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Odorant receptors (ORs) in olfactory sensory neurons (OSNSs)
mediate detection of volatile odorants. Divalent sulfur compounds,
such as thiols and thioethers, are extremely potent odorants. We
identify a mouse OR, MOR244-3, robustly responding to (methyl-
thio)methanethiol (MeSCH,SH; MTMT) in heterologous cells. Found
specifically in male mouse urine, strong-smelling MTMT [human
threshold 100 parts per billion (ppb)] is a semiochemical that attracts
female mice. Nonadjacent thiol and thioether groups in MTMT sug-
gest involvement of a chelated metal complex in MOR244-3 activa-
tion. Metal ion involvement in thiol-OR interactions was previously
proposed, but whether these ions change thiol-mediated OR acti-
vation remained unknown. We show that copper ion among all
metal ions tested is required for robust activation of MOR244-3 to-
ward ppb levels of MTMT, structurally related sulfur compounds,
and other metal-coordinating odorants (e.g., strong-smelling trans-
cyclooctene) among >125 compounds tested. Copper chelator (tet-
raethylenepentamine, TEPA) addition abolishes the response of
MOR244-3 to MTMT. Histidine 105, located in the third transmem-
brane domain near the extracellular side, is proposed to serve as a
copper-coordinating residue mediating interaction with the MTMT-
copper complex. Electrophysiological recordings of the OSNs in the
septal organ, abundantly expressing MOR244-3, revealed neurons
responding to MTMT. Addition of copper ion and chelator TEPA
respectively enhanced and reduced the response of some MTMT-
responding neurons, demonstrating the physiological relevance of
copper ion in olfaction. In a behavioral context, an olfactory discrim-
ination assay showed that mice injected with TEPA failed to discrim-
inate MTMT. This report establishes the role of metal ions in
mammalian odor detection by ORs.

H umans are extremely sensitive to the smell of thiols, for ex-
ample, the natural gas odorant 2-methyl-2-propanethiol
(Me;CSH), detectable at 0.3 parts per billion (ppb) (1). Spider
monkeys are yet more sensitive, detecting 0.001 ppb ethanethiol
(2). Malodorous volatile thiols and amines are protein degrada-
tion products found in putrid food, so sensitive identification of
these compounds is crucial to avoiding intoxication (2, 3). The
molecular mechanisms underlying olfactory detection of thiols are
yet to be elucidated. Strong-smelling volatiles are usually good
metal-coordinating ligands: thiols are also named “mercaptans,”
from mercurium captans (Latin: capturing mercury). Odorant
receptors (ORs) mediating odor perception have been suggested
to function as metalloproteins, whereby transition metal ions (e.g.,
Zn**, Ni**, Cu®*, and Cu™) may be required for activation of
ORs by thiol and amine ligands (4-7). In 1977 Crabtree (4) pro-
posed that “these substances bind chemically to a nasal receptor
... containing a transition metal at the active site,” that Cu(I) is
“the most likely candidate for a metallo-receptor site in olfaction,”
and that “the Cu(I) centre would be stabilized by coordination,
perhaps to a protein thiolato-group, and ... two or three addi-
tional protein S or N neutral donor groups.” Crabtree supported
his hypothesis observing that, compared with unstrained olefins,
strained olefins like strong-smelling trans-cyclooctene, “give much
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more stable complexes, e.g., [Cu,Cl,-(trans-cyclooctene)s]” (4). In
1969 Henkin and Bradley (8) suggested that the physiology of
taste involved copper. In 1996 Turin (7) proposed a key role for
zinc in olfaction. In 2003 Wang et al. (6) reported that the short
synthetic pentapeptide HACKE corresponding to a conserved
sequence in the extracellular loop of ORs could effectively bind to
metal ions and may form the basis for sensitive activation of ORs
by thiols. However, it has not been shown that intact OR proteins
rely on interaction with metal ions for function.

(Methylthio)methanethiol (MeSCH,SH; MTMT), a strong-
smelling volatile semiochemical found specifically in male mouse
urine, activates certain olfactory sensory neurons (OSNs), me-
diating attraction in female mice (9). Here we show that copper
ion is an essential cofactor for detection of MTMT and other
thiols, and frans-cyclooctene. Identification of an OR activated
by thiols and elucidation of metal ion involvement represent an
important step forward in deciphering the molecular mechanism
of olfaction, especially that of sensitive detection of thiols and
other metal-coordinating odorants.

