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Abstract

Response Pattern Analysis of

Human Olfactory Receptors to Indole

Eunjin Kang
Interdisciplinary Program in Bioengineering
The Graduate School

Seoul National University

Human olfaction starts with selective binding of odorants to olfactory receptors (ORS) in
nasal mucus. The combinatorial patterns of ORs stimulated by odorants are believed to
decide the odor perception. The affinity between an OR and an odorous molecule is
defined by their various molecular properties and other chemical aspects in a complicated
manner. Thus, it is genuinely difficult to define which ORs an odorant will bind, and
what description of smell the molecule will drive simply by considering their properties.
In this study, odors of selected odorants were analyzed with an approach to the overall
combinatorial patterns of 388 ORs instead of the individual OR responses. Visualization
methods that represent an odor in terms of sensitivities and response levels of 388 human
ORs to the odorous molecule were suggested and used to analyze and compare OR

response patterns.



Indole, methyl dihydrojasmonate and naphthalene were selected to compare OR
response patterns. The perceived smell of indole differs by its concentrations. Indole at
low concentration smells like jasmine, similar to the smell of methyl dihydrojasmonate.
In contrast, the smell of indole at high concentration is perceived like mothball as
naphthalene. Indole and methyl dihydrojasmonate are structurally distant, but indole and

naphthalene are heterocyclic analogues that contain benzene ring(s).

The response levels of ORs to each odorant were measured by a heterologous system
established in Hana3A cells, which stably express accessory proteins that support robust
cell surface expression of membrane proteins. The cCAMP level increased by OR
activation was measured using luciferase assay. The number of responsive ORs and
response intensities to indole were positively correlated with indole concentration.
Comparing the response patterns of three different odorants, ORs that recognize one or
more than one of the odorants were found. The response intensities of responsive ORs
showed greater similarities when the molecular structures of odorants were closer. There
was a positive correlation between the perceived strength of the smell and the number of
responsive ORs. Considering the protein similarity among same OR subfamily members,
the OR response patterns were also analyzed at the subfamily level. Patterning of OR
responses at the subfamily level was sufficient to distinguish and compare the OR
response patterns of different odors. The number of common responsive subfamilies
between odorants were much greater than that of the common responsive OR proteins.
Increase of indole concentration led to higher similarity of response pattern with the

pattern of naphthalene than that with methyl dihydrojasmonate. Even though there were
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some matching ORs and subfamilies between response patterns of similar odors, the
patterns were very unique and distinguishable. These results show that the response of
ORs to odorants is much more complicated and specific than what we actually interpret
and perceive. This supports higher sensitivity and accuracy of OR based electrical
devices to detect target chemicals than animal-based chemical detection. Because the
visualization process excludes many natural mechanisms that occur in nasal mucus and
neuronal systems, this encoding method for odors will allow objective recording of smell
with least genetic and individual variations and contribute to standardization of olfaction

and further understanding of the sense of smell.

Keywords: olfaction, human olfaction, odor perception, olfactory receptor, indole,
olfaction standardization, odor visualization, odor codification, luciferase assay,

heterologous cell system

Student number: 2018-21289
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1. Introduction

1.1.Human olfaction

1.1.1. Olfactory mechanism

Olfaction is an essential and complex system to recognize beneficial and harmful
chemicals in the environment. That the largest superfamily of genes, about 400 of 20,000
human genes, is devoted to olfactory receptors (ORs) supports the significance of the
olfactory system [1, 2]. Olfaction starts with stimulation of ORs in mucus in the nasal
cavity followed by signal transduction towards the olfactory bulb (OB) and the olfactory
cortex |3, 4]. Each receptor has different affinity to an odorous molecule. The stimulation
level of each receptor and the combinatorial pattern of receptors are delivered to decide

the odor description of the given odorant [5, 6].



1.1.2. Olfactory receptors and nomenclature

ORs are seven-transmembrane domain proteins, and the OR gene superfamily contains
388 functional genes and 456 pseudogenes [5, 7, 8, 9]. The most officially used
nomenclature system of the ORs is called hORDE and based on the protein sequence
similarity and a divergence evolutionary model [9]. The hORDE system consists of the
superfamily name ‘OR’ followed by the family numbers, subfamily letters, and individual
numbers within the subfamily (Fig. 1, Table 1). The functional OR proteins are arranged
into 17 families that share >40% protein identity, and each family is divided into multiple
subfamilies that have >60% protein identity. There was evidence of an aspect that ORs
with related sequences are more likely to recognize structurally similar ligands [2].
However, the relation between OR protein sequences and their binding site is still

unknown.

Numerous efforts to predict odors by demonstrating affinities between ORs and
odorants using their structures have been made [10, 11, 12, 13]. There were a few
relations between chemical properties of odorants and their affinities to ORs [2], and
some ORs were deorphanized [11, 13, 14, 15,16]. However, there still are lots of
exceptions, and the chemical properties are insufficient to understand and predict the

smell of odorants [17, 18].
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Table 1. Summary of OR Gene Families

Family Subfamilies ( No. of Functional Genes in Each Subfamily) No. of No. of Functional
Subfamilies Genes

A(8), B(4), C(2), D(2), F(2), G(3), H(2), 3(2), K(1), L(5), M(5), 5(1),
T(16), V(2), W(3), Y(1), Z(1), AE(1), AG(2), AJ(1), AK(1), AP(1), AT(1)

4 | A B(), C(10), D(7). E(1), F(7). K(7). L{1), M(2), N(3), P(1), Q(1),

S(2), X(2) 14 49

6 | AL BE3), CUD,FCD, X(1), K(3), M(1), N(2), P(1),Q(1), S(1), T(1),
VD, X(1), Y(1)

A1), B(S). D), G(2), HB). 1(1), 32). K3). S(1). UG)

A6), C(1), D(1), G(7), H(S), J3), K(2), P(1), Q(1), R(1), S(1), T(1),
V(1), W(l), X(1), Z(1), AD(1), AG(1)

D(2)

15 30

A(2), C(1), I(1), J(1), K(T)

A(3), B(3), D(1), E(5), H(1), I(2), J(1), K(2), L(1), M(1), N(4), R(1),
w(l)

2 A &8t
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1.2.Visualization of OR response patterns

There are difficulties in prediction of smell only by interactions between ORs and
odorants using their structures and chemical properties. As a dramatic number of cases of
combinatorial response patterns of 388 ORs are possible, approaches to smell with the
overall OR response patterns will give further insights to understanding of olfaction. It
will also bridge the uncertainty of structural approaches to odors and odor perception.
Furthermore, codification of the response levels of 388 ORs will ease analysis and

comparison of smell at the receptor level (Fig. 2).
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Figure 2. Combinatorial Response and Visualization of Olfactory Receptors



1.3.Luciferase assay

In an intrinsic human olfactory sensory neuron, activation of an OR by odorous molecule
binding initiates GPCR signal cascade that activates the enzyme, adenylyl cyclase type
3(ACIII) (Fig. 3a) [19]. AC family increases the concentration of cyclic adenosine
monophosphate (cAMP). cAMP opens cyclic nucleotide-gated ion channels (CNG) that
drives calcium (Ca?") and sodium (Na") ion influx and increases their concentrations
inside the cell. The increased concentration of Ca?* inside the cell activates the Ca2"-
dependent chloride (cl') that transport intracellular CI to outside of the cell. Augmented

depolarization stimulates action potentials that initiate neuronal signal transduction.

