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Abstract 
Olfactory receptors (ORs) are the largest group of G-protein-coupled human receptors responsible for detecting and distinguishing 
odors. However, the fundamental mechanisms underlying OR responses remain poorly understood. This study aims to evaluate 
the basal activity of mouse and human ORs in the Hana3A cell line and examine the correlation between their basal activity and 
response characteristics to odor stimuli. Using a luciferase assay on the Hana3A cell line, the results showed that the 10 mouse 
ORs with the highest basal activity levels were positively correlated with their total response to odor stimuli. However, there was 
no significant correlation between the basal activity of human-derived ORs and their total response to odor stimuli. These findings 
indicate that basal activity levels significantly influence OR responses to odors, as evidenced by the positive correlation in the 10 
mouse ORs with the highest basal activity levels and their odor response. This supports the notion that the receptor binding cavity 
is crucial in determining OR responses to odors.

Abbreviations: GPCRs = G protein-coupled receptors, hORs = human-derived olfactory receptors, mOR = mouse olfactory 
receptor, MRR = molecular receptive range, OR = olfactory receptors, RTP = receptor transport protein, TAARs = trace amine-
associated receptors.
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1. Introduction
As 1 of the 5 senses, olfaction is important in daily life. The 
sense of smell enables us to perceive and differentiate a vast 
array of odor molecules, relying on a combinatorial coding 
system where multiple olfactory receptors (ORs) interact 
with each odorant. The specificity and breadth of OR–ligand 
interactions influence odor recognition, and factors such as 
concentration variability and odor mixtures add complexity 
to this process.[1] Mammals detect and discriminate between 
multiple odors through a large family of G protein-coupled 
receptors (GPCRs), yet little is known about the molecular 
and structural basis of the odor response properties of indi-
vidual ORs. Therefore, the research into the mechanisms of 

action of ORs and the search for treatments for related disor-
ders are of great importance for clinical solutions to olfactory 
disorders.

The sense of smell cannot be generated without ORs. ORs 
belong to the class A rhodopsin family and play a critical role 
in detecting and distinguishing many odor molecules.[2] In addi-
tion to ORs, trace amine-associated receptors (TAARs) have 
been identified as important contributors to odor perception, 
particularly in recognizing volatile amines associated with 
social and environmental cues.[3] TAARs work alongside ORs 
to enhance the brain’s ability to decode complex odor mixtures 
by broadening the range of detectable compounds and influenc-
ing behavioral responses.[4] This synergistic interaction between 
ORs and TAARs provides an additional layer of specificity in 
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odor coding, allowing for the nuanced perception of odors in 
diverse environments. Despite extensive research, the precise 
mechanisms governing OR–ligand interactions remain unclear. 
The ability of ORs to recognize odorants depends not only on 
ligand binding but also on activation dynamics. Moreover, odor 
perception is influenced by the interplay between ORs and other 
receptors, such as TAARs, further complicating the decoding 
of odor mixtures. The functional interplay between ORs and 
TAARs enhances the olfactory system’s ability to distinguish 
odorants with high sensitivity and specificity. Structural analysis 
of TAARs has revealed key ligand-binding motifs, such as the 
D3.32W6.48Y7.43 motif, which is critical for amine odorant 
recognition.[5] While ORs and TAARs recognize different classes 
of odorants, their complementary roles suggest a potential syn-
ergistic mechanism in odor perception, particularly in distin-
guishing amine-containing compounds. Understanding these 
interactions is critical for advancing olfactory research and 
developing clinical interventions for olfactory disorders.

There are 2 possible challenges to OR–ligand interactions 
in odor recognition, and 1 challenge is identifying an odor 
at widely varying concentrations because the pattern of ORs 
responsive to an odor is expected to change quantitatively 
and qualitatively with odor concentration. This prediction 
stems from data on olfactory bulb glomeruli response pat-
terns, which broaden with increasing concentration and have 
glomeruli that drop out of the response as concentration 
increases.[6,7] The second challenge is identifying an odorant 
when it is mixed with other odorants, which happens natu-
rally when a second odor is present. Studies of odor perception 
demonstrate that this becomes more difficult as odor mixtures 
become more complex.[8]