Resuts

MOR244-3 Is Selectively Activated by MTMT. We first screened
a previously defined library of 219 mouse ORs for MTMT using an
HEK293T-based OR heterologous expression system (10-12).
Candidate ORs were further tested, and MOR?244-3 (alternatively,
MORS3 or Olfr1509) robustly responded to MTMT. To de-
termine the receptor specificity of MOR244-3, we tested for its
response against a panel containing MTMT, 19 analogs, and 24
other sulfur-containing compounds (Fig. 14 and Table S1), and a
panel of 89 diverse odors (Fig. 1B and Table S2). MOR?244-3 also
selectively responded to several analogs of MTMT, including
certain thiols, disulfides, and thiocarbonyl compounds. Simple
thiols (e.g., methanethiol and octanethiol) did not elicit a response.

Copper lon Enhances the Activation of MOR244-3 in Response to
MTMT. We examined the effects of metal ions on MOR244-3 acti-
vation. First, we supplemented the stimulation medium used for
odorant dilution with various metal ions. The addition of Cu**

Author contributions: E.B., M.M., H.M., G.-Q.C., and H.Z. designed research; X.D., Z.L,, T.C,,
J.Z,ZH., XS, Y.P, LW, QC, MM, H.M., and H.Z. performed research; E.B., S.T., and S.Z.
contributed new reagents/analytic tools; X.D., E.B., Z.L,, T.C,, J.Z,, X.S., M.M., H.M., and
H.Z. analyzed data; and E.B., H.M., and H.Z. wrote the paper.

Conflict of interest statement: The authors declare a potential conflict of interest. The
authors plan to submit a patent application relevant to the work.

This article is a PNAS Direct Submission.

Freely available online through the PNAS open access option.
'X.D., E.B., and Z.L. contributed equally to this work.

2H.M. and H.Z. contributed equally to this work.

3To whom correspondence may be addressed. E-mail: hiroaki.matsunami@duke.edu or
hanyizhuang@sjtu.edu.cn.

This article contains supporting information online at www.pnas.org/lookup/suppl/doi:10.
1073/pnas.1111297109/-/DCSupplemental.

www.pnas.org/cgi/doi/10.1073/pnas.1111297109


http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1111297109/-/DCSupplemental/st01.doc
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1111297109/-/DCSupplemental/st02.doc
mailto:hanyizhuang@sjtu.edu.cn
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1111297109/-/DCSupplemental
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1111297109/-/DCSupplemental
www.pnas.org/cgi/doi/10.1073/pnas.1111297109

2
A ¢
S
S ©
& N
& &
g &
,b(\b S & &L
& gﬁ& &
N & P el
S S & & S
X y G
24 /'
2
=
5 2 l
<
3
2 16 b
2
s
3 12
B T
N o8
T
€
S 04
z T1
.
0 i
22 2228
Ak 2EgS
558 22882
S£E o0 <
] 333
EE §°<
33 s £
555 > £
SS8 : =
258 <
£33
SES
R
B alcohols ketones aldehydes
NG e \
M] _
od slaianncifanfilnae _ snanalloil _salocluanaluilan
gggg2 SRR PR R E RS EETETETEEEE
SOT5 0 E 5000000000000 T00EC0EHOaa@eG ™ B >=
£o8s2 2203222232223 E£c2ce28FEEEg GIE
> 5385 65583588 a $5 g CEESS3885086% s
£ 28588 SRSl ol8PCgunl2c582 2005552007
2 TP0= >?508coo55005E75R8538varr®z0QTS >
g s £ o ©o0 o5 o€ [ TS =
5 & 0 £ o 59922058880y = 452 B
< ps 8 & FFLTSSTsoNE 3ILTTTE 5] £
jo! £ JBN32TYES FTTEES 2 =
@ = T 52>05% 23 T im)
2 5 3 >EE<RE Q = 3
o} 2 345 t d 3 &
© 2 o o o) &
2 g o o
2 £
E =1
2 3
2 =
& <
é carboxylic acids esters hydrocarbons  others
g 08 ,A\
Z 06 Ie '
0.4
0.2 L I
° ini. s-Banalacaninnanalineacallo.n.nn::
TTUTTTTTTTTTITOULLLLLLLLLLLLODLVLLDLVLOD55PDOQQD
ZToDTUTUDTUTDUTTLLLL002000D0 000DV VVOODVD5520020
EEEEEEEEEEEE I R N A e kb k- k k E A R - L L L
EEETEEErT8882S 5SS >0050 000000080 E NEECoBaCNRE
00OV VLYY §22895223c5520888888888503862%2¢c¢e¢8s
2EeE2E8888 £03°3533588200003000802838 5520 >0
5220022822 Z£2 8259008880555 55355 oSgS55ELE A ZE
53330 TEEEERB53g2>500035°022222222222 X5 0%= 23
2RSS RELETBOTO L2257 SEFTECECEES 35 S2E  £3
S 238 SEEe5Ss--£>3335885558808 00 SEE 3
oT oz g8o e~ L3RS ELEZOL08EE5L2D 54 S5 20
ce 2212920 SGT25F2UgES T 888325 32 0353 e
g Sz zaza ~g= o°-Fu 5 g 53 @
= £ 52 2 = S o
<+ b oz < i
& w
2
9
o
Fig. 1. MOR244-3 is selectively activated by MTMT and other sulfur-con-