The heterologous system in OR expressing Hana3A cells uses the increase of cAMP
by OR activation (Fig. 3b) [20]. Increase of cAMP level activates cAMP dependent
protein kinase A (PKA) which phosphorylates a cellular transcription factor, CRE binding
protein (CREB). Phosphorylated CREB is translocated into the nucleus, and its binding to
CRE promoter initiates transcription of the downstream luciferase gene. Translated
luciferase proteins catalyze luciferin and produce bioluminescence whose measurement

represents the activation level of OR proteins.



(@) L X -

(b)

-

¢ ... Odorant
OR

0<:
”

P 4

-
~ L

CRE = Luciferase |

~

/

Figure 3. Luciferase Assay Mechanism for OR Response Measurement

(a) cAMP-based signal cascade activated by odorant binding to OR in intrinsic OSN. (b)

Luciferase gene expression mechanism by odorant binding to heterologously expressed

ORs on Hana3A. RTP: receptor transporting protein, AC (III): adenylyl cyclase (type I1I),

Goolf: guanine nucleotide-binding protein G(olf) subunit alpha, CNG: cyclic nucleotide-

gated ion channel, PKA: protein kinase A, CRE: cAMP response element, CREB: cAMP

response-element binding protein



1.4.Indole

Indole is an aromatic heterocyclic organic compound consisting of a benzene ring and a
pyrrole ring. The smell description of indole differs by its concentration. Indole at high
concentration is perceived as feces and mothball. In contrast, the smell of indole at low
concentration is floral and similar to jasmine scent. Indeed, indole is produced by several
flowers including jasmine and orange blossom. Nevertheless, indole is one of the major
components of bad odors such as feces, wastewater, bacterial fermentation and breath

odor [21, 22, 23, 24].



2. Methods and materials

2.1.Hana3A cell culture

Hana3A is a HEK293 derived cell line that stably expresses multiple accessory proteins
including RTP1L, RTP2, REPP1 and Ggoir [20]. RTP family members translocate OR
proteins to the plasma membrane and induce their functional expression [25]. REEP1
also enhances expression and functionality of ORs but has weaker effects compared to
RTP proteins. Goolf is an olfactory specific G-protein required for signal transduction

[26].

Hana3A cells were grown in M10 (10% (vol/vol) FBS supplemented MEM (Gibco,
USA)) for transfection and luciferase assay. Hana3 A cells were maintained in M10
supplemented with final concentration of 100 pg/ml penicillin-streptomycin (Sigma
Aldrich, USA), 1.25 pug/ml amphotericin (Sigma Aldrich, USA) and 1 pg/ml puromycin

(Sigma Aldrich, USA). Cells were cultured in a 37°C incubator with 5% CO,.

Hana3A cells were frozen to make stocks before their 5th passage. For experiment,
cells under 10th passage after being thawed were used. Cells had to be trypsinized every

other day, and a quarter of the 100% confluent cells were maintained.

10



2.2.0R gene cloning

OR genes were engineered to express FLAG-tag and Rho-tag. FLAG-tag is to confirm
OR expression on the cell surface, and Rho-tag is to support GPCR expression on the
plasmid membrane [16, 27]. The recombinant OR DNA was amplified by PCR and
inserted to the pcDNA3.0 vector (Fig. 4). Insertion of the target DNA in the vector was
confirmed by Sanger DNA sequencing. Vectors with the target DNA were amplified and

purified using Fastlon Plus Plasmid Midi Kit (RBC, Taiwan).

11
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Figure 4. OR Gene Inserted pcDNA3.0 Construct

FLAG: FLAG-tag (DYKDDDDK), Rho: rhodopsin-tag, Amp.: ampicillin resistance gene.



2.3.Heterologous cell surface expression of ORs and confirmation

2.3.1. Transfection

OR genes were introduced into Hana3 A cells by transfection using Lipofectamine 3000
(Invitrogen, USA). Along with OR genes, luciferase genes and accessory proteins that
enhance the cell-surface expression of ORs were co-transfected (Table 2) [20, 28, 29, 30].
M10 medium without antibiotics was used to minimize toxicity of antibiotics to cells
with permeabilized surface by Lipofectamine 3000 reagents. Transfection reagents were
applied when the cell confluency was ~50%. After application of the transfection

reagents, cells were incubated at 37°C with 5% CO: at least for 20 hours.

13



Table 2. Transfection Chart

Plasmid DNA Amount (ng/well)
OR 40
pPCRE-Luc 40
pSV40-Renilla 10
RTP1S 10
M3-R 5

14



2.3.2. Western blot

Heterologous expression of OR proteins on the Hana3 A cell surface was confirmed by
western blot analysis. Hana3 A cells were cultures in three T75 (15ml) flasks and
transfected with the mock vector and OR1A1 for 20 hours. FLAG-tag was detected by
DYKDDDDK tag mouse mAb (Cell Signaling, USA) and p-actin was detected by B-actin
mouse monoclonal IgG (Santa Cruz, USA). the secondary antibody was Goat anti-mouse
IgG-HRP (AbFrontier, Korea) and used to detect both FLAG-tag and B-actin antibodies.
The HRP on the secondary antibody was detected by TOPview ECL Pico Plus Western

Substrate (Enzynomics, Korea), and the presence of the target proteins were confirmed.

15



2.4.0R stimulation

Cell media was changed to CD293 (Gibco, USA). Powders of indole (Sigma Aldrich,
USA), methyl dihydrojasmonate (Sigma Aldrich, USA), and naphthalene (Sigma Aldrich,
USA) were diluted in DMSO (Sigma Aldrich, USA) to make 1 M stocks. 1M odorants
were serially diluted with DMSO and CD293 to make the target final concentration. The
final concentration of DMSO was below 1% (vol/vol) in CD293 due to its toxicity to
cells [31]. For example, no more than 1 ul of odorant in DMSO was added to 100 ul of

the total volume with CD293 for 96-well plate.

The negative control (no-odorant) was OR transfected cells stimulated by DMSO
only (0 M of an odorant). After the application of odorants, cells were incubated at 37°C

with 5% CO, for 4 hours.

16



2.5.Cytotoxicity of odorants

Cytotoxicity of each odorant to transfected Hana3 A cells were tested using CCK-8 kit
(Dojindo, Japan). Cell viability was measured by proliferation ability of cells. Viable cells
can catalyze WST-8 and turn the color of WST-8 from yellow to orange-red. The level of
color change was measured by Spark 10M multimode microplate reader (Tecan,

Switzerland).