It has been found that mouse OR 256-8 (mOR256-8), a 
member of the mOR256 subfamily, can be converted into a 
broad-spectrum responsive OR by exchanging 1 or several 
residues.[9] The present study found that the total response of 
some ORs was positively correlated with their basal activity, 
indicating ligand nondependent receptor activation. These 
studies suggest that the broad responsiveness of OR is depen-
dent not only on ligand binding but also on its activation 
mechanism. Another broadly responsive OR (e.g., mOR256-
3) requires a low activation threshold and a permissive bind-
ing pocket. Thus, it is likely that at least some ORs have a 
permissive binding pocket in which interactions would be 
more stochastic compared to other GPCRs.[10] Thus, the 
responsiveness of ORs to odorants is determined by ligand 
affinity and their intrinsic activation potential. One major 
challenge in olfactory research is understanding how ORs 
maintain specificity while responding to a broad range of 
odorants, particularly in complex environments with multiple 
odor molecules. This study provides insights into the funda-
mental mechanisms governing odor recognition by examin-
ing the basal activity and tuning width of ORs. Therefore, 
through the heterologous expression system of ORs, we stud-
ied the factors affecting the basal activity and tuning width of  
ORs and further explored the mechanism of action between 
ORs and ligands, providing a theoretical basis for basic 
research and clinical research in the field of olfaction.

In this study, the basal activity of mouse and human ORs 
in the constructed Hana3A cell line was assayed[11] and to cor-
relate their basal activity and response characteristics with odor 
to provide a theoretical basis for elucidating the binding mech-
anism of ORs to ligands.

2. Materials and methods

2.1. Chemicals and OR constructs

Odorants were purchased from Sigma-Aldrich, St Louis. They 
were dissolved in dimethyl sulfoxide to make stock solutions 

at 1 mM and then freshly diluted in optimal minimum essential 
medium (MEM) (ThermoFisher, Waltham) to prepare the odor-
ant stimuli. The OR constructs were kindly provided by Dr YY 
(Shanghai Fudan University, China).

2.2. Cell culture and transfection

In the experiments, Hana3A cells, a HEK293T-derived cell line 
that stably expresses receptor-transporting proteins (RTP1 and 
RTP2), receptor expression-enhancing protein 1 (REEP1), and 
olfactory G protein (Gαolf), were used.[12] The cells were grown 
in MEM (Corning) supplemented with 10% (v/v) fetal bovine 
serum (ThermoFisher) and 100 μg/mL penicillin-streptomycin 
(ThermoFisher), 1.25 μg/mL amphotericin (Sigma-Aldrich), and 
1 μg/mL puromycin (Sigma-Aldrich).

All OR plasmids were transfected into the cells using 
Lipofectamine 2000 (ThermoFisher). Before the transfection, 
the cells were plated on 96-well plates (NEST, Wuxi, Jiangsu, 
China) and incubated overnight in MEM with 10% fetal 
bovine serum at 37 °C and 5% CO2. For each 96-well plate, 
2.4 μg of pRL-SV40, 2.4 μg of CRE-Luc, 2.4 μg of mouse 
RTP1S, and 12 μg of receptor plasmid DNA were trans-
fected. The cells were subjected to a luciferase assay 24 h after 
transfection.

2.3. Luciferase assay

Luciferase assays were performed using the Dual-Glo luciferase 
assay kit (Promega, Madison, WI) per the reference protocol.[11] 
OR activation triggers the Gαolf-driven AC-cAMP-PKA signal 
cascade and phosphorylates cAMP response element-binding 
protein. Activated cAMP response element-binding protein 
induces luciferase gene expression, which can be quantified 
by luminescence [measured here using a biological lumines-
cent plate reader (MD SPECTRAMAX L)]. The cells were 
co-transfected with firefly and Renilla luciferase, in which fire-
fly luciferase was the reporter of cAMP. Renilla luciferase com-
prises an active simian virus 40 (SV40) promoter (PRL-SV40; 
Promega, Madison, WI), which controls cell viability and 
transfection efficiency. The ratio of firefly luciferase to Renilla 
luciferase was measured. Determination was performed as fol-
lows: 24 h after transfection, the medium was replaced with 
100 μL odor solution (different doses), diluted in optimum 
MEM (ThermoFisher), and the cells were further incubated at 
37 °C and 5%CO for 4 h. The odor response of each OR was 
repeated 4 times on the same plate, and the basal activity of 
each mOR was averaged from 4 parallel samples on the same 
plate. All ORs were detected at 300 μM odorant concentra-
tion. After incubating in lysis buffer for 15 min, add 20 μL 
twin-crystal luciferase reagent to each well of 96-well plate 
and measure firefly luciferase luminescence. Next, add 20 μL 
STOP-Glo luciferase reagent to each well, and measure Renilla 
luciferase luminescence. The parametric dose-response curves 
were fitted with GraphPad Prism 8.