taining odors. Responses of MOR244-3 to (A) MTMT and a sulfurous odor
panel containing 19 MTMT analogs and 24 other sulfur-containing com-
pounds and (B) a diverse odor panel containing 89 compounds. The con-
centration of all odors used was 30 uM, except when cell toxicity was
observed, the maximally tolerant concentrations were used, including 0.3
uM for 2-(methylthio)ethanethiol and 10 uM for 2-mercaptobenzothiazole
and 2-mercaptopyridine. All responses are normalized to the response to
MTMT. For all figures, normalized luciferase responses are shown as mean +
SEM (n = 3). Odorants are color-coded by structural features and functional
groups. For odorants with multiple functional groups, the functional group
with the highest oxidation state is used for categorization.

induced a stronger response of MOR244-3 to 30 uM MTMT (Fig.
2A4). This effect intensified with increasing Cu®* concentrations up
to 30 pM. The total copper concentration in mouse nasal mucus
measured by inductively coupled plasma-mass spectroscopy is also
in the micromolar range [41.7 + 2.8 pM (mean + SD, n = 2)],
similar to that of the cell culture system. Although we introduce
extracellular copper as Cu®*, owing to the reducing environment
of most cells, intracellular copper may exist mainly as Cu'™", pre-
sumably the form in which it reduces S-S bonds and forms odorant
complexes (13). Other metal ions tested (e.g., Ni**, Co**, Fe*,
Mg®*, and Zn?*) did not affect receptor activation (Fig. 24).
When the Cu®* concentration was fixed at 30 pM, the response of
MOR?244-3 against increasing concentrations of MTMT had a
>20-fold decrease in ECs, values and higher saturation responses
compared with the negative control with basal level of copper
[~0.6 pM (Table S3)], indicating higher potency and efficacy of
MOR?244-3 in the presence of Cu>* (Fig. 2B). In contrast, adding
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30 uM Ni?*, Co**, Fe*, Mg?*, Zn?*, Au®™, 10 uM Pt**, or 5 pM
Ag* did not enhance receptor activation compared with the
control. Although Au®*, Pt**, and Ag™ do not occur naturally,
they are found in E)harmaceuticals such as the chemotherapeutic
agent cisplatin (Pt**).

We used the GloSensor assay to measure real-time changes in
cAMP levels caused by receptor activation upon ligand addition.
MOR?244-3 was robustly activated only in the presence of both
Cu?* and MTMT. MTMT alone elicited a much diminished
response, and adding Cu®* alone did not elicit a response (Fig.
2C). This effectively excluded the possibility of MOR244-3 act-
ing as a copper receptor. Finally, we directly measured the
change in levels of cAMP after the activation of the receptor by
MTMT. We observed an increase in cAMP concentration only in
the presence of 30 uM Cu?* (Fig. S14).

To further validate the effect of copper in MOR244-3’s response
to MTMT, we next determined whether copper deficiency would
reduce receptor activation. We supplemented the stimulation
medium with the membrane-permeable, high-affinity copper che-
lator tetraethylenepentamine [(H,NCH,CH,NHCH,CH,),NH;
TEPA]. When the concentration of Cu®" was fixed at 10 pM, in-
creasing TEPA decreased the response of MOR244-3 to 10 pM
MTMT (Fig. 2D). Notably, adding 10 pM TEPA to the medium
without exogenous Cu®* entirely abolished the receptor’s response
to 30 pM MTMT, indicating that basal levels of Cu®* in the
stimulation medium are required for MOR244-3 activation by
MTMT. Furthermore, when the TEPA concentration was fixed at
10 uM, receptor activity was rescued by increasing Cu** concen-
tration. This suggests that excess Cu?* reversed TEPA activity,
reinforcing the role of copper ion in the enhancement of receptor
activity (Fig. 2D). The effect of TEPA was also confirmed in the
more direct measurement of cAMP (Fig. S1B).