Cells were transfected with mock vectors for 20 hours and stimulated with 0 M, 10
nM, 100 nM 1 uM, 10 uM, 100 uM, 1 mM, 10 mM of indole, methyl dihydrojasmonate

and naphthalene respectively. Cell viability after 4 hours of stimulation was measured.

17



2.6.Measurement of OR responses

2.6.1. Selection of responsive ORs

The level of OR responses to odorants were measured by luciferase assay (Fig. 3b) using
Dual-glo Luciferase assay system (Promega, USA). CRE-mediated firefly luciferase
activity represents the OR activation level, and the bioluminescence production was
measured by Spark 10M multimode microplate reader. In addition, constitutively active
SV40 promoter-mediated Renilla luciferase activity was used to measure the transfection
efficiency and the cell number. The firefly luciferase activity measurements were

normalized with Renilla luciferase measurements as below.

N = Luc/Ren

AN  N(odorant) — N(no — odorant)
N N(no — odorant)

To minimize the variation from the transiently transfected cell-based assay, data of six
replicates, whose coefficient of variation (CV) was below 0.15, were used. t-test was
conducted for the data of an OR in presence and absence of an odorant. ORs with p<0.05
were considered responsive, except for indole. For indole, there were ORs that had high
AN/N values but had p-values higher than 0.05. Among those ORs, those with higher
AN/N than the smallest AN/N of statistically significant responsive OR (OR10V1; 0.103,
Table 3) were additionally selected not to miss responsive ORs due to the variations

caused by the cell-based assay.

18



2.6.2. Dose-response test

Dose-response tests were conducted for indole only. First, positively responding ORs to
indole were stimulated with 0 M, 1 pM, 10 pM, and 100 pM of indole and their response
levels to each concentration was measured. All were tested with three replicates.
According to the results, responsive ORs were grouped into 3: ORs that responded to 1
uM were grouped in the high sensitivity group, ORs that did not respond to 1 uM but
responded to 10 uM and 100 uM were grouped into the medium sensitivity group, and

ORs that only reacted to 100 uM were grouped into the low sensitivity group.

Dose-response tests were conducted according to the designated groups. The high
sensitivity group was tested with 0 M, 1 nM, 10 nM, 100 nM, 1 uM, 10 pM, 100 uM, and
ImM. The medium sensitivity group was tested with 0 M, 1 uM, 3 uM, 10 uM, 30 uM,
100 uM, 300 uM, and 1mM. The low sensitivity group was excluded from the dose-

response test. All were tested with 6 replicates.

Dose-dependent sigmoidal curves of responsive ORs were drawn, and EC,, were
obtained using GraphPad Prism 7 software program. For the dose-response curves, the
logarithm of odorant concentrations and firefly / Renilla ratios (Luc/REN) were used. The

ratios were normalized such that the lowest value was set to 0% and the highest to 100%.

19



2.7.Visualization of OR response patterns

Patterns of OR responses were visualized using heatmaps. Three types of OR
arrangement for visualization was used. The first type was arrangement of OR genes on a
square 20x20 matrix in the order of hORDE nomenclature (Fig. 5a). For the second
arrangement according to the OR family (Fig. 5b), the family numbers were aligned
along the vertical axis, and the members of each family were enumerated according to the
nomenclature. The third type was to analyze the response of OR subfamilies. Each cell
determines the subfamily name, and the responding OR fraction per each family was used

(Fig. 5¢)

Heatmaps were drawn using GraphPad Prism 7 software program. For the
representative patterns of an odorant, the logarithm of the sensitivity, log(1/ECso), was
used. Values were ranged from 4 to 10. The response patterns at certain concentrations
display AN/N values ranging from 0 to 1. For the subfamily responses, the fraction of
positively responding ORs in a subfamily (No. responsive ORs)/ (No. member of ORs in