2.4. Statistical analysis

All statistical plots in this study were expressed using the 
mean ± standard deviation (mean ± SD). All ORs cell experi-
ments were done in 4 replicates for each group, and the mean 
of the 4 groups was taken for statistics. Basal activity statistics 
of ORs. The basal activity of ORs was measured by lucifer-
ase assay. The control group was empty vector pCI. 4 paral-
lel samples were made for each group of odorant receptors, 
and the data were analyzed by Microsoft software. The mean 
value was used for sorting when screening for odorant recep-
tor basal activity. ORs correlation analysis. The ORs detected 
in the previous step were ranked, and the top 10 and bottom 
10 ORs were selected and stimulated with odorants, and their 
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total response values were measured. The results were analyzed 
using Microsoft software and GraphPad Prism 8 software, and 
the results were obtained by using the “Linear regression” and 
“Correlation” modules. A significant difference was indicated 
by P < .05 (P < .05 and r > 0.8: high correlation between vari-
ables; P < .05 and .5 < r ≤ 0.8: moderate correlation between 
variables; P < .05 and r ≤ 0.5: low correlation between vari-
ables). Statistical results were expressed using the mean ± stan-
dard deviation (mean ± SD).

2.5. Ethical statement

The Institutional Review Board of the Affiliated Fudan 
University approved the study protocol (Number: 2023-678). 
The Ethics Committee of the Affiliated Fudan University 
approved the collection and analysis procedures of all clinical 
samples.

3. Results

3.1. Screening the basal activity of 182 mORs

This study examined 182 mORs by luciferase assay to deter-
mine their basal activities. This study analyzed a subset of 
mORs, specifically the members of the mOR256 subfamily. 
The mOR256-X notation refers to distinct isoforms within this 
subfamily, each identified by a unique numerical designation 
(e.g., mOR256-3 and mOR256-8). The top 10 and bottom 10 
ORs were selected according to the detection values. Table S1, 
Supplemental Digital Content, https://links.lww.com/MD/O716 
provides information about the basal activity ranking of the 182 
mORs. The basal activity of 182 mORs was examined, with the 
top 20 displayed in Figure 1A. In addition, the bottom 20 ORs 
are shown in the Figure 1B.

3.2. Screening the basal activity of 280 hORs

In the present study, luciferase assay detected the basal activity 
of 280 human-derived ORs (hORs). Based on their assay values, 
the top 10 and bottom 10 ORs were selected. Details regard-
ing the basal activity ranking of the 280 hORs are presented in 
Table S2, Supplemental Digital Content, https://links.lww.com/
MD/O717.

We detected the top 20 hORs, and the results showed that the 
basal activity values of hOR5J2, hOR52P1, hOR5G3, hOR2H2, 
hOR5M9, hOR3A2, hOR2A12, hOR52N1, and hOR2L8 
were relatively high (Fig. 1C). Furthermore, the 20 hORs were 
detected after ranking, and the results showed that the basal 
activity values of hOR2T1, hOR52J3, hOR2J4, hOR52N2, and 
hOR52L2 were relatively low (Fig. 1D).

3.3. The basal activity of ORs is correlated with the 
response to odor

Ten ORs with the highest and lowest basal activity were selected 
from 182 mORs and 280 hORs for further study to explore the 
response relationship between their basal activity and odorant 
stimulation. The total reaction value to odorant stimulation is 
the sum of the reaction value to each odorant.

The top 10 mORs (mOR13-6, mOR18-1, mOR166-14, 
mOR256-17, mOR259-1, mOR139-1, mOR170-5, mOR182-
11p, mOR204-33P, and mOR223-10) were stimulated by 
odors, the results showed that mOR13-6, mOR18-1, mOR166-
14, mOR256-17, and mOR259-1 had relatively high total 
response to odor stimulus (Fig. 2A). In the same way, 10 mORs 
(mOR31-2, mOR32-4, mOR110-8, mOR183-11P, mOR245-
7, mOR245-8, mOR125-5P, mOR136-5, mOR170-1, and 
mOR170-15) were stimulated by odors. The results showed 
that mOR245-7, mOR125-5P, and mOR136-5 had relatively 
low total response to odorant stimulation (Fig. 2B).