Specificity and Selectivity of the Copper lon Enhancement Effect. We
investigated the structural requirement for the copper effect by
profiling MOR244-3’s response against a panel of 19 MTMT
analogs (Fig. 3 and Tables S1 and S4). A previous study showed
that conformers and isomers selectively activate an OR (14).
Because of the simplicity of MTMT (1; Fig. 34), a limited number
of structurally related compounds are possible; for example,
isomeric with MTMT or differing (i) by addition of one or two
carbon atoms and associated hydrogens, or of two oxygens (giving
a sulfone), (i) by deletion of two hydrogen atoms, or (iii) by
replacing the thioether sulfur with selenium. Isomerization or
atom addition, deletion, or substitution could alter the number of
thiol and thioether groups, change the steric crowding at the
sulfur atoms and the bulk of resulting copper complexes, modify
the ligand “bite angle,” alter the S-H acidity, change the avail-
ability of thioether electron pairs, and affect the compound lip-
ophilicity, in turn, potentially modifying the corresponding
copper complex and its protein docking ability.

Replacement of the MTMT methyl group by ethyl in 2 has no
effect on activity (modest steric effect), whereas addition of a
methyl group on the carbon between the sulfur atoms (17), ad-
dition of both the ethyl in 2 and methyl in 17 (5), or replacing ethyl
with tert-butyl (6) diminishes the activity (greater steric effects,
more lipophilic). Interestingly, methanethiol (16) shows a signifi-
cant copper effect (Fig. 3B), albeit at much higher concentrations
than 1, whereas octanethiol remains unreactive with or without
copper. Although copper(I) thiolates derived from unhindered
thiols such as 16 are polymeric or form polynuclear clusters (15,
16) [e.g., (MeSCu), ], displacement of methylthio groups on cop-
per by available OR cysteine thiol groups (the small size of MeS
should favor such known rapid ligand exchange) (17) would allow
the resultant copper methanethiolate to be accommodated in the
OR, although not as comfortably as the MTMT complex. The
confined space within the OR active site, where Cu'* is ligated by
OR amino acids, disfavors conversion of OR-bound (MeS),L,Cu
to (MeSCu),. Both of the above processes would fail with the
larger octanethiolate complex: octanethiolate would be less easily
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displaced from copper and when complexed in the OR, less easily
accommodated in the binding site.

Disulfides 19, found in male mouse urine, and 20, an MTMT
oxidation product (9), elicited strong responses by the receptor.
For these two compounds there was also a dramatic reduction in
the response by basal level of copper ion in the medium when
30 pM TEPA was added. These observations are consistent with
reports on the ability of a neighboring electron-donor in disul-
fides “that enhances the electron transfer from Cu(I) to the
disulfide leading to S-S bond scission” (18) (e.g., the methylthio
groups in 19 and 20), because dimethyl disulfide (14) is not re-
duced under these same conditions. The latter observations re-
quire that (i) thiolate (not its oxidation product) itself is present
in the OR, leading to the strong copper effect; (i) disulfides
derived from oxidation of thiols and the precursor thiols them-
selves give a common copper complex when docked in the OR.
Most activity is retained when the thioether sulfur is replaced by
selenium in 7 and on removal of two hydrogens giving dithioester
3; good activity also remains with trithiocarbonate 12. Consid-
eration of compounds 4, 9-11, 13-15, and 18 is provided in S/
Results and Discussion.

Taken together, our data suggest that the most active complexes
involve sulfur compounds of type RX(CH,),S (X = S or Se; n =
1-3; R = Me or Et), with one terminal thiolate (C-S") or thio-
carbonyl (C=S) sulfur. Interestingly, although the addition of 30
pM TEPA reduced the responses of most of these compounds
owing to the presence of basal level of copper ion in the medium,
the two thiocarbonyl compounds, 3 and 12, elicited unchanged
levels of response with TEPA. This observation suggests that the
binding of 3 and 12 to MOR244-3 may be different from that of all
of the other sulfur compounds, possibly because they involve
a thionyl ligand (C=S-Cu), as seen in the bacterial copper ac-
quisition compound methanobactin (19), rather than the more
commonly found thiolate (C-S-Cu). Interactions between the
thiocarbonyl groups and OR protein aromatic rings (20, 21) and/
or OR hydrogen bond donors are possible with 3 and 12.

