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a b s t r a c t

Heterologous functional expression system for odorant receptors (ORs) is essential for investigating the
structure–activity relationship (SAR) of various ligands. Different systems that coexpressed ORs with
different G-protein � subunits (G�) demonstrated inconsistent effects on weak agonists and antagonists,
but retained original relative sensitivities to potent agonists. In order to maintain the binding specificity of
G� to ORs, we constructed a chimeric G� , which contained the G� sequence with the conserved C-
eywords:
dorant receptor
eterologous functional expression
EK293
alcium imaging
�

15 olf 15

terminal region of G�olf. The Ca2+ responses of the HEK293 cells that coexpressed OR-S6 with G�15 olf were
more robust and reproducible compared to those of cells that coexpressed OR-S6 with G�15. Furthermore,
G�15 sometimes induced unstable Ca2+ responses that limited the accuracy of quantitative comparison
of peak responses. Our results showed that a heterologous expression system that coexpressed ORs with
G�15 olf and receptor transporting proteins was suitable for SAR analysis of various ligands.
TP
R-S6

. Introduction

In mice, approximately 1000 different odorant receptors (ORs),
hich belong to G-protein-coupled receptors (GPCRs), discrimi-
ate and detect a subset of odorants in the respective olfactory
ensory neurons (OSNs) (Buck and Axel, 1991; Sato et al., 1994;
alnic et al., 1999; Mori et al., 1999; Touhara et al., 1999; Zhang

nd Firestein, 2002; Hamana et al., 2003; Araneda et al., 2004). To
lucidate the molecular basis of odor discrimination mechanism, it
s necessary to determine the odorant specificity of each OR; it is
xamined by determining the structure–activity relationship (SAR)
f various ligands for a target OR. At present, the detailed odorant
pecificities of ORs have been mostly unknown, partly because of
he experimental difficulty in identifying responses of identical ORs
rom an average OSN subpopulation of as low as 0.1%.

The discovery of the receptor transporting proteins (RTPs)
nabled the heterologous functional expression of many ORs (Saito

t al., 2004). However, some of different systems that coexpressed
ifferent � subunits of G-proteins (G�) demonstrated inconsis-
ent effects on weak agonists and antagonists and showed similar
elative sensitivities to potent agonists (Krautwurst et al., 1998;
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Floriano et al., 2000; Kajiya et al., 2001; Saito et al., 2004; Katada
et al., 2005; Shirokova et al., 2005; Abaffy et al., 2006, 2007;
Zhuang and Matsunami, 2007). OR-S6 that was specifically sensi-
tive to nonanedioic acid (cc9) and possessed the charged amino acid
residues at the conserved positions (Malnic et al., 1999) was classi-
fied into class-I OR (Zhang and Firestein, 2002). Octanoic acid (mc8)
was reported as an agonist for OR-S6 in HeLa/15 cells that coex-
pressed G�15, while it was shown to be an antagonist of the same
OR in HeLa/Olf cells that coexpressed G�olf (Shirokova et al., 2005).
In order to conduct a detailed SAR analysis of several series of lig-
ands in heterologous functional expression systems, we considered
the structure of G�.

In the OSNs, odorant signals activate ORs and are transfered
to G�olf and amplified by 2 subsequent processes. First, the signal
is amplified by the cyclic adenosine 3′,5′-monophosphate (cAMP)
2nd messenger system via G�olf-dependent adenylyl cyclase and
resulted in generation of receptor potential by inward currents
through cAMP-gated channels (Lancet, 1986; Nakamura and Gold,
1987; Jones and Reed, 1989; Bakalyar and Reed, 1990; Gold, 1999;
Takeuchi and Kurahashi, 2005). Second, the inward Cl− currents
through Ca2+-dependent Cl− channels, which is activated by intra-
cellular Ca2+ passed through cAMP-gated channels, amplifies the
receptor potential in a nonlinear manner (Kleene, 1993; Kurahashi
and Yau, 1993; Lowe and Gold, 1993). Subsequently, the receptor
potential causes a transient Ca2+ increase via Ca2+ influx through

voltage-dependent Ca2+ channels (Sato et al., 1991; Sato, 1994;
Zufall et al., 2000). Because OSNs endogenously contain all the
signal cascade components required for signal amplifications and
cause a transient increase in Ca2+ levels, isolated OSNs are ideal for
measuring relative sensitivities of a particular OR by Ca-imaging

http://www.sciencedirect.com/science/journal/01650270
http://www.elsevier.com/locate/jneumeth
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Hirono et al., 1992; Sato et al., 1994; Malnic et al., 1999; Touhara
t al., 1999; Hamana et al., 2003). However, isolated OSNs show
gradual decrease in odor responsiveness, because of apoptosis

nduction due to cutting the axons during isolation (Carson et al.,
005). Thus, it is necessary to develop a functional expression sys-
em to elucidate the detailed SRA analysis of several series of ligands
or a target OR. Notably, G�15 was used to drive the OR-induced Ca2+

ncreases via the activation of the inositol 1,4,5-trisphosphate (IP3)
ignaling cascade because of its low specificity for GPCRs (Kajiya et
l., 2001; Katada et al., 2005; Shirokova et al., 2005; Touhara, 2007).

In this study, we used a transient expression in HEK293 cells
Krautwurst et al., 1998; Kajiya et al., 2001) and investigated the
ffects of different G� on odorant responsiveness of a few ORs by
etermining the differences in cellular Ca2+ responses. In order to
aintain the binding specificity of G� to ORs, we constructed a

himeric G�15 olf, which mostly contained G�15 sequences (Kajiya
t al., 2001) along with the conserved the C-terminal region of G�olf
Jones and Reed, 1989). The HEK293 cells that coexpressed OR-S6
ith G�15 olf demonstrated more rapid and robust responses to

dorants compared to those that coexpressed OR-S6 with G�15.
urthermore, G�15-expressing cells sometimes showed unstable
a2+ responses that limited the accuracy of quantitative compari-
on of response amplitudes. Our results showed that a heterologous
xpression system that coexpresses RTPs and G�15 olf was suitable
or determining the detailed odorant specificities of target ORs.

