments showed that the orthologous
ORs of both Olfr1509 and Olfr1019 in the Old World bat species,
Myotis lucifugus, could also respond to MTMT and showed a cop-
per effect (Supplementary Figure S13). Also of food origin, thiols
and amines are present as a result of protein degradation in putrid
food. Sensitive detection and avoidance of these volatile chemicals
effectively prevents food poisoning (Block 1978; Laska et al. 2007).
All of these examples underscore the evolutionary significance of
the sensitive detection of metal-coordinating ligands and hence the
selective pressure on their respective receptors in different species.
Other than mouse and certain bat species, it is not known whether
MTMT is present in the urine, or any other aspects of the life, of
other mammalian species with positive receptor function. Future
chemical analysis of urine samples and behavioral assays of selected
rodent species may help to correlate receptor function with species-
specific behaviors.

The requirement for sensitive detection is further emphasized
by the locale of MTMT receptor expression. In addition to their
expression in the main olfactory epithelium (MOE), both Olfr1509
and Olfr15 express widely in the mouse SO (Kaluza et al. 2004;
Tian and Ma 2004, 2008; Duan et al. 2012). The SO is a cluster of
cells located on the nasal septum ventral to the MOE and caudal
to the vomeronasal organ (Tian and Ma 2004; Breer et al. 2006;
Barrios et al. 2014). Because of its position in the nasal cavity, it
was hypothesized that the SO is automatically exposed to airflow
during normal respiration in a more efficient way than the MOE
(Rodolfo-Masera 1943). As an accessory olfactory organ involved
in sexual and social behaviors, the SO responds to a broad range
of odor stimuli, possibly with sensitivities even higher than MOE
(Marshall and Maruniak 1986).

Although MTMT and other related thioether thiols are cap-
able of coordinating to metals, especially copper, the response
to MTMT by ORs does not always require copper. Such lack of
metal requirement is also preserved in evolution, as exemplified by
the case of Olfr135, the functional orthologs of which responded to
MTMT without copper. It is worth noting that Olfr15 belongs to the
MOR256 family, one of the largest mouse OR families, which has
at least 37 functional family members (Zhang and Firestein 2002; Li
et al. 2012). Several MOR256 family members, Olfr124, Olfr263,
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and Olfr135, are identified as broadly tuned receptors, capable of
responding to a wide variety of linear aliphatic, cyclic, and aromatic
structures, with sulfur-containing compounds being one of the many
classes of odorants that could activate them (Grosmaitre et al. 2009;
Nara et al. 2011; Li et al. 2012; Tazir et al. 2016). In contrast to the
sensitive detection by Olfr1509 and Olfr1019 with the aid of copper
ion, broadly tuned receptors such as Olfr15 could ensure a basal
level of response to this crucial pheromone.

In addition to the previously identified Olfr1509 and Olfr15, we
found an additional mouse OR, Olfr1019, that responds robustly
to MTMT. Similar to Olfr1509, Olfr1019 requires copper for the
sensitive detection of MTMT. There is a strong possibility that there
may be other mouse MTMT receptors yet to be identified. Future
experiments involving screening assays over the complete mouse OR
repertoire may yield additional candidate receptors. Furthermore,
by using a HEK293T-based OR heterologous expression system to
screen for MTMT receptors and evaluate receptor pharmacology, it
is possible that receptor sensitivity and odor tuning may be different
from that of the in vivo conditions due to the lack of endogenous
molecules that are present in native olfactory sensory neurons and
the absence of soluble proteins and enzymatic conversions occurring
in the nasal mucus (Heydel et al. 2013; Hanser et al. 2017). Recent
technologies featuring high-throughput in vivo assays may help to
reveal additional MTMT receptors relevant to organismal responses.