A few other compounds containing nitrogen, such as cyste-
amine and trimethylthiazoline (TMT; Fig. S24), which did not
elicit a response without copper, evoked a prominent response
after Cu?* addition. In addition, we found that a variety of less
potent ligands structurally and functionally distinct from MTMT
emerged in the larger odorant panel upon Cu?*addition. In
particular we found a positive copper effect with frans-cyclo-
octene, conducting the experiments in the dark to avoid trans-to-
cis isomerization (Fig. S2B). Other ligands showing copper
effects included heptanal, lyral, cineole, and phenylethanal,
representing chemicals of diverse structural features containing
aldehyde and ether moieties. We generated dose-response
curves for all of these ligands and confirmed that eight of them
were bona fide, yet weaker, ligands of MOR244-3. All of these
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Fig. 2. Copper ion enhances the activation of MOR244-3 in
response to MTMT. (A) Dose-response curves of MOR244-3
against 30 pM MTMT with increasing concentrations of various
metal ions supplemented in the cell culture medium. (B) Dose—
response curves of MOR244-3 against increasing concen-
trations of MTMT with the concentration of different metals
held constant at 30 uM, except for PtCl, and AgNOs, which
were 10 pM and 5 uM, respectively. (C) Real-time measurement
of MOR244-3 activation in the presence of 30 yM Cu®* and/or

30 pM MTMT as measured by a GloSensor assay within 30 min

of odorant addition. Arrow indicates odorant addition. (D)

Responses of MOR244-3 to 0 and 30 uM MTMT with 10 pM Cu?* or
s TEPA and increasing the amount of TEPA or Cu?*, respectively. In
> this and subsequent figures, all responses are normalized to the
S highest response to MTMT. For C, y axis represents luminescence,
shown as mean + SEM (n = 6).

nonthiol odorants exhibited the copper ion enhancement effect
on receptor activation (Fig. S2C). A common feature of these
nonsulfurous ligands is the presence of one or more oxygen
atoms with lone pairs capable of metal coordination, suggesting
that these molecules can potentially coordinate copper ions.

Finally, we also tested random OR-ligand pairs, including the
known human OR for a thiol, all showing no observable differ-
ence with or without Cu** (Fig. S2D), indicating that the copper
ion enhancement effect is specific to MOR244-3. The above
results collectively showed that although MOR?244-3 is a broadly
tuned receptor for sulfurous and other potentially metal-co-
ordinating compounds, the copper ion enhancement effect is
only observed for ligands within certain structural limits.

Modeling MOR244-3 Receptor-Ligand Interaction with a Candidate
Copper-Binding Site. Copper, a micronutrient playing an essen-
tial role in biology, is a cofactor for various enzymes. The copper
ion involved in OR activation could originate from inside the
cell, where it could be assembled with the receptor during
protein biosynthesis, or from outside the cell, where it could
bind to the cell-surface receptor or to the ligand before activa-
tion. Our data suggest that copper is probably not required for
the biosynthesis of functional MOR244-3 (SI Results and Dis-
cussion) but may rather originate from an extracellular source.
If an OR relies on the copper ion as a cofactor for activation, the
copper ion may bind to the OR itself and/or to the ligand. To
address this, we combined a site-directed mutagenesis approach
with a homology model of MOR244-3. First, to elucidate the
mechanism underlying the copper enhancement effect of
MOR244-3, we attempted to map the potential copper-binding
site in this OR. Wang et al. (6) proposed a metal-binding site
consisting of metal-coordinating amino acids, histidine, and
cysteine, in a consensus sequence HXXC|[DE] in the second
extracellular loop in ORs, X being any amino acid. However,
MOR?244-3 lacks this motif in the EC2 domain, instead having
the sequence SYFCD. Turin (7) proposed another candidate
pentapeptide metal binding site, CGSHL, in the cytoplasmic
end of TM6.