. Materials and methods

.1. Odorants

All odorants of the available purest grades were commercially
urchased. Heptanol (mh7), octanol (mh8), nonanol (mh9), decanol
mh10), heptanoic acid (mc7), mc8, nonanoic acid (mc9), decanoic
cid (mc10), and dodecanoic acid (mc12) were purchased from
luka through Sigma-Aldrich (St. Louis, MO, USA); undecanoic
cid (mc11), decanedioic acid (cc10), 8-bromooctanoic acid (bc8),
R)-(−)-carvone (R-car), and (S)-(+)-carvone (S-car) from Sigma-
ldrich; heptanedioic acid (cc7), octanedioic acid (cc8), and cc9

rom Wako Chemical Co. (Osaka, Japan); 7-bromoheptanoic acid
bc7) and 9-bromononanoic acid (bc9) from Matrix Scientific Inc.
Colombia, SC, USA). Odorants were dissolved in imaging buffer
140 mM NaCl, 5 mM KCl, 1.8 mM CaCl2, 1.2 mM MgSO4, 10 mM
EPES, 10 mM glucose, 1.2 mM KH2PO4, pH 7.2).

.2. Construction of expression vectors

A synthetic DNA encoding the first 20 amino acid residues of
uman rhodopsin (MNGTEGPNFYVPFSNATGVV), which included
indIII and EcoRI recognition sequence at the 5′- and 3′-end,

espectively, was introduced into the multiple cloning sites of
hCMV1 vector (Genlantic Inc., San Diego, CA, USA). This vector
Rho-tag/phCMV1) was used for the expression of the rhodopsin-
agged OR. The coding sequence of the OR-S6 was amplified from

ouse genomic DNA by polymerase chain reaction (PCR) and
loned into the EcoRI/BamHI sites of Rho-tag/phCMV1. The other OR
xpression vectors were constructed in the same manner. The cod-
ng sequences of RTP1 and RTP2 were amplified from mouse brain
oly (A) + RNA by reverse transcription (RT)-PCR and cloned into
he EcoRI/KpnI and HindIII/BamHI sites of phCMV1, respectively.
himeric G�15 olf was designed in such a way that the C-terminal

egion of Golf � subunit, which was a determinant of binding speci-
city of G� to GPCRs (Conklin et al., 1996; Saito et al., 1999),
as conserved. To construct the G�15 olf expression vector, we

mplified G�15 cDNA by RT-PCR from mouse brain poly (A) + RNA
nd cloned into the BamHI/XbaI sites of pBK-CMV (Stratagene Ltd,
ce Methods 185 (2010) 213–220

Cambridge, UK) that has a deletion of NheI–SpeI fragment. The
KpnI–XbaI fragment of G�15/pBK-CMV, which encodes the last 9
amino acids and stop codon of G�15, was replaced with the syn-
thetic DNA. The resultant vector (G�15 olf/pBK-CMV) could express
the chimeric G�15 olf, in which the last 7 amino acids (LDEINLL) of
G�15 were replaced by the last 7 amino acids (LKQYELL) of rat G�olf.

2.3. Heterologous functional expression of ORs in HEK293 cells

HEK293 cells (human embryonal kidney 293 cells, JCRB9068)
were purchased from the Japanese Cancer Research Resource Bank
(JCRB) Cell Bank through the Health Science Research Resource
Bank (Osaka, Japan). The HEK293 cells were cultured and allowed
to proliferate, following which they were frozen with freezing
medium containing 90% heat-inactivated fetal bovine serum (FBS)
and 10% dimethyl sulfoxide in stock tubes at −80 ◦C, and stored in
liquid N2. OR-S6, OR-S83 (Malnic et al., 1999), OR-car-c5 (MOR130-
2), OR-car-n266 (MOR202-37), or OR-car-n270 (MOR186-2) (Zhang
and Firestein, 2002; Hamana et al., 2003) was expressed in HEK293
cells (Krautwurst et al., 1998) along with RTP1, RTP2 (Saito et al.,
2004), and G�15 (Kajiya et al., 2001) or G�15 olf. HEK293 cells were
grown in culture dishes containing Dulbecco’s modified essen-
tial medium (D-MEM) with 10% FBS without antibiotics at 37 ◦C
under a humidified atmosphere containing 5% CO2 and were pas-
saged every 2 or 3 days before the cells reached confluency.
Confluent cells (60–80%) cultured in poly-d-lysine-coated glass-
bottomed 35-mm dishes (MatTek Co., Ashland, MA, USA) were
transfected with 2.0 �g Rho-OR/phCNV1, 0.5 �g RTP1/phCMV1,
0.5 �g RTP2/phCMV1 and 1.0 �g G�15 olf/pBK-CMV (or G�15/pBK-
CMV) by using 8 �l lipofectamin 2000 (Invitrogen, Carlsbad, CA,
USA), according to manufacturer’s instructions.

2.4. Ca-imaging of cellular responses of HEK293 cells

Cellular Ca2+ responses of OR-S6 were measured by single-cell
fura-2 fluorescence ratio imaging. The transfected cells were cul-
tured for 24–28 h and incubated with 5 �M fura-2/AM (Molecular
Probe, Eugen, OR, USA) for 30 min at 37 ◦C. The dye solution was
replaced with imaging buffer, and cells were placed in the dark for
30 min at room temperature before initiating Ca-imaging. During
Ca-imaging, the bath solution within the culture dish was lim-
ited to a volume of approximately 50 �l by setting a recording
adaptor with a glass slip ceiling. Odorant solutions were applied
to the cells using a peristaltic pump at a flow rate of 1.5 ml/min
for 20 s. Cells were observed under an epifluorescence microscopy
(TE2000; Nikon, Kanagawa, Japan), alternatively excited at 340 nm
or 380 nm, and the 510-nm fluorescence images (F340 and F380)
were sequentially recorded using a Ca-imaging system (AQUACOS-
MOS; Hamamatsu Photonics Co., Shizuoka, Japan). Ca2+ responses
were compared with respect to the peak fluorescence ratios of
F340/F380.