the subfamily), ranging from 0 to 1, was used.
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(a) A B C D E E G H 1 3 K L M ] P Q R S T
1| OR1A1 | ORI1A2 | ORIBI | ORICI | ORID2 | ORID4 | ORIDS | ORIEl | ORIE2 | ORIF1 [ORIF12| ORIGI | ORI | ORI | ORLJ2 | ORL4 | ORIKI | ORILI | ORIL3 | ORIL4
2| ORIL6 | ORILS | ORIMI | ORINI | ORINZ | ORIQI | ORISI | ORISZ | OR2A1 | OR2A2 | OR2A4 | OR2A5 | OR2A7 [OR2A12 [ OR2A14 | OR2A25 | OR2B2 | OR2B3 | OR2B6 |OR2BI1
3| orzc1 | OR2C3 | OR2D2 | OR2D3 | OR2F1 | OR2F2 | OR2G2 | OR2G3 | OR2G6 | OR2H1 | ORZH2 | OR2J2 | OR2J3 | OR2K2 | OR2L2 | OR2L3 | OR2LS | OR2LS |OR2LI3 [ OR2M2
4 | oR2M3 | OR2M4 | OR2MS5 | OR2M7 | OR252 | OR2TI | OR2T2 | OR2T3 | OR2T4 | OR2TS | OR2T6 | OR2T7 | OR2TS [OR2T10 [ OR2TII | OR2TIZ | OR2T27 [ OR2T29 | OR2T33 [ OR2T34
5 | or2T35 | OR2VI | OR2V2 | OR2W1 | OR2W3 | ORZWS | OR2Y1 | OR2Z1 |OR2AE] |OR2AG1 |OR2AG2| OR2AJ1 [ OR2AK2 [ OR2API [ OR2AT4 | OR3AI | OR3A2 | OR3A3 | OR3A4 | OR4AS
6 | OR4A15 [ OR4A16 | OR4A47 | OR4B1 | OR4C3 | OR4CS | OR4C6 |OR4C11 | OR4CI2 |OR4C13 | OR4C1S | OR4C16 | OR4C4S [ OR4C46 [ OR4DI | OR4D2 | OR4DS | OR4D6 | OR4D9 [ OR4DIO
7 |OR4D11 | OR4E2 | OR4F4 | OR4FS | OR4F6 | OR4F15 | OR4F16 | OR4F17 | OR4F21 | OR4K1 | OR4K2 | OR4KS | OR4K13 [ OR4K14 [ OR4K15 | OR4K17 | OR4L1 | OR4MIL | OR4M2Z | OR4NZ
8 | OR4N4 | OR4NS | OR4P4 | OR4Q3 | OR4S1 | OR4S2 | OR4X1 | OR4X2 | OR5A1 | ORSA2 | ORSB2 | ORSB3 |ORSB12 [ ORSB17 [ORSB21 [ ORSCI | ORSD13 [ ORSD14 | ORSDIG [ ORSDIS
9 | OR5F1 | ORSH1 | ORSH2 | ORSH6 | ORSH14 |ORSH15| ORSI1 | ORSJ2 | ORSK1 [ ORSK2 | ORSK3 | OR5K4 | ORSL1 | ORSL2 [ ORSM1 | ORSM3 | OR5MS | OR5MS |OR5M10 |ORSM11
10| ORSP2 [ OR5P3 | ORSRI | ORST1 | ORST2 | ORST3 | ORSVL | ORSW2 |OR5AC2 |OR5AK2 |ORSANI | ORSAP2 | ORSARI [ OR5AS] [ ORSAUI| OR6A2 | OREBI | OR6B2 | OR6B3 | OR6CL
11| OR6C2 | OR6C3 | OR6CA | OR6CE | OR6CS5 | OR6CES | ORGCTO | ORGCT4 | ORGCTS [ ORGCT6 [ ORGF1 | OR6J2 | OR6K2 | OR6K3 | ORGK6 | OR6MI | OR6N1 | OR6N2 | OR6P1 | OR6QL
12| OR6S1 | OR6T1 | ORGVI | OR6XI | OR6Y1 | OR7AS |OR7A10 [OR7A17 | OR7C1 | OR7C2 | OR7D2 | OR7D4 | OR7E24 | OR7G1 | OR7G2 [ OR7G3 | ORsAl | ORsB2 | ORSB3 | ORSB4
13| ORSBS | ORSBI2 | ORSD1 | ORSD2 | ORSD4 | ORSG1 | ORSGS | ORSHI | ORSH2 | ORSH3 | ORSI2 | ORSJI | ORSJ3 | ORSKI | ORSK3 | OREKS | ORSS1 | ORSUI | ORSUS | ORSUS
14] OR9A2 | OR9A4 | OR9G1 | OR9G4 | OR9GS | ORSII | ORSK2 | ORSQL | ORSQ2 [OR10A2 | OR10A3 | OR10A4 | OR10AS | OR10A6 [ OR10AT | OR10CI [ OR10D3 | OR10G2 | OR10G3 | OR10G4
15 | OR10G6 | OR10G7 | OR10GS | OR10GS [ OR10H1 | OR10H2 | OR10H3 | OR10H4 | OR10HS [ OR10J1 [ OR10J3 | OR10J5 | OR10K1 | OR10K2 | OR10P1 | OR10Q1 | OR10R2 | OR1081 | OR10T2 | OR1OVI
16 |OR10W1 | OR10X1 | OR10Z1 |OR10AD1{OR10AG]| OR11A1 | OR11G2 | OR11HI | OR11H2 | OR11H4 [OR11H6 [OR11H12| OR11L1 | OR12D2 | OR12D3 | OR13A1 | OR13C2 | OR13C3 | OR13C4 | OR13CS
17| OR13CS | OR13C9 | OR13DL | ORI3F1 | OR13G1 | OR13H1 | OR1371 | OR14A2 |OR14A16|OR14C36| OR14I1 | OR1471 [ ORI4KI [ OR51A2 | OR51A4 | ORS1A7 | ORS1B2 | ORS1B4 | ORS1BS | ORS1B6
18 | ORS1D1 | ORS1EI | ORS1E2 | ORSIF1 | ORS1F2 | OR51G1 | OR51G2 | ORS1I1 | ORS112 | ORS1J1 [ORSIL1 | ORS51MI [ OR51Q1 [ OR51S1 | ORSITI | ORS1VL | OR52A1 | OR52A4 | ORS2A5 | ORS2B2
19 | OR52B4 | ORS2B6 | ORS2D1 | OR52E2 | OR52E4 | OR52ES | ORS2E6 | OR52ES | ORS2H1 | ORS211 | OR5212 | ORS2J3 | ORS2K1 | OR52K2 | OR52L1 [OR52MI1 [ OR52N1 | OR52N2 | OR52N4 | OR52NS
20 | OR52R1 [OR52W1 | ORS6A1 | OR56A3 | OR56A4 | OR56A5 | ORS6B1 oRszsm_

Figure 5. OR Gene Arrangement for Visualization

(a) 20x20 matrix. ORs are designated in alphabetical order of the hORDE nomenclature.
Cells without designated ORs are colored with black. (b) OR arrangement by OR family.

(c) Subfamily arrangement of ORs
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Figure 5. OR Gene Arrangement for Visualization

(a) 20x20 matrix. ORs are designated in alphabetical order of the hORDE nomenclature.

Cells without designated ORs are colored with black. (b) OR arrangement by OR family.

(c) Subfamily arrangement of ORs
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3. Results

3.1.Heterologous expression of ORs

Heterologous expression of ORs on Hana3 A cell surface was confirmed by western blot
(Fig. 6). The sizes of ORs with Rho-tag and FLAG-tag are ranging from 35 to 40 kDa.
The exact size of OR1A1 is 34.6 kDa. The housekeeping gene, B-actin, was detected to
confirm the presence of cells transfected with the mock vectors. Later, it was
demonstrated that the OR1A1 does not respond to any of three odorants (indole, methyl
dihydrojasmonate, and naphthalene). This result suggests that the differences among the

OR response levels were not driven by failure of the surface expression of ORs.
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Figure 6. OR Expression on Hana3A Cells

ORI1ALI: 34.6 kDa, B-actin: ~40 kDa. Primary antibody: FLAG mouse mAb, -actin

mouse mAb. Secondary antibody: HRP-conjugated anti-mouse Ab.
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3.2.0dorant cytotoxicity test

Cytotoxicity of three odorants to transfected Hana3 A cells were measured (Fig. 7). The
highest concentration that does not significantly affect the cell viability was indicated to
be 100 uM for all three odorants. To minimize misunderstanding of OR responses due to

low cell viability, 100 uM of odorants were used to select the responsive ORs.
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Figure 7. Cytotoxicity of Odorants on Hana3A Cells

The highest absorbance in each odorant was normalized to 100%, and 0 absorbance was

normalized to 0%. n=6, * p<0.05, ** p<0.01
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3.3.0R responses to indole

3.3.1. Selection of responsive ORs

The normalized luciferase activities in absence and presence of an odorant with six
replicates were obtained. t-test was conducted to calculate p value between the two
groups, and p values smaller than 0.05 were considered to be statistically significant. The
ORs with significant increase of luciferase activity with odorant application were

regarded to be activated by the odorant (Fig. 8; OR8B12).