Given these speculations and the facts that amino acid resi-
dues histidine, cysteine, and methionine frequently coordinate
copper in cuproenzymes (22-25) and that the amino acids distant
from each other in the primary structure may be closely inter-
acting in actual spatial arrangement, we constructed a series of
single-site mutants, changing all methionines to alanines, all
histidines to arginines, lysines, tyrosines, leucines, valines, phe-
nylalanines, asparagine, and/or alanines, and all cysteine residues
to serines, valines, and/or phenylalanines in MOR244-3 on the
basis of structural or evolutionary conservation and asked how
the respective mutations affected MOR244-3 activation by
MTMT in the luciferase assay (Fig. S3). Some of the mutations
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Fig. 3. Structural requirements of the copper ion enhancement effect of
MOR244-3. (A) Structural relationship between MTMT and its analogs. Odors
boxed with solid lines are those with prominent responses in the presence of
30 pM Cu?*, and odors boxed with dashed lines are those with less prominent
responses, as defined by a more than 50% reduction in efficacy compared
with MTMT. Unboxed odors did not elicit MOR244-3 response. (B) Dose—re-
sponse curves of MOR244-3 to representative sulfur-containing compounds
with and without 30 uM exogenous Cu®*addition. For odors with a signifi-
cant response in the absence of exogenous Cu?*, as defined arbitrarily by
a top value greater than 0.32, dose-response curves with 30 uM of TEPA are
also shown. The chemical structures of the respective compounds are shown
in the upper left-hand corners. F tests were used to compare the pairs of
dose-response curves with or without Cu?*. Asterisks represent significance
of P values after Bonferonni corrections. **P < 0.01 (n = 3).

did not significantly affect the Cu?*-induced enhancement when
stimulated by three concentrations of MTMT, excluding these
sites as copper- and/or ligand-binding, whereas some of the sites
reduced the response of MOR244-3 both with and without Cu?*.
The rest of the sites, including C97, H105, H155, C169, C179,
and H243, abolished responses to MTMT completely when
mutated, regardless of Cu” (Fig. S3B). Of these, we found that
mutants C97S, H155R, C169S, C179S, and H243R, but not
H105K, have little or no cell-surface expression (Fig. S3C),
suggesting that these mutants lost their functions as a result of
defects in receptor folding/trafficking. The H105K loss-of-func-
tion mutation may either disrupt copper/ligand binding or lead to
general receptor defects, by affecting downstream signaling.
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Fig. 4. Physiological relevance of copper in the detection of MTMT. (A-D)
MTMT responsive OSNs are present in the SO. (A) In a single non-SR1 cell,
inward currents were elicited by MTMT pulses with varying length from 0.025
t0 0.5 s. (B) The dose-response curve was fitted by grouping the data from six
cells tested by MTMT pulses with different lengths. For each cell, the peak
current induced by a pulse was normalized to the maximum response in that
cell. (C) In some cells, the MTMT (10 uM) response was facilitated by adding
30 uM Cu?*. (D) In some cells, the MTMT response (10 uM) was reduced by
adding 30 uM TEPA. In C and D, the thick trace was averaged from three trials
under that condition (thin lines). All recordings were performed under volt-
age clamp mode with a holding potential of —60 mV. (E) Mice were trained to
associate either eugenol or MTMT with sugar reward. On the test day, mice
were injected with dH,0 or TEPA and then tested for the ability to discrimi-
nate the two odors. Left: TEPA injection specifically abolishes olfactory de-
tection of MTMT. Right: Recovery of olfactory discrimination ability for
eugenol and MTMT 2 d after TEPA injection. Two days after the initial testing,
mice were retested for the recovery of the ability to discriminate the two
odors. The y axis represents time spent investigating each odorant during the
9-min test period, shown as mean + SEM. Paired t test was used to compare
the investigation times between groups. *P < 0.05 (n = 4). (F) A model for OR
activation involving copper ion as a cofactor with the copper ion binding to
the ligand for subsequent binding of the copper ion-odor complex to the OR.

odorant -"
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Notably, this mutant retains the ability to respond to some of
MOR244-3’s nonsulfurous ligands (e.g., cineole) and to ligands
with no copper effect (e.g., dimethyl sulfide), indicating that the
mutant receptor is intact and that this residue might be at the
interface of MTMT and/or copper binding (Fig. S4A4).
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MOR244-3 was modeled on the basis of the closest-matching
structure turkey p1 adrenergic receptor [Protein Data Bank entry
2VT4, resolution 2.7 A] (26). We scarched for candidate ligand
pockets as implemented in POCASA (http://altair.sci.hokudai.
ac.jp/gb/service/pocasa/), which predicted a binding pocket
formed by the loops and transmembrane domains facing the
extracellular side of the receptor (Fig. S4B), consistent with the
location of a possible ligand-binding pocket in ORs (27-30).
Notably, H105 is found between the second to fifth trans-
membrane domains close to the extracellular side, representing
a plausible copper coordinating residue. Thus, MTMT and
copper ion may share a binding site in this region. Alternatively,
the pocket could harbor an allosteric copper-binding site, im-
portant for ligand binding.