2.5. Data analysis

In order to calculate onset latency of Ca2+ response, peak width
at half-maximum, and time constant of exponential decay, increase
in the levels of Ca2+ from the onset of the response to approxi-
mately 90% of the peak value was fitted by a single-exponential
function, and Ca2+ recovery around half-maximum was also fitted
by a single-exponential function by using Microsoft Office Excel
2003 (Microsoft Corp., USA). Onset latency was calculated as the

time from the onset of the stimulus to the increase in Ca2+ levels
that were equivalent to the sum of the SD value and the average
baseline value. Dose–response curve was fitted with a logistic func-
tion by using the OriginPro (ver. 7; OriginLab Corp., Northampton,
MA, USA). All the values have been represented as mean ± standard
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rror (S.E.). All the differences between parameters were evaluated
y one-way ANOVA in the OriginPro.

. Results

.1. Coexpression of RTPs increased the number of responsive
EK293 cells that expressed ORs

First, we confirmed whether the RTPs facilitated the functional
xpression of the ORs in HEK293 cells, as has been reported in
EK293T cells (Saito et al., 2004). OR-S6 and G�15 were expressed
ith or without RTPs in HEK263 cells. When the transfected

ells were stimulated by 10 �M cc9, the frequency of responsive
ells that coexpressed OR-S6 with RTPs and G�15 increased to
.9% (40/680), which was about 8 times that of the responsive
ells coexpressing only G�15 (0.7%, 4/540). However, the response
mplitudes of cells coexpressing OR-S6 with RTPs and G�15 were
imilar to those of cells coexpressing OR-S6 with G�15 alone (Fig. 1a
nd b). Average peak response amplitudes of the cells coexpressing
R-S6 with RTPs and G�15 remained constant at cc9 concentra-

ions of 10–1000 �M. These values normalized by those of 1 mM
esponse amplitudes were 0.96 ± 0.06 (n = 40) and 0.95 ± 0.04 at
oncentrations of 10 and 100 �M, respectively. Hence, in order
o improve odorant responsiveness of the functional expression
ystem by enhancing the binding specificity of G� to ORs, we con-
tructed a chimeric G� . It was expected that the facilitation in
15 olf
he binding specificity of G� to ORs would improve the efficiency
f the functional expression system by enabling it to produce rapid
nd robust responses and to be sensitive to detect small differences
n OR responses to weak agonists or antagonists.

ig. 1. G�15 olf mediated more rapid and robust OR-S6 responses compared to
�15. (a–e) Responses of OR-S6 to nonanedioic acid (cc9) in HEK293 cells that
oexpressed G�15 (a), G�15 + RTP1 + RTP2 (b), G�15 olf (c), G�15 olf + RTP1 + RTP2 (d),
nd G�15 olf + RTP1 (e). Responses of cells coexpressing OR-S6 with G�15 olf showed
ore rapid and robust changes compared to those of cells coexpressing OR-S6 with
�15. Average Ca2+ response curves are represented as fura-2 fluorescence ratios of

340/F380 for 4 (a), 40 (b), 4 (c), 17 (d), and 30 (e) sensitive cells out of the 260–680
ells tested. Odorants were applied to the HEK293 cells for 20 s at the times indicated
y the arrowheads.
ce Methods 185 (2010) 213–220 215

3.2. The chimeric G˛15 olf mediated more robust Ca2+ responses
of OR-S6 than G˛15

The chimeric G�15 olf was mainly G�15 (Kajiya et al., 2001) con-
taining the conserved C-terminal region of G�olf (Jones and Reed,
1989), which was considered as the binding site for GPCRs (Conklin
et al., 1996; Saito et al., 1999). At 10 �M of cc9, cells coexpressing
OR-S6 with RTPs and G�15 olf also showed an increased respon-
sive cell rate (5.7%, 17/300) that was about 6 times that of the cells
coexpressing G�15 olf alone (1%, 4/400) (Fig. 1c and d).

Furthermore, in HEK293 cells, the chimeric G�15 olf medi-
ated > twofold greater Ca2+ responses of OR-S6 than G�15 (Fig. 1b
and d, Table 1). Among the tested combinations of coexpressed
components, the combination of RTP1, RTP2, and G�15 olf mediated
OR-S6 to elicit the greatest Ca2+ responses in HEK293 cells. Average
peak response amplitudes of the cells that coexpressed OR-S6 with
RTPs and G�15 olf decreased slightly with decreasing cc9 concen-
tration: at cc9 concentration of 100 �M, the response amplitude
was 1.00 ± 0.03 (normalized by that of 1 mM response amplitude,
n = 17), while at cc9 concentration of 10 �M, the response ampli-
tude decreased to 0.88 ± 0.05 (n = 17). On the other hand, average
peak response amplitudes of the cells that coexpressed OR-S6 with
G�15 olf alone clearly decreased to 0.82 ± 0.01 (n = 4) and 0.55 ± 0.04
at cc9 concentrations of 100 �M and 10 �M, respectively. Cells
coexpressing OR-S6 with G�15 olf and RTP1 alone also showed
higher responsive cell rate (12%, 30/260), which was about 12 times
that of cells coexpressing only G�15 olf (1%, 4/400) (Fig. 1c and e).