Functional sites in MTMT receptor activation

Several amino acid residues, including histidine, cysteine, methionine,
glutamine, asparagine, and so on, are reported to have copper-bind-
ing abilities (Karlin and Zhu 1996). Generally, clusters containing
2 or more of these amino acids, which are separated by less than
4 amino acids, are believed to be involved in the coordination of
multiple residues to the metal ion. Wang et al. (2003) showed that
a short synthetic peptide sequence HACKE could bind to Cu*, Zn?,
or Ni?* and undergo a conformational change. They thus proposed a
consensus metal-binding site HXXC[DE] (X being any amino acid)
in the extracellular loop of human ORs between transmembrane
domains 4 and 5 (Wang et al. 2003). Olfr1509, although exhibiting
a prominent copper effect, lacks this special peptide sequence in the
second extracellular loop. By surveying all His, Cys, and Met residues
in Olfr1509, we preliminarily reported 1 site, H105, found between
the second to fifth transmembrane domains, close to the extracellular
side, that could play an important role in copper binding in Olfr1509
(Duan et al. 2012). Further mutagenesis studies and QM/MM calcu-
lations allowed us to elucidate a copper binding pocket in Olfr1509
consisting of H105/C109/N202 (Sekharan et al. 2014).

In addition to the previously identified copper-binding sites, in
this study, we identified for the first time the residue R260/R261,
which is located in the sixth transmembrane domain (TM6) and
is shared by the functional orthologs and ancestors of Olfr1509
and Olfr1019. TM6 is widely recognized as an OR-ligand-binding
region, with a highly conserved amino residue, tyrosine, playing
a crucial role in ligand binding. The hydroxyl group on the tyro-
sine side chain is reported to be very important in the function of
both the rat OR 17 (Y264) (Kurland et al. 2010) and the mouse
OR OREG (Y260) (Baud et al. 2011). This site is also conserved in
Olfr1509 and OIfr1019 (Y258/Y259), only one residue away from
R260/R261. It is probable that R260 could be directly involved in
copper binding or indirectly through hydrogen-bonding networks
within the receptor cavity.

In previous modeling work of the mouse OR MOR912-93
(Olfr154), Gaillard et al. (2004) cloned a series of MOR912-93

orthologs and tested the functions of these orthologs against
2-heptanone and 3-heptanone. They found that the human and
orangutan orthologs did not respond to either ligand (Gaillard
et al. 2004; Figure 2A); interestingly, R261 is not conserved
in these 2 orthologs like the other functional MOR912-93
orthologs. Note that this is the only residue in addition to
the R122C (human) and R121H (orangutan) mutations in the
MAYDRY motif that differs from the rest of the functional
orthologs (Gaillard et al. 2004; Figure 1A). This agrees with
our finding that Olfr1509 orthologs that lack R260, the cor-
responding site to MOR912-93 R261, exhibit a total loss-of-
function phenotype against MTMT/Cu. It is highly probable
that R261 in this receptor may be vital for MOR912-93 ligand
binding. However, further functional analysis and modeling
work is needed to validate this proposal. Alternatively, R260/
R261, being near the ligand-binding pocket of Olfr1509 and
Olfr1019, may be involved in other aspects of receptor acti-
vation, such as a hydrogen-bonding network. Our computa-
tional modeling analysis suggests that the R260/R261 residue
in Olfr1509/01fr1019 coordinates to Cu(I) both in the pres-
ence and in the absence of MTMT. MTMT binding induces
elongation of the coordination bonds Cu-N,,, and Cu-N,,
in Olfr1509 and OIfr1019, respectively, suggesting a significant
conformational change on ligand binding. It is also important
to note that the R260/R261 residue is essential for the observed
copper effect and response to odorant (MTMT) binding.
Finally, different activation mechanisms may exist for recep-
tors that do not involve metal in MTMT binding. We noticed
that the residues corresponding to the ones located close to the
proposed MTMT-binding sites of Olfr1509 and Olfr1019, that
is, Y102 and Y257 in Olfr1S5, are not conserved. Future compu-
tational and biological studies may help unveil the key residues
in non-metal-requiring sulfur receptors.

Supplementary Material

Supplementary data are available at Chemical Senses online.
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