MTMT-Responsive OSNs Are Abundantly Present in the Septal Organ
(S0). To confirm that in situ OSNs can respond to MTMT, we
performed perforated patch clamp recordings in the SO, which
expresses SR1 and MOR244-3 in high abundance (31, 32) (Fig.
S54). Because copper is present in the olfactory mucosa, we
expected to observe MTMT responses among the non-SR1
cells. In fact, of 132 cells recorded, 76 cells or 58% responded to
MTMT in a dose-dependent manner (Fig. 4 4 and B). This
percentage is higher than that of MOR244-3 cells (27%) in the
non-SR1 cells of the SO, suggesting that additional ORs in the
SO are responsive to MTMT. We used in vitro screening to test
this possibility and found that another OR, MOR256-17,
showed robust responses to MTMT (Fig. S5B). Interestingly,
the MTMT responses of MOR256-17 were not modulated by
copper addition. These results indicate that MTMT-responsive
cellsin the SO are heterogeneous in their OR choice and in their
modulation by copper. Consequently, we expect to observe
different modulations of MTMT responses by copper. From 32
cells tested by adding copper together with MTMT, the MTMT
responses were enhanced in 12 cells (38%) (Fig. 4C), unchanged
in 15 cells (47%), and, curiously, decreased in five cells (16%).
Similarly, MTMT responses of the SO cells showed different
modulation by TEPA; TEPA reduced the MTMT responses in
36% of the cells (n = 50) (Fig. 4D) but had no effect in other
cells (64%). The patch clamp data indicate that many cells in the
SO are capable of responding to MTMT in the absence of ex-
ogenous copper, suggesting that mice can readily detect these
compounds in the urine. Depending on the OR identity and the
endogenous copper concentration in the olfactory epithelium,
these cells show heterogeneous modulation by copper and
its chelator.

In Vivo Injection of TEPA Abolishes Olfactory Recognition of MTMT.
To assess the role of copper in the perception of MTMT in
a behavioral context, we performed an olfactory discrimination
assay using food-restricted mice that were trained to associate
either eugenol or MTMT with sugar reward. On the test day, we
first performed bilateral injection of the copper chelator TEPA
into the nasal cavities of the mice. The mice were then exposed to
both odorants in a testing cage, and the time spent investigating
the odorants was scored. Mice trained to associate MTMT with
sugar reward spent significantly less time investigating the odor
after TEPA injection, suggesting that they had lost the ability to
recognize the odor (Fig. 4E, Left). The group of mice trained for
the nonsulfurous odorant eugenol could always discriminate the
odor with or without TEPA injection, indicating that the negative
effect of TEPA on olfactory discrimination is specific to MTMT
(Fig. 4E, Left). Consistent with metabolic clearance of TEPA, the
group trained to recognize MTMT regained olfactory discrimi-
nation ability 2 d after TEPA injection (Fig. 4E, Right). The
results from the behavioral experiment indicate that copper is
required for the olfactory detection of MTMT.

Discussion

Humans have an exquisitely sensitive sense of smell toward low
valent sulfur compounds. The possible involvement of metal ions
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in olfaction has long been postulated (4, 6). However, the de-
finitive role of metal ions in odor-evoked activation of the ORs is
unknown. In this study, to evaluate the hypothesis, we used
MTMT, a thiol and also a semiochemical in male mice urine that
attracts female mice and activates mitral cells in the main ol-
factory bulb (9). By screening a panel of mouse ORs, we iden-
tified a highly potent OR for MTMT; importantly, we found that
the function of the MTMT OR was greatly enhanced in the
presence of Cu®", allowing ppb detection of MTMT. We thus
hypothesized that a copper-ligand complex would present more
stable interaction with the ORs than the ligands without copper.