Regarding the response kinetics, G�15 olf mediated more rapid
increase and recovery of Ca2+ responses than G�15. Onset laten-
cies of Ca2+ responses for G�15 olf were shorter by about 0.9,
0.5, and 0.5 times than those of G�15 at cc9 concentrations of
10, 100, and 1000 �M, respectively. The respective onset laten-
cies of the OR-S6 responses for G�15 olf were 23.0 ± 8.4 s (n = 17),
12.5 ± 7.9 s, 10.6 ± 6.8 s, whereas those for G�15 were 26.0 ± 11.9 s
(n = 40), 25.0 ± 9.2 s, 22.4 ± 9.6 s (Table 1). Average latencies of
peak responses and/or their SDs were greater for G�15 than for
G�15 olf. This greater variation in peak latencies was consistent
with the greater difference between the peak amplitude of an aver-
age response curve (Fig. 1b and d) and the average peak response
amplitude of 40 cells for G�15 (latter/former = 151–165%) at each
odorant concentration compared to that of 17 cells for G�15 olf (lat-
ter/former = 115–118%) (Table 1). In the case of G�15 olf, increased
peak width at half-maximum of Ca2+ response was attributable
to increased stimulus intensity (Fig. 2a and b). However, peak
widths at half-maximum for G�15 showed inconsistent changes
with increased stimulus intensity.

Especially, peak response amplitudes and time constants of
single-exponential decays of OR-S6 responses indicated remark-
able differences between G�15 olf and G�15 (Figs. 1b,d and 2b,
Table 1). At 100 �M of cc9, relatively large SDs for peak width at
half-maximum and decay time constant suggested greater varia-
tions in the cellular responses for G�15 than for G�15 olf. Except for
3 cases, all kinetic parameters for the OR-S6 responses were sig-
nificantly different between G�15 olf and G�15 (P < 0.05; Table 1).
The kinetic parameters of the OR-S83 responses were also sig-
nificantly different between G�15 olf and G�15 (Supplementary
Table S1). Notably, of the 40 responsive cells that coexpressed
OR-S6 with RTPs and G�15, 20 (50%) demonstrated unstable Ca2+

responses (as shown in Fig. 3c and c′ insert). On the other hand,
none of 17 responsive cells that coexpressed OR-S6 with RTPs and
G�15 olf demonstrated such unstable responses. These response

fluctuations limited the accuracy of performing quantitative com-
parison of peak response amplitudes. Thus, coexpression of RTPs
and G�15 olf improved responsiveness of OR-S6, with respect to
response amplitudes and kinetics, compared to the coexpression
of RTPs and G�15.
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Table 1
Differences in OR-S6 response kinetics between G�15 olf and G�15.

Agonist G�15 olf G�15 Significance

Onset latency of Ca2+ response
10 �M cc9 23.0 ± 2.0 26.0 ± 1.8 P = 0.34755
100 �M cc9 12.5 ± 1.9 25.0 ± 1.5 P = 0.00001
1 mM cc9 10.6 ± 1.7 22.4 ± 1.5 P = 0.00003

Latency of peak response
10 �M cc9 38.4 ± 1.3 39.0 ± 2.3 P = 0.87573
100 �M cc9 28.3 ± 1.5 38.4 ± 1.9 P = 0.00154
1 mM cc9 25.5 ± 2.3 34.3 ± 1.7 P = 0.05850

Peak response amplitude
10 �M cc9 (%Average response) 0.52 ± 0.05 (116% of 0.449) 0.25 ± 0.02 (155% of 0.164) P < 0.00001
100 �M cc9 (%Average response) 0.60 ± 0.06 (115% of 0.518) 0.26 ± 0.02 (165% of 0.156) P < 0.00001
1 mM cc9 (%Average response) 0.60 ± 0.05 (118% of 0.504) 0.28 ± 0.02 (151% of 0.185) P < 0.00001

Peak width at half-maximum
10 �M cc9 22.0 ± 2.0 38.7 ± 3.1 P = 0.00159
100 �M cc9 31.2 ± 2.2 37.8 ± 3.8 P = 0.00159
1 mM cc9 37.9 ± 2.4 26.3 ± 1.7 P = 0.00037

Time constant of single-exponential decay for Ca2+ recovery
10 �M cc9 36.4 ± 2.2 179 ± 21 P = 0.00004
100 �M cc9 40.2 ± 3.5 240 ± 30 P = 0.00005
1 mM cc9 66.7 ± 10.1 170 ± 22 P = 0.00459
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the 50% effective concentration (EC50) of cc9 was 0.7 ± 0.06 �M and
mc8 was found to be a weak antagonist for OR-S6 (Shirokova et
arameters for Ca2+ responses of OR-S6 in HEK293 cells are shown as mean ± S.E. Pe
%) to the average response is shown in parentheses. An average was calculated fo
ifferent between G�15 olf and G�15 (P < 0.05, one-way ANOVA).

.3. G˛15 olf improved the performance of the expression system
hile being sensitive to small differences in Ca2+ responses
Next, we compared the performance of the OR expression sys-
em coexpressing RTPs and G�15 olf with that of the OR expression
ystem coexpressing RTPs and G�15 with reference to the ability to
iscriminate small differences in Ca2+ responses. In HeLa/Olf cells,

ig. 2. Differences in dose-dependent changes in Ca2+ response kinetics. (a) Onset
atency, time taken to elicit the response peak, and response peak amplitude for cells
oexpressing OR-S6 with G�15 olf + RTP1 + RTP2 (n = 17) or for those coexpressing
R-S6 with G�15 + RTP1 + RTP2 (n = 40). (b) Half- and time constant of exponential
ecay. With increasing concentrations of cc9, there were systematic changes in the
esponse parameters of the cells coexpressing OR-S6 and G�15 olf, whereas such
hanges were not observed for those coexpressing OR-S6 and G�15. Each response
arameter was normalized by the respective response maximum width parameter
f the cells coexpressing OR-S6 and G�15 olf to 10 �M cc9.
ponse amplitude is shown as an average of peak response amplitudes and the ratio
5 olf (n = 17) and G�15 (n = 40). Except for 3 cases, all parameters were significantly
al., 2005). Using approximately 50-fold higher concentration of cc9
than the EC50, we compared the inhibitory effect of the antagonist