52 ORs that positively respond to 100 uM of indole were selected (Fig. 9, Table 3).
After the selection, response levels of the 52 ORs to 0 M, 1 uM, 10 uM, and 100 uM of
indole were measured, and their sigmoidal curves were drawn (Fig. 10). This step was to
confirm the positive correlation between the response levels of 52 ORs and indole
concentrations and to determine the range for dose-response tests. 15 ORs with low
response levels at 1uM of indole (medium sensitivity group) were tested with higher
concentrations of indole (1 uM, 3 uM, 10 uM, 30 pM, 100 uM, 300 uM and 1 M) to
obtain their ECso values (Fig. 10b, 11b). 12 ORs only responded to 100 uM of indole
(low sensitivity group, Fig. 10c). Their ECso values were unmeasurable because of low
cell viability at concentrations higher than 100 uM. Other than these 27 ORs, responsive
ORs were stimulated with 1 nM, 10 nM, 100 nM, 1 uM, 10 uM, 100 uM and 1 mM of

indole to obtain their sensitivities to indole (high sensitivity group, Fig. 10a, 11a).
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Figure 8. Normalized Luminescence Measurements

Luc/REN: normalized luciferase luminescence measurement, the ratio of firefly
luciferase and Renilla luciferase. Luc: CRE promoter-mediated firefly luminescence,

REN: Renilla luminescence, control: mock vector control, n=6, * p<0.05
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Figure 9. Normalized Luciferase Activities of 388 ORs in 100 pM Indole

ORs with statistically significant increases from the basal activity were selected and marked red.

AN/N: normalized luciferase activity ([N(odorant)-N(no-odorant)]/N(no-odorant)).
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Table 3. Selection of 52 ORs That Positively Respond to 100 pM Indole

hORDE Mean AN/N p value hORDE Mean AN/N p value
ORID> 1.478 0.321 0.024 ORO6V1 0.419 0.208 0.095
ORIF1 2.584 0.224 0.167 OR6Y1 1.154 0.290 0.095
ORIM1 2.274 0.358 0.024 ORS8BI12 1.072 0.207 0.024
OR2C1 3.195 0.184 0.167 ORSD4 1.160 0.180 0.167
OR2D2 0.948 0.215 0.048 ORSKS 1.721 0.277 0.024
OR2G6 1.509 0.200 0.024 OR9A2 3.265 0.329 0.024
OR2J2 2.250 0.124 0.024 OR9G9 0.915 0.345 0.048
OR2L2 2.043 0.303 0.048 ORI10A5 0.847 0.238 0.048
OR2L5 0.583 0.337 0.095 ORI10A6 1.131 0.481 0.024
OR2M3 1.749 0.318 0.024 OR10G2 0.538 0.201 0.095
OR2T34 1.134 0.202 0.143 ORI10H1 1.433 0.247 0.024
OR2AG2 0.870 0.386 0.024 ORI10H2 2.404 0.203 0.095
OR2AT4 0.643 0.238 0.024 ORI10T2 0.940 0.338 0.024
OR4C6 1.474 0.417 0.024 ORI10V1 1.383 0.103 0.167
OR4C12 0.783 0.143 0.024 OR10W1 1.025 0.384 0.024
OR4C46 0.819 0.456 0.036 OR11H6 0.985 0.350 0.024
OR4D1 0.768 0.170 0.095 ORI13C9 0.758 0.230 0.095
OR4E2 0.644 0.468 0.167 OR51B4 0.881 0.193 0.048
OR4F21 0.752 0.481 0.143 ORSIE2 20.802 0.319 0.024
OR4K2 0.823 0.437 0.048 ORS5112 1.616 0.235 0.036
OR4K>5 2.382 0.394 0.048 OR51J1 1.543 0.488 0.024
ORSHIL 3.029 0.928 0.024 ORS1S1 1.045 0.303 0.024
ORSI1 1.244 0.272 0.024 ORS52A1 0.695 0.123 0.167
OR5M9 1.451 0.241 0.095 OR52B2 1.446 0.614 0.024
ORSANI1 0.771 0.175 0.167 ORS56A3 1.171 0.170 0.048
OR6C1 4355 1.809 0.024 ORS56A4 1.341 0.116 0.167
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Figure 10. Normalized Response of the Receptors to 0 M, 1 pM, 10 pM and 100 pM
of Indole

Normalized luciferase responses of selected 52 ORs at 4 different concentrations. (a)

High sensitivity group of ORs that responded to 1 uM of indole. (b) The low sensitivity

group with ORs that did not respond to 1 uM of indole. (¢) The unmeasurable sensitivity

group of ORs that only responded to 100 uM of indole. The lowest response, firefly /

Renilla, of each OR was normalized to 0%, and the highest response was normalized to

100%. Error bars, s.e.m. over three replicates.
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Figure 10. Normalized Responses of the Receptors to 0 M, 1 pM, 10 pM and 100 pM
of Indole

Normalized luciferase responses of selected 52 ORs at 4 different concentrations. (a)
High sensitivity group of ORs that responded to 1 uM of indole. (b) The low sensitivity
group with ORs that did not respond to 1 uM of indole. (c) The unmeasurable sensitivity
group of ORs that only responded to 100 uM of indole. The lowest response, firefly /
Renilla, of each OR was normalized to 0%, and the highest response was normalized to

100%. Error bars, s.e.m. over three replicates.
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Figure 11. Normalized Dose-Response Curves for 40 ORs to Indole

Each group was tested with a different set of concentration range. (a) The high sensitivity
group stimulated with indole ranging from 1 nM to ImM. (b) The low sensitivity group
stimulated with indole ranging from 1 uM to 1mM.The lowest normalized luciferase
luminescence measurements (Luc / Ren) of each OR was normalized to 0%, and the

highest response was normalized to 100%. Error bars, s.e.m. over six replicates.
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Figure 11. Normalized Dose-Response Curves for 40 ORs to Indole

Each group was tested with a different set of concentration range. (a) The high sensitivity
group stimulated with indole ranging from 1 nM to ImM. (b) The low sensitivity group
stimulated with indole ranging from 1 uM to 1mM.The lowest normalized luciferase
luminescence measurements (Luc / Ren) of each OR was normalized to 0%, and the

highest response was normalized to 100%. Error bars, s.e.m. over six replicates.
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3.3.2. Visualization

The response patterns of ORs were visualized on heatmaps. The representative response
pattern of indole was displayed using the sensitivities of ORs to indole (Fig. 12).
Visualization on a 20x20 matrix allows analysis and comparison between two patterns
(Fig. 12a). Considering that ORs with similar protein sequences have aspects of
interacting with structurally similar ligands [2], the overall response patterns were also

visualized according to the OR families (Fig. 12b).

In addition, OR response patterns at different concentrations of indole were visualized
(Fig. 13). The number of responsive ORs and their response intensities positively
correlated with the indole concentration. About 10 ORs additionally responded when
indole concentration increased by 10 times. The number of responsive ORs increased the

greatest (14 ORs) when the indole concentration increased from 10 uM to 100 pM.