Past studies have shown the involvement of metal ions at the
interface of protein-ligand interaction, such as the Arabidopsis
ethylene receptor ETRI1 that has a copper ion bound to 1ts
transmembrane domain (33). Certain metal ions, such as Zn**
can also modulate G protein-coupled receptor (GPCR) activa-
tion, including chemokine receptor CXCR4, the p-opioid
receptors, and the melarnocortin receptors (34-37). How does
copper ion enhance MOR244-3 receptor activation? Our data
are congruent with the model that the overall thiolate—copper
complex is more conformationally constrained, or smaller and
more spherical in overall extension, than the free “odor” struc-
ture. A wide range of structure types are known for complexes of
Cu!* and Cu?* with thiol, thiocarbonyl, thioether, selenoether,
and disulfide groups, alone or in various combinations. In the
case of MOR244-3, Cu'* could simultaneously bind to ligands
1-20 and OR protein’s nitrogen, sulfur, or oxygen functionalities
affording a variety of structures. As implied by Fig. 4F, the li-
gand-copper complex would have to be of an appropriate size to
fit into a receptor pocket. Furthermore, the ligand should not
bind to copper so tightly so as to preclude complexation by the
receptor protein, as is the case with TEPA, and presumably 1,2-
and 1,3-dithiols.

By way of background on copper complexes of thiolates, the
following is known. (i) Thiolates can act as monodentate or as
bridging ligands between two copper centers; very bulky thiolates
favor mononuclear copper thiolates. (if) Thiolates can act as re-
ducing agents, formlng disulfides, hampering synthesis of thiolate
complexes of Cu®*; however, copper complexes of disulfides are
also known, as are those of thloethers or selenoethers, all of which
are relatlvely poor ligands. (iii) Cu'* can reduce disulfides to thi-
olates when the disulfide contains additional chelating groups (38).
(i) Cu** uses coordination numbers 4 (square planar), 5 (trlgonal
bipyramid or square pyramid), or 6 (octahedron), whereas Cu'*
prefers coordination numbers 2, 3, 4 (tetrahedral), and occasion-
ally 5 (square pyram1d) Representatlve examples of various types
of Cu'* ‘and Cu?* complexes involving divalent sulfur ligands are
described in Table S5. Future crystallization studies may elucidate
the structure of the copper-MTMT complex. Our proposed model
of copper simultaneously binding to OR protein residues and thiol/
thiolate as well as thioether or selenoether groups in odorants
MeX(CH,),SH may be analogous to the binding that occurs in
blue copper proteins, which involves simultaneous binding to cys-
teine and methionine (or selenomethionine) (39-41). Sophisti-
cated molecular dynamics simulation studies may be required to
resolve the precise mode of interaction among the receptor-li-
gand-metal trio associated with odorant docking.

Materials and Methods

Chemicals. All odorants, except for those described in S/ Materials and Meth-
ods, as well as CuCly, NiCly, and ZnSO,, were purchased from Sigma-Aldrich,
Contech Inc. (TMT), Sinopharm (CoCl,, AgNO3), or Aladdin Reagent Database
Inc. (FeCls, AuCls, and PtCly). The chemicals were dissolved in DMSO or ethanol
and diluted further into working concentrations before experiments.

Dual-Glo Luciferase, GloSensor, and cAMP-Glo Assays. HEK293T and its derived
cell line Hana3A and that containing ATP7A/B RNAI constructs were grown in
minimum essential medium (HyClone) containing 10% FBS at 37 °C with 5%
CO,. Lipofectamine 2000 (Invitrogen) was used for transfection. Luciferase
assays were performed as previously described (11). An F test was used to
compare the best-fit values of ECso, top, and Hill slope between the pairs of
dose-response curves with or without copper ion. Bonferroni corrections
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were applied to account for multiple comparisons. For GloSensor and cAMP-
Glo assays, Hana3A cells were plated onto 96-well plates (Biocoat; Becton
Dickinson Biosciences). After 18-24 h, OR and mRTP1S (and a GloSensor
plasmid in the case of GloSensor assay) were transfected into cells. Twenty-
four hours after transfection, the cells were stimulated with odorants plus
various concentrations of metal ions dissolved in CD293 (Invitrogen). We
used the GloSeneor (Promega) and cAMP-Glo (Promega) kits and followed
the manufacturer’s protocol for measuring chemiluminescence. Additional
materials and experimental procedures are given in S/ Materials and
Methods.
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