Fig. 3. G�-dependent difference in Ca2+ responses of OR-S6. (a–f) Response of OR-
S6 to cc9 and octanedioic acid (cc8) and the former weak inhibition by octanoic
acid (mc8) in HEK293 cells that coexpressed OR-S6 with RTP1, RTP2, and G�15 (a,
c, e) or G�15 olf (b, d, f). Responses of cells coexpressing OR-S6 with G�15 olf were
greater in relative amplitudes and showed more rapid changes than those of cells
coexpressing OR-S6 with G�15. Coexpression of G�15 sometimes induced unstable
responses in amplitudes (c and c′ insert). Average Ca2+ responses for 35 (a), 83 (b),
16 (e), and 22 (f) cells or Ca2+ responses of single cells (c and d) are demonstrated.
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Fig. 5. Ca2+ responses of 4 ORs and difference between G�15 olf and G�15. (a–c)
Average responses of OR-car-c5 (a), OR-car-n270 (b), OR-car-n266 (c) in HEK293
cells that coexpressed RTP1, RTP2, and G�15 olf. (d–g) Average responses of OR-S83
H. Hamana et al. / Journal of Neur

c8 on the OR-S6 response between the HEK293 cells coexpressing
�15 olf and those coexpressing G�15.

Difference between the peak amplitudes of an average response
urve of OR-S6 to 30 �M cc9 and an average inhibitory response
urve to a mixture of 30 �M cc9 and 300 �M mc8 was greater in
he cells coexpressing G�15 olf (0.073) than in those coexpressing
�15 (0.037) (Fig. 3a and b). The response decrease in the average

esponse curve for OR-S6 and G�15 olf was more close to the aver-
ge response decrease of cells coexpressing OR-S6 with G�15 olf
ompared to that of G�15. In addition, there was less error in the
verage decrease in response amplitude for G�15 olf (0.074 ± 0.016;
= 83) than that for G�15 (0.073 ± 0.033; n = 35). Notably, although

here was a significant difference in average response amplitude to
c8 + cc9 (P = 0.0028), as well as that of cc9 (P = 0.00092), between
EK293 cells coexpressing G�15 (0.30 ± 0.03; n = 35) and those
oexpressing G�15 olf (0.43 ± 0.02, n = 83), the average ratio of the
c8 + cc9 response to the cc9 response for G�15 (0.86 ± 0.07; n = 35)
as not significantly different from that of G�15 olf (0.87 ± 0.03,
= 83) (P = 0.9644). At least, the average response curve of HEK293
ells coexpressing OR-S6 with G�15 olf represented relative OR
esponse amplitudes with small systemic errors than that of
EK293 cells coexpressing OR-S6 with G�15.

Further, we examined the differences in the responses of OR-S6
o a weak agonist, cc8 (Malnic et al., 1999; Zhuang and Matsunami,
007). Coexpression of G�15 olf also reduced the systemic errors in
he dose-dependent increase in OR-S6 responses to a weak agonist
c8. With an increase in the odorant concentration from 10 �M to
mM, there was a gradual increase in the Ca2+ responses of OR-
6 in the cells coexpressing G�15 olf, but such an increase was not
learly observed at the concentrations of 300 �M and 1 mM in the
ells coexpressing G�15 (Fig. 3c–f). Thus, coexpression of G�15 olf

mproved the performance of the HEK293 functional expression
ystem while being sensitive to small differences in average Ca2+

esponse curves.
Dose response curves of OR-S6 for cc8 with respect to the

a2+ responses of HEK293 cells coexpressing G�15 olf and RTPs and

ig. 4. The shapes of the dose response curves of OR-S6 were slightly different
etween G�15 olf and G�15. Dose response curves of OR-S6 for cc8 are shown with
espect to the Ca2+ responses of HEK293 cells that coexpressed G�15 olf + RTP1 + RTP2
closed circle) or those that coexpressed G�15 + RTP1 + RTP2 (open square). EC50

alues of OR-S6 for cc8 were almost identical between cells coexpressing G�15 olf

25.8 ± 4.2 �M; mean ± S.E., n = 22) and those coexpressing G�15 (26.6 ± 2.4 �M;
ean ± S.E., n = 16). However, the dose–response curve of OR-S6 + G�15 olf showed
moderate logistic fit compared to the steep dose–response curve of OR-S6 + G�15.

n addition, at the concentration of 100 �M cc8, the relative response amplitudes
f G�15 olf were significantly different from those of G�15 (marked by the asterisk).
a2+ responses were compared with respect to peak fluorescence ratios normalized
y the maximum response amplitudes.

in HEK293 cells that coexpressed RTP1, RTP2, and G�15 olf (d and e) or G�15 (f and
g). Average responses of OR-car-c5 and OR-S83 in HEK293 cells that coexpressed

G�15 olf (marked by a single or double asterisks in a and d) demonstrated good
reproducibility with a constant decay rate, whereas those of cells that coexpressed
G�15 (marked by double asterisks in f) were not identical even at the same concen-
tration and changed more slowly with increasing time. Odorant concentrations are
shown in �M.

those coexpressing G�15 and RTPs are shown in Fig. 4. EC50 values
of OR-S6 for cc8 was almost identical between cells coexpress-
ing G�15 olf (25.8 ± 4.2 �M; n = 22) and those coexpressing G�15
(26.6 ± 2.4 �M; n = 16). However, the shapes of the dose response
curves of cells for the both types of G� slightly differed: the dose
response curve of cells coexpressing OR-S6 and G�15 olf showed a
moderate logistic fit compared to the steep dose response curve
of cells coexpressing OR-S6 and G�15. In addition, at the concen-
tration of 100 �M cc8, the relative response amplitudes of G�15 olf
were significantly different from those of G�15 (P = 0.02341).