To compare the patterns between different odorants on the subfamily level, the response
patterns to indole at different concentrations were also visualized according to their
subfamilies. The fraction of responsive ORs per subfamily was used. Thus, this method
excluded the information of the response intensities of individual ORs and only focused

on the types and number of ORs.
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Figure 12. Overall Response Patterns of ORs to Indole

(a) 20 x 20 heatmap matrix of the overall response pattern of ORs to indole. Number and alphabet
labels are for matrix cell representation. Cells with X are blanks without designates ORs. (b) OR
family based heatmap display of overall response pattern of ORs to indole. The number titles show
the names of OR families. The logarithm of the sensitivity, log(1/ECsp), of each OR is used. Cells

with ORs that have ECso out of the measurable range are colored grey.
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(a) Response patterns of ORs to different concentrations of indole. Each cell indicates normalized

response of the designated OR such that AN/N. (b) Heatmap display of responding OR fractions

of subfamilies at different concentrations of indole. Number labels of columns are OR family

names. Each cell represents a subfamily, and the fraction of positively responding ORs of each

subfamily was used.
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3.4.0R responses to methyl dihydrojasmonate and naphthalene

3.4.1. Selection of responsive ORs

Response levels of 388 ORs to 100 uM methyl dihydrojasmonate and 100 pM
naphthalene were measured (Fig. 14). ORs whose response values in odorants were
significantly higher than that in absence of odorants (p<0.05) were considered to be
responsive. 36 ORs responded to 100 uM methyl dihydrojasmonate (Fig. 14a, Table 4),

and 60 ORs responded to 100 uM of naphthalene (Fig. 14b, Table 5).
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Figure 14. Normalized Luciferase Activities

AN/N in (a) 100 uM methyl dihydrojasmonate and (b) 100 M naphthalene.
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Table 4. Selection of 36 ORs That Positively Respond to 100 pM Methyl

Dihydrojasmonate
hORDE Mean AN/N p value hORDE Mean AN/N p value
ORIM1 0.896 0.156 0.024 OR6A2 0.683877 0.704309 0.0238
ORI1S2 1.117 0.188 0.036 ORG6N2 1.123394 0.189298 0.0476
OR2A4 0.767 0.110 0.036 OR7G2 0.798086 0.153989 0.0043
OR2A7 1.158 0.284 0.032 ORS8K1 2.352029 0.221214 0.0238
OR2T33 2.507 0.766 0.004 ORYA2 1.210736 0.236202 0.0317
OR2T35 3.129 0.268 0.029 OR10P1 2.739687 0.281411 0.0476
OR4B1 1.056 0.222 0.024 OR10Z1 1.290025 0.243735 0.0357
OR4D1 0.493 0.742 0.036 OR10ADI1 0.523354 0.126573 0.0238
OR4F15 1.384 0.454 0.048 OR11G2 2.432334 0.14506 0.0357
OR4F16 1.261 0.344 0.036 OR14I1 1.488213 0.083304 0.0357
OR4K?2 0.448 0.197 0.024 ORSIE2 17.48138 0.195047 0.0238
OR4P4 1.251 0.173 0.032 ORS51F2 1.225757 0.20826 0.0159
OR4X1 1.444 0.181 0.048 OR52E2 1.423209 0.257503 0.0317
ORS5B2 0.510 0.225 0.024 OR52E4 0.576822 0.493042 0.0357
ORS5M1 1.116 0.079 0.036 ORS52I1 1.170471 0.123705 0.0476
ORS5T1 0.453 0.184 0.048 ORS52N2 1.444356 0.199349 0.0357
ORSAC2 1.979 0.132 0.048 OR52N4 0.611038 021213 0.0476
ORS5AP2 1.206 0.064 0.048 OR56A5 0.468044 0.277949 0.0357
40
3 o i
A= T



Table 5. Selection of 60 ORs That Positively Respond to 100 pM Naphthalene

hORDE Mean AN/N p value hORDE Mean AN/N p value
ORI1BI1 0.162 0.563 0.024 OR8G5 0.138 0.692 0.024
ORICI 0.560 1.297 0.024 ORSK3 0273 0.988 0.048
ORIE2 0.250 1.068 0.024 OR9G4 0.390 0.595 0.024
ORIF12 0.323 0.444 0.024 ORYI1 0.327 1.399 0.024
ORIL4 0.330 0.945 0.024 OR9Q1 0.255 1.933 0.024
ORIMI 0.323 1.572 0.024 OR10D3 0.168 0.912 0.024
OR2CT 0.157 2.633 0.036 OR10G4 0.297 1.248 0.024
OR2D3 0.125 0.533 0.048 OR10G6 0.512 0.606 0.024
OR2F1 0.074 1.933 0.036 OR10G8 0.196 1.421 0.024
OR2G3 0.376 1.525 0.024 OR10S1 0.323 1.130 0.024
OR2K2 0.211 0.911 0.048 ORI10V1 0.145 0.860 0.048
OR2T6 0.176 0.974 0.048 ORI11H2 0.224 0.761 0.024
OR2T29 0.355 0.984 0.024 ORI2D3 0.096 1.296 0.002
OR2AK2 0.050 1.008 0.048 ORI3C3 0.139 0.456 0.048
OR4B1 0.258 2.838 0.024 ORI13C4 0.299 1346 0.024
OR4CI16 0.144 0.576 0.024 ORI3C5 0.236 0.969 0.024
OR4D1 0.167 2.124 0.024 OR14A2 0.148 1.350 0.024
ORSAL 0.624 2243 0.024 OR1411 0.109 1.338 0.048
ORSA2 0.292 1.248 0.024 OR51A7 0.473 0.887 0.024
ORSL1 0.125 0.844 0.024 ORSIEl 0.316 0.835 0.024
OR5M1 0.203 0.769 0.024 ORSI1EF2 0.189 1172 0.024
OR5M3 0.232 0.856 0.024 OR51G2 0.608 0.967 0.048
OR5V1 0.130 0.552 0.026 OR52A1 0.324 1.098 0.024
ORSAP2 0.217 0.692 0.024 ORS2ES 0.294 0.885 0.024
OR5AUI 0.216 2.843 0.024 ORS52E6 0.397 1.326 0.024
OR6C76 0.131 0.386 0.024 OR52H1 0.447 1.360 0.024
ORGK3 0.428 2.121 0.024 OR52I2 0.180 0.796 0.048
ORG6N1 0.119 1.488 0.048 ORS52L1 0.421 0.923 0.024
ORS8Al 0.289 2708 0.024 OR52N4 0.310 0.880 0.024
ORSG1 0.565 13.575 0.008 OR56A3 0.260 0.588 0.036
41
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3.4.2. Visualization

The OR response patterns in methyl dihydrojasmonate and naphthalene were visualized
on 20x20 matrices and according to their subfamilies (Fig. 15). Because the response
levels were measured only at one concentration (100 uM), ECso values were unavailable

to build the overall response patterns.
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Figure 15. Response Patterns of ORs to Methyl Dihydrojasmonate and Naphthalene

(a), (b) 20 x 20 heatmap matrices of OR response patterns. (c), (d) Heatmaps of responding

OR fractions of subfamilies. (a), (c) Responses to 100 uM methyl dihydrojasmonate. (b),