3.4. G˛15 olf mediated reproducible Ca2+ responses while
retaining the original relative sensitivities of ORs

Finally, we confirmed whether the relative sensitivities of the
4 ORs were similar to those observed in the isolated OSNs and
compared the response reproducibilities between the cells coex-
pressing G�15 olf and those coexpressing G�15. OR-car-c5 that had
shown higher sensitivity to (R)-(−)-carvone (R-car) than to (S)-(+)-
carvone (S-car) in the isolated OSNs (Hamana et al., 2003) also
showed higher sensitivity to R-car than to S-car in the HEK293
cells (Fig. 5a). In addition, at an identical decay rate, higher and
lower responses of OR-car-c5 in the cells that coexpressed G�15 olf

were reproducibly observed (Fig. 5a, indicated by single or dou-
ble asterisks). Moreover, OR-car-n270 and OR-car-n266 that had
shown similar sensitivities to R- and S-car (Hamana et al., 2003)
also showed similar sensitivities to both the carvones in the HEK293
cells (Fig. 5b and c).
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OR-S83 was found to be highly sensitive to nonanoic acid (mc9)
nd nonanol (mh9) in the OSN (Malnic et al., 1999). Using the
EK293 cells coexpressing G�15 olf for the odorants that were not
nalyzed in the OSN, we found that OR-S83 responded to decanoic
cid (mc10), undecanoic acid (mc11), dodecanoic acid (mc12), 9-
romononanoic acid (bc9), and 7-bromoheptanoic acid (bc7), as
ell as mc9. Our assay again showed good reproducibility for

esponses of OR-S83 (Fig. 5d, indicated by the asterisk). However, in
he cells that coexpressed G�15, OR-S83 showed a significant differ-
nce in the peak response amplitudes to identical stimuli (Fig. 5f,
ndicated by the double asterisks). Except for the mh9 response
hat was relatively weaker than in the isolated OSN, the relative
esponse amplitudes of HEK293 cells to fatty acids, aliphatic alco-
ols, and bromo-fatty acids were almost similar to those observed

n the OSN (Fig. 5d and e).
At the tested concentrations, relative peak response ampli-

udes of OR-S83 in the cells that coexpressed G�15 olf seemed to
e different from those of the cells coexpressing G�15 for the
esponses to mc9, mc10, mc11, 8-bromooctanoic acid (bc8), and
c9 (Fig. 5d–g). We thoroughly compared the cellular response
inetics and the consistency in the molecular-length dependencies
etween G�15 olf and G�15. This analysis revealed that response
inetics and average response curve of the heterologous expres-
ion system coexpressing G�15 olf better represented the structure
ctivity relationship of homologous fatty acids for OR-S83 than that
f coexpressing G�15.

.5. Response kinetics and average response curve for OR-S83
nd G˛15 olf indicate the contribution of the hydrophobic

ackbone of the ligand to the receptor–ligand interaction in a
olecular-length dependent manner

Because the OR-S83 responses to mono carboxylic acids were
reater than those to dicarboxylic acids (Malnic et al., 1999), it

ig. 6. Differences in molecular-length-dependencies in OR-S83 response kinetics. (a) On
d) half-maximum width; and (e) time constant of exponential decay for cells coexpressin
�15 + RTP1 + RTP2 (n = 23). With increasing molecular lengths from 8 to 12 carbon atoms,
R-S83 and G�15 olf, whereas such changes were not clearly observed for those coexpress
urve and the average parameters (mean ± S.E.) of the cells coexpressing OR-S83 and G�1

t the odorant concentration of 100 �M, except for octanoic acid (1 mM; molecular lengt
ce Methods 185 (2010) 213–220

can be speculated that OR-S83 activation requires hydrophobic
interaction between OR-S83 and a hydrophobic region from a ter-
minal methyl group to the backbone of the ligand contributes
to ligand affinity to the receptor in a hydrocarbon-chain-length
dependent manner. In our heterologous expression system, the
OR-S83 responses and kinetic parameters also showed lesser varia-
tion for G�15 olf than for G�15 (Supplementary Table S1). Response
rates to a given set of odorants varied among cells (Supplementary
Figs. S1 and S2). In this study, we analyzed responses in the
cells that showed 4/5 or higher response rates to responsive
ligands.

In the Ca2+ responses that were shown in Fig. 5c–f, the
molecular-length dependencies of response kinetics for the cells
coexpressing OR-S83 and G�15 olf have been analyzed. Both the
onset latencies and peak latencies were the lowest at the molec-
ular length of 10 in the range of 8–12 carbon atoms (Fig. 6a and
b). Kinetic parameters of average response curves were almost
identical to those of the respective average parameters. At the
ligand concentration of 100 �M, the response peak amplitudes
showed the maximum values at the molecular length of 9 and 10
(Fig. 6c). This result suggests that ligand-binding pocket of OR-S83
is designed to accommodate 9- and 10-carbon-chain long ligands.
The shorter latencies for mc10 than for mc9 could be attributable to
a stronger hydrophobic interaction between the ligand backbone
and OR-S83 ligand-binding pocket or a smaller conformational
change during the ligand-binding-initiated OR-S83 activation in a
molecular-length-dependent manner.

Both the peak width at half-maximum and time constants
of single-exponential decay increased with increasing molecular

length and hydrophobicity of the ligand in the tested range. This
result suggests that a stronger hydrophobic interaction between
OR-S83 and the ligand hydrocarbon chain elongates the ligand-
binding time during receptor activation. However, the increase in
onset latency and peak latency at the molecular lengths of 11 and

set latency; (b) time taken to elicit the response peak; (c) response peak amplitude;
g OR-S83 with G�15 olf + RTP1 + RTP2 (n = 29) or for those coexpressing OR-S83 with
there were systematic changes in the response parameters of the cells coexpressing
ing OR-S83 and G�15. Differences between the parameters of an average response

5 olf were lesser than those coexpressing of OR-S83 and G�15. Fatty acids were used
h = 8).
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2 suggests that such stronger hydrophobic interactions do not
ontribute to the speed of OR-S83 activation.