(d) Responses to 100 uM naphthalene.
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3.5.Pattern comparison

3.5.1. Pattern comparison

There was a positive correlation between the odor strength and the number of responsive
ORs. Strength of perceived smell is weakest for methyl dihydrojasmonate and strongest
for naphthalene. The number of responsive ORs were also smallest for 100 uM methyl
dihydrojasmonate (36 ORs, Table 4, Fig. 15), then 100 uM indole (52 ORs, Table 3, Fig.
13) and greatest for 100 uM naphthalene (60 ORs, Table 5, Fig. 15). The normalized
response levels were not high (red) for naphthalene while indole and methyl

dihydrojasmonate contained several ORs with high normalized response levels (Fig. 15)

3.5.2. Comparison of responsive ORs

ORs responding to low and high concentrations (100 nM, 100 uM) of indole were
compared with 100 uM methyl dihydrojasmonate and 100 uM naphthalene. The ORs that
respond to both of the odorants were listed (Table 6). The number of matching ORs was
not dependent on the odor similarity of odorants but correlated with the odorant

concentration.

It was found that OR1M1 and OR4D1 reacted to all three odorants so are likely to be
broadly tuned receptors. OR1M1 responded to three odorants when the concentrations of
odorants were high (100 uM). OR4D1 had more sensitivity to indole than OR1M1 as it

was activated by 100 nM of indole.

The response intensities of the matching ORs were compared (Fig. 16). The intensities

of matching ORs between indole and methyl dihydrojasmonate did not correspond and
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had little similarity regardless of the concentrations of indole. In contrast, those of

matching ORs between 100 uM indole and naphthalene showed similar intensity values.
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Table 6. ORs That Respond to Both of the Compared Odorants

Indole - Methyl Dihydrojasmonate

Methyl
Dihydrojasmonate

100 pM
hORDE AN/N AN/N
OR4D1 0.331 0.742
OR9A2 0.329 0.236
ORS1E2 0.280 0.195

No. of matching ORs 3

Matching % 16.7% 8.3%

Methyl

Dihydrojasmonate

100 uM
hORDE AN/N AN/N
ORIM1 0.966 0.156
OR4D1 0.295 0.742
OR4K2 0.288 0.197
OR9A2 0.232 0.236
ORS1E2 0.907 0.195

No. of matching ORs 5

Matching % 9.6% 13.9%

46

Indole - Naphthalene

TU

Indole Naphthalene
100 nM 100 uM
hORDE AN/N AN/N
OR4DI1 0.331 0.167
ORS52A1 0.204 0.324
ORS56A3 0.055 0.260
No. of matching ORs 3
Matching % 16.7% 5%
| Indole ‘ Naphthalene
100 pM 100 uM
hORDE AN/N AN/N
ORIM1 0.966 0.323
OR2C1 0.217 0.157
OR4D1 0.295 0.167
OR10V1 0.221 0.145
ORS52A1 0.376 0.324
ORS56A3 0.269 0.260
No. of matching ORs 6
Matching % 11.5% 10.0%
= A &) @
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Figure 16. Response Intensities of Matching ORs

Response intensities of ORs that commonly responded to (a) indole (100 nM and
100 uM) and methyl dihydrojasmonate (100 uM) and (b) indole (100 nM and 100

puM) and naphthalene (100 pM).
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3.5.3. Comparison of responsive OR subfamilies

The number of responsive ORs was insufficient to understand the odor similarity on the
individual OR protein level. However, it was noticed that the matching ORs between
indole and methyl dihydrojasmonate and those between indole and naphthalene did not
share a single subfamily. This result and the evidence of relation between receptor protein
sequence similarity and affinity to structurally similar ligands [2] suggested that OR
subfamilies may have sufficient specificity to distinguish and compare the response
patterns to different odorants. To demonstrate this, the OR response patterns were
compared at the subfamily level (Fig. 17). The response patterns on the subfamily level
were unique and distinguishable. The numbers of matching subfamilies were much

greater than that of matching ORs between two odorants.

The number of subfamilies responding to indole increased by 28, from 17 to 45, when
the indole concentration increased from 100 nM to 100 uM. The number of matching
subfamilies between indole and naphthalene increased by 10 with the indole
concentration increased. This increase ratio was twice of that between indole and methyl
dihydrojasmonate (Fig. 18, Table 7). According to the number of matching subfamilies
between odorants, the response pattern to indole became more similar with that of

naphthalene than that of methyl dihydrojasmonate.
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Figure 17. Fractions of ORs in Subfamilies Responding to Both of the Compared
Odorants

(a) Comparison between 100 pM naphthalene and indole at 100 nM (left) and 100 uM
(right). (b) Comparison between 100 pM methyl dihydrojasmonate and indole at 100 nM

(left) and 100 uM (right).
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Table 7. OR Subfamilies That Respond to Both of the Compared Odorants

Indole . Mgthyl Indole . Me}hyl
100 oM Dihydrojasmonate 100 UM Dihydrojasmonate
100 uM " 100 uM
No. responding 17 29 45 29
subfamilies
No. matching 10
subfamilies
% matching 29.4% 17.2% 22.2% 34.5%
Indole Naphthalene Indole Naphthalene
100 nM 100 M 100 uM 100 pM
No. responding 17 51 45 51
subfamilies
No. matching 18
subfamilies
% matching 47.1% 15.7% 40.0% 35.3%

% matching: (No. matching subfamilies)/(No. responding ORs)*100
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Figure 18. Increase of the Number of Matching Subfamilies Between Different
Odorants

The bar graph indicates the number of responsive subfamilies at the given concentration of
indole. The red plots indicate the number of matching OR subfamilies between 100 uM
methyl dihydrojasmonate and the given concentration of indole. The blue plots are the
number of matching subfamilies between 100 uM naphthalene and the given

concentration of indole.
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4. Discussion

4.1.Power-law distribution and inverse agonism

At the OSN level, OSN response sensitivity and intensity follow a power-law distribution
[32, 33]. This allowed us to assume that ORs that do not respond to an odorant at high
concentration would not respond to the odorant at lower concentration. The dose-
response curves of responsive ORs showed that the response levels of ORs increased
with the odorant concentration and were fit onto sigmoidal curves which supports the

assumption.

Additionally, OSNs have different basal activities, and some odorants work as inverse
agonists that reduce the response level below the basal activity [34, 35]. There are reports
that some odorous molecules act as inverse agonists to ORs, and aromatic compounds are
likely to show this tendency [36]. In this study, some ORs also showed decreased
luciferase activity by indole than when no odorant was applied (Fig. 9; negative values).
How the inverse agonism of molecules to ORs affect the odor perception is unknown,
and it has been suggested that the inverse agonism may work to direct axonal targeting of
OSN rather than the odor perception [37]. Because the OR response level was measured
in vitro, it is not certain if the decrease in response level was because of inverse agonism.
In fact, it is supposed that the decreases and different basal activities of ORs may be due
to compromised overall cell viability with certain ORs [20]. In this study, we only
focused on the ORs that odorants work as agonists. The function of inverse agonism on

odor perception needs to be studied to further understand the odor perception mechanism.
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4.2.Strength of smell, the number of responsive ORs and response
intensity

The strength of perceived smell is the weakest for methyl dihydrojasmonate then indole
and the strongest for naphthalene. The number of responsive ORs to the same
concentration (100 uM) of three odorants showed a positive correlation with the smell
strength (Fig. 13, 15). This suggests that the strength smell may refers to a large number
of types of neurons activated by the odorants, not the perception based on the specific

response patterns of ORs.

It was also supposed that the strength of odor may be due to the response intensities of
ORs to certain odorants. However, it was found that the intensities of responses to
naphthalene, which has the strongest smell, did not have normalized response levels
higher than 0.7 (displayed with red color). In contrast, the odorants with weaker smell,
indole and methyl dihydrojasmonate, had several responsive ORs with normalized
activity higher than 0.7. It cannot be concluded if the strength of smell depends on the
response intensity of ORs to an odorant because different OR types have different
expression levels in nasal mucus [38]. Therefore, there is a possibility that weakly
responding ORs in this heterologous system actually deliver much stronger signals to the
OB. However, the individual ORs themselves did not strongly respond to odorants with

strong odors.
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4 3.Intensity difference of a same OR to different odorants

Even though it is impossible to compare the response intensities among different ORs
due to different expression levels of ORs, it was possible to compare the intensity of a
same OR to different odorants (Table 6). The intensities of matching ORs were distinct
between indole and methyl dihydrojasmonate. In contrast, those between indole and
naphthalene were much closer (Fig. 16). Different intensities of an OR to different
odorants on the pattern refers to different sensitivities of the OR to the odorants. In
contrast, similar intensities to odorants indicate that the OR lies on similar sigmoidal
curves and have similar sensitivities against different odorants. Greater similarity
between structurally similar odorants (indole and naphthalene) than that between
structurally distant odorants (indole and methyl dihydrojasmonate) demonstrates that an

OR has higher similarities to structurally close odorants than distant odorants.

4.4 Response patterns of OR subfamilies

The number of matching subfamilies indicated that the similarity between patterns
increased more between indole and naphthalene than that between indole and methyl
dihydrojasmonate with increase of indole concentration (Fig. 18). Reminding that the
perceived smell of indole at high concentration is much closer to naphthalene than methyl
dihydrojasmonate, it suggests that differences and similarity of response patterns at the
subfamily level may be sufficient to decide the odor perception. It is also supposed that
little differences in the protein sequences may allow detection of odorants with similar

structure.
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4.5.0R response patterning

The overall response patterns of ORs especially measured in a heterologous system must
be very different from the signal patterns that olfactory cortex receives because of four
reasons. First, the heterologous system does not include any of the enzymatic reactions
occurring in nasal mucus. There are enzymes in human nasal mucus that catalyze certain
odorous molecules, and their reactions drive different odor perception [39, 40, 41]. The
complete list of mucosal enzymes is not established, and there are enzyme variations
between individuals. It is also very difficult to build the mucosal environment in vitro.
Therefore, we excluded all the enzymatic reactions and other obstruction and only
considered the direct interactions between ORs and the odorous molecules. Second, the
expression level of ORs differ by their types in nasal mucus. This expression ratio is not
yet well known and varies by individuals. Therefore, we normalized the OR expression
level with the number of cells and transfection efficiency. This may derive gaps between
intensity of response in the heterologous system and the actual intensity processed in the
human olfactory system. Therefore, the intensity differences among ORs on the coded
patterns do not represent the actual differences of intensities sent along the OSNs. Next,
the OR genes have large variations between individuals [18, 42, 43]. There are lots of
SNPs that affect the OR sequences among races and individuals, and the differences
affect the odor interpretation. We ignored the genetic variations, and the secured OR gene
library minimized the genetic variations between experimental trials. Lastly, signals
delivered by OSNs are processed before they are interpreted by the olfactory cortex. It

was demonstrated that the input and output patterns at OB lie of different dimensions and
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become more complicated by obtaining higher dimensionality as being processed [44].
Lots of efforts to screen the olfactory signals on the neuronal level have been made [45,
46, 47]. However, methods for OSN pattern screening in human OB in vivo are
unavailable. Furthermore, olfaction is a very subjective sense, so the perception of smell

can be affected by experiential and environmental conditions.

Because of the complexity of olfaction, standardization that excludes the individual
variations and subjectivity is important. This patterning method has assumptions such
that the OR expression levels are identical, no enzymatic reactions occur, no antagonism
between odorous molecules occurs, and there are no genetic variations of OR genes.
Prediction of smell with the OR response pattern is yet very difficult due to the large
differences between the experimental patterns and the actual patterns. However, the
patterning of smell that exclude the variations will assist to record smell, and it will

contribute to the standardization of olfaction and further understanding of sense of smell.
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5. Conclusions

Olfaction is driven by very complicated mechanisms involving processes through
olfactory receptors, sensory neurons, the olfactory bulb and the olfactory cortex. The
smell perception is also strongly affected by individual experiences, environment and
subjectivity. Due to its complexity, olfaction is still the most unknown sense among the

five basic senses.

This study suggests a visualization method to represent smell in terms of sensitivities
and response levels of 388 ORs to a given odor. For encoding of smell, 388 functional
human ORs were inserted into pcDNA3.0 vectors and cloned. A heterologous system that
imitates the olfactory receptor response mechanism was used. The cAMP was produced
when heterologously expressed ORs bind to the applied odorant just as OSN in the
intrinsic olfactory system, and the cAMP level was used to measure the response levels of
ORs. Using this system, the response levels of 388 ORs to three odorants that have
similarity and differences in terms of the perceived odor description and chemical

structures.

It was found that the number of responsive ORs and their response intensity levels
corresponded to the odorant concentration. A positive correlation between the strength of
odor and the number of responsive ORs was found. Additionally, the relation between
similarity of molecular structures of odorants and OR sensitivities to the odorants was
demonstrated. The results also suggested that analysis of response patterns at OR

subfamily level may be sufficient to distinguish and understand the odors.
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Even though there were several relations between similar odors and OR response
patterns, it was not sufficient to predict and interpret odors by their response patterns.
This result confirms high specificity of ORs and suggests that an OR-based electrical
nose must have much greater sensitivity and accuracy to distinguish and recognize
odorants. OR-based sensors will be able to recognize target chemicals with much greater

sensitivity and accuracy than animal-based detection.

Furthermore, visualization of olfaction will allow accurate analysis and comparison of
odors at the OR level. The in vitro olfactory system that excludes personal interpretation
and biological variations will provide more objective environment to record odors. This
method to code and record odors will contribute to standardization of olfaction,

establishment of OR-based biosensors, and further understanding of olfaction.
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