In the case of G�15, the molecular-length dependencies of
esponse kinetics became unclear. The onset latencies seemed to be
he lowest at the molecular length of 9 (Fig. 6a). However, the min-
mum onset latency time was still longer than that for G�15 olf even
n the range of 9–12. The peak latencies for G�15 demonstrated no
lear molecular-length dependency (Fig. 6b). The peak amplitude
or G�15 also showed a modified molecular-length dependency for
�15 olf (Fig. 6c). Compared to the other parameters, peak width
nd time constant of decay for G�15 were more similar to those for
�15 olf, but the molecular-length dependencies were still unclear

Fig. 6d and e).
In addition, the peak amplitude of average OR-S6 response curve

n the cells coexpressing G�15 was somewhat different from the
rder cc10 > cc8, which was observed in the cells coexpressing
�15 olf (Hamana et al., unpublished data) and in other systems

Abaffy et al., 2006; Zhuang and Matsunami, 2007) (Supplementary
ig. S3). Taken together, these results suggest that the ability of
�15 olf to mediate reproducible Ca2+ responses and maintain the
riginal relative sensitivity of ORs was better than that of G�15.
oreover, our findings indicate that quantitative analyses of cells

oexpressing ORs with G�15 olf are more reliable than those coex-
ressing ORs with G�15.

.6. Cell passage number and other cell lines for functional OR
xpression system

During cell passaging, HEK293 cells showed a gradual change
rom a flat morphology to a round one. At <10 cell passages,
EK293 cells showed weak fura-2 fluorescence staining and rarely

esponded to agonists. Moreover, ORs did not respond to odorants
n a dose-dependent manner in cells with high passage numbers;
he reason for this is unclear. Hence, we performed Ca-imaging of
EK293 cells with passage numbers of 10–30 for ensuring unifor-
ity in the results.
In the initial stage of this study, we determined the viability of

sing conditionally immortal cell lines isolated from an H-2kbtsA58
ransgenic mouse (Jat et al., 1991; Barber et al., 2000) and NG108-
5 cells for heterologous functional expression of ORs, and we also
etermined the viability of using OSNs for homologous functional
xpression. For developing conditionally immortal cell lines, we
ttempted to isolate immature-OSN-like cells from the olfactory
pithelium of the transgenic mice, but we could not identify any
ells that promoted the functional expression of a target OR without
he transfection of RTP expression vectors. The odorant responses
f ORs in the NG108-15 cells were weaker, and their lowest respon-
ive concentrations were higher than the corresponding values for
he HEK293 cells. In the assessments of homologous expression,
e could not find isolated OSNs that expressed the target ORs

fter electroporation of OR expression vectors into the olfactory
pithelium. Therefore, HEK293 cells were used as the functional
xpression system for ORs.

. Discussion

.1. Heterologous functional expression system

We constructed a heterologous functional OR expression system
sing commercially available HEK293 cells. Zhuang and Matsunami

reviously reported Ca2+ responses of ORs via a chimeric G�15olf47

n which the C-terminal 57 amino acids of G�15 were replaced by
he C-terminal 47 amino acids of G�olf, but there was no com-
arison between responses of G�15olf47 and G�15 (Zhuang and
atsunami, 2007). In the present study, we constructed another
ce Methods 185 (2010) 213–220 219

chimeric G�15 olf in which only the 4 amino acids in the C-terminal
region were different from G�15. In the HEK293 cells that coex-
pressed RTPs and the chimeric G�15 olf, ORs showed robust Ca2+

responses, good reproducibilities, and relative sensitivities that
were similar to the original relative sensitivities of the ORs in
isolated OSNs. This OR expression system seems to be the most
suitable system for determining the detailed odorant specifici-
ties of target ORs by using an SRA analysis of several series of
ligands.

4.2. Effect of G˛-binding specificity to ORs on cellular Ca2+

responses

The odorant specificity of an OR should be determined on the
basis of the binding affinities of ligands to the ligand-binding sites
on ORs in an agonistic-interaction manner. In the OSNs, odorant sig-
nals activate ORs and are transferred to G�olf and amplified by the
cAMP 2nd messenger system via G�olf-dependent adenylyl cyclase.
In the HEK293 cells that functionally express ORs, coexpression of
a specific G� is required for odor-induced transient Ca2+ increases
via the IP3 signal cascade.

After OR activation, several interactions between the IP3 sig-
nal cascade components may affect the sensitivity of cellular Ca2+

responses in HEK293 cells. The sequential cascade comprises the
following 5 steps: (1) the OR and G� subunit interact, (2) the G�
subunit and phospholipase C (PLC) interact, (3) IP3 is generated,
(4) IP3 activates the IP3-receptor, and (5) the IP3-receptor medi-
ates Ca2+ release from the intracellular Ca2+ store. In heterologous
functional expression systems, the original binding specificities of
G� in the 1st and 2nd cascade step can be alternatively main-
tained. We attempted to maintain the original binding specificity
of G� in the 1st step, because it is expected that the specific
binding of G� to ORs should be higher than that of G� to PLC.
The chimeric G�15 olf improved the response amplitudes, rela-
tive sensitivities, and reproducibility of the ORs compared to that
constructed using G�15. These improvements resulted in high
system performance that was sensitive to small differences in
Ca2+ responses. Although we could not explain all the changes
in each cascade step, it is likely that the high binding specificity
of G� contributed to the high sensitivity of G� to active ORs.
Such an OR-sensitive G� can be readily converted to active G�
by activated ORs in a rapid and stable manner. This process leads
to a rapid and stable kinetics of PLC activation and its subse-
quent deactivation by binding with the active G� for an adequate
period.

In a subpopulation of transfected HEK293 cells, a low binding
specificity of G�15 to ORs could have resulted in the slow increase
in the active G�15 concentration. This could have led to a large
variation in the initiation time and magnitude of PLC activation
and deactivation, thereby causing unstable Ca2+ responses. In con-
clusion, the heterologous OR expression system that coexpresses
G�15 olf and RTPs was suitable for determining the detailed odorant
specificities of target ORs.
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Supplementary Fig. S1. Response curves of single cells for different OR-S83
responsiveness in heterologous expression system coexpressing Gα15_olf or Gα15.
a, OR-S83 response curves of 3 HEK293 cells that coexpressed RTP1, RTP2, and
Gα15_olf for each of 4 responsiveness types; b, OR-S83 response curves of 3 HEK293
cells that coexpressed RTP1, RTP2, and Gα15 for each of 4 responsiveness types.
Responses in the cells that showed 4/5 or higher response rates to responsive ligands
were analyzed for response kinetics. Odorant concentrations are shown in µM.



Supplementary Table S1: Differences in OR-S83 response kinetics between Gα15_olf

and Gα15

Agonist Gα15 olf Gα15 Significance

Onset latency (s) of Ca2+ response
   1 mM mc8 23.8 ±   2.0†1 42.3 ±   1.2†2 P  < 0.00001
100 µM mc9 17.7 ±   0.6 21.0 ±   1.0 P = 0.00581
100 µM mc10   7.9 ±   0.4 28.8 ±   3.1 P < 0.00001
100 µM mc10 (2nd stim.)   6.4 ±   0.4 18.3 ±   1.0 P < 0.00001
100 µM mc11   9.9 ±   0.6 25.0 ±   1.3 P < 0.00001
100 µM mc12 18.5 ±   2.0 27.7 ±   2.6†3 P  = 0.01137
Latency (s) of peak response
   1 mM mc8 38.6 ±   2.7†1 57.3 ±   4.5†2 P  = 0.00056
100 µM mc9 28.7 ±   0.8 37.3 ±   3.3 P = 0.00627
100 µM mc10 25.9 ±   1.0 55.8 ±   6.9 P = 0.00002
100 µM mc10 (2nd stim.) 24.9 ±   1.1 33.8 ±   2.6 P = 0.00149
100 µM mc11 28.1 ±   1.3 42.7 ±   3.7 P = 0.00018
100 µM mc12 33.4 ±   2.0 43.3 ±   5.5†3 P  = 0.04253
Peak response amplitude
   1 mM mc8 0.34 ± 0.03 0.17 ± 0.03 P = 0.00113
    (%Average response)  (145% of 0.231)  (184% of 0.091)
100 µM mc9 0.74 ± 0.03 0.45 ± 0.05 P < 0.00001
    (%Average response)  (105% of 0.704)  (126% of 0.359)
100 µM mc10 0.74 ± 0.03 0.39 ± 0.04 P < 0.00001
    (%Average response)  (105% of 0.708)  (186% of 0.211)
100 µM mc10 (2nd stim.) 0.73 ± 0.04 0.47 ± 0.04 P = 0.00002
    (%Average response)  (106% of 0.693)  (129% of 0.364)
100 µM mc11 0.63 ± 0.03 0.42 ± 0.03 P = 0.00002
    (%Average response)  (112% of 0.561)  (167% of 0.253)
100 µM mc12 0.42 ± 0.03 0.12 ± 0.04 P < 0.00001
    (%Average response)  (137% of 0.304)  (108% of 0.109)
Peak width (s) at half-maximum
   1 mM mc8 23.4 ±   3.0†1 22.4 ±   3.7†2 P  = 0.82193
100 µM mc9 36.8 ±   2.1 54.8 ±   5.1 P = 0.00090
100 µM mc10 54.3 ±   3.2 66.7 ±   7.3 P = 0.10363
100 µM mc10 (2nd stim.) 53.2 ±   2.8 63.3 ±   5.6 P = 0.09123
100 µM mc11 58.8 ±   4.5 60.6 ±   9.1 P = 0.85339
100 µM mc12 47.6 ±   4.7 52.2 ± 10.0†3 P  = 0.63924

Time constant of single-exponential decay for Ca2+ recovery
   1 mM mc8   51.3 ±   10.5†1  77.6 ±     9.9†2 P  = 0.08969
100 µM mc9   48.6 ±     5.1 113    ±   17 P = 0.00024
100 µM mc10   92.1 ±     8.9 174    ±   40 P = 0.03229
100 µM mc10 (2nd stim.)   78.7 ±     7.5 189    ±   35 P = 0.00133
100 µM mc11 108    ±   12 162    ±   34 P = 0.11180
100 µM mc12 133    ±   19 187    ±   48†3 P  = 0.21537
Parameters for Ca2+ responses of OR-S83 in the HEK293 cells are shown as mean
± SE. Peak response amplitude is shown as an average of peak response 
amplitudes and the ratio (%) to the average response is shown in parentheses. An 
average was calculated for Gα15_olf (n  = 29 or 25†1) and Gα15 (n  = 23, 17†2 or 12†3).
For onset latencies, peak latencies, and peak response amplitudes, all parameters 
were significantly different between Gα15_olf and Gα15 (P  < 0.05)
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Supplementary Fig. S2. Response curves of single cells for different OR-S83
responsiveness in heterologous expression system coexpressing Gα15_olf or Gα15.
a, OR-S83 response curves of 2 or 3 HEK293 cells that coexpressed RTP1, RTP2,
and Gα15_olf for each of 4 responsiveness types; b, OR-S83 response curves of 3
HEK293 cells that coexpressed RTP1, RTP2, and Gα15 for each of 4 responsiveness
types. Responses in the cells that showed 4/5 or higher response rates to responsive
ligands were analyzed for response kinetics. Odorant concentrations are shown in µM.
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Supplementary Fig. S3. Ca2+ response of OR-S6 in HEK293 cells that
coexpressed Gα15.
Ca2+ responses of OR-S6 in HEK293 cells that coexpressed Gα15 for cc-
series compounds are demonstrated. The most potent agonist was cc9 as
shown in other systems but relative response amplitudes for cc8 and cc10
were somewhat different from those that coexpressed Gα15_olf.
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