Figure 1.  Basal activity of mouse and human ORs. (A) Basal activity level of the top 20 mice ORs. (B) Basal activity level of the last 20 mice ORs. (C) Basal 
activity level of the top 20 human ORs. (D) Basal activity level of the last 20 human ORs (mean ± SD, n = 4). ORs = olfactory receptors.

https://links.lww.com/MD/O716
https://links.lww.com/MD/O717
https://links.lww.com/MD/O717
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Furthermore, an odorant stimulus-response was conducted 
for the top 10 hORs (hOR52P1, hOR5J2, hOR2L8, hOR2A12, 
hOR52N1, hOR5M9, hOR2H2, hOR3A2, hOR2T2, and 
hOR5G3). The results showed that hOR2H2, hOR5G3, 
hOR2T2, hOR5J2, and hOR2L8 had relatively high total 
response to odors (Fig. 2C). Similarly, the results of the odor 
stimulation response on 10 receptors (hOR11A1, hOR11L1, 
hOR8D4, hOR2T1, hOR52N2, hOR52L2, hOR2T10, 
hOR2J4, hOR13C7, and hOR52J3) are shown in Figure 2D. 
The total response of hOR8D4, hOR2T1, and hOR2J4 to odors 
was relatively low.

A linear regression analysis was conducted on 20 mORs 
(mORs ranking top 10 and bottom 10) to reflect the cor-
relation between screened OR basal activity and the total 
response to odors. The results showed that the total reaction 
of the top 10 mORs to odors was positively correlated with 
their basal activities (Fig. 3A). The total response was summa-
rized for each mOR to 16 odors (300 μM). Linear regression 
analysis showed that r was 0.9441 (P < .0001), with a strong 
correlation. The total response of the 10 mORs with the low-
est basal activity to odor was unrelated to their basal activity 
(Fig. 3B). Linear regression analysis showed that r was 0.4454 
(P = .1468), without correlation. A linear regression analysis 
was also performed on these 20 hORs (top 10 and bottom 10 
hOR rankings), which showed that the total response of the 
top 10 basal activity hORs to odor was not correlated with 

their basal activity (Fig. 3C) and a linear regression analysis 
yielded that the r was 0.5767, P = .0810, which was not cor-
related. The total response of the bottom 10 hORs regarding 
basal activity to odorants was not associated with their basal 
activity (Fig. 3D), and a linear regression analysis yielded an r 
of 0.1311, P = .7008, with no correlation.

4. Discussion
In this study, the basal activity of mORs (mOR18-1, mOR259-1, 
mOR166-14, mOR256-17, mOR13-6, mOR139-1, mOR204-
33P, mOR182-11p, mOR223-10, and mOR170-5) was posi-
tively correlated with their effects on odor stimulation, and the 
higher the basal activity, the stronger the response to odor stim-
ulation. However, there was no significant correlation between 
mORs with weak basal activity and hORs in response to odor-
ant stimulation. This result may be related to the cell surface 
expression capacity of the OR and the binding mechanism of 
the OR to the ligand. Studies have shown that sensitive OR 
responding to a higher concentration of odors may not be the 
strongest responder, and vice versa.[13] Therefore, it is possible 
that the concentration of odors stimulating human ORs in the 
experiment did not reach the maximum response concentration. 
One of the reasons the structure and properties of ORs are still 
unknown is that it is challenging to express large numbers of 
ORs in heterologous expression systems. In these systems, ORs 

Figure 2.  Total response to odorant stimulation of ORs with highest and lowest basal activity levels. (A) Total response of 10 mouse ORs with highest basal 
activity levels. (B) Total response of 10 mouse ORs with lowest basal activity levels. (C) Total response of the top 10 human ORs to odorant stimulation. (D) Total 
response of 10 human ORs with lowest basal activity levels (mean ± SD, n = 4). ORs = olfactory receptors.
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are primarily localized in the cell’s endoplasmic reticulum and 
only migrate to the cell membrane upon expression.[14,15] It is 
believed that the basal activity of ORs is related to their ability 
to be expressed on the cell membrane. Therefore, the ability of 
ORs to be on the membrane is one of the crucial factors deter-
mining their basal activity. When expressed in cells other than 
olfactory sensory neurons, ORs do not translocate efficiently to 
the cell membrane surface. The features that control this surface 
expression are thought to be determined by specific amino acids 
in the ORs sequence. This may depend on the interaction of 
ORs with RTP1S (which facilitates the translocation of ORs to 
the cell surface) or membrane composition.

Receptor transport protein (RTP)1 and RTP2 are thought to 
be chaperone proteins in OSNs that enhance the cell surface 
expression of many ORs when cotransfected into heterozygous 
cells.[16,17] When RTP1 and RTP2 genes were knocked out, most 
ORs were significantly deficient in expression, suggesting that 
these ORs require RTP1 and RTP2 to function.[18] It has been 
suggested that the retention of ORs in the cell is due to the struc-
tural instability of ORs, and this structural instability is because 
most ORs do not fold properly in heterologous cells and thus 
cannot be transported to the plasma membrane. This could 
also explain why many consensus ORs show robust cell surface 
expression, whereas most natural ORs show no detectable cell 
surface expression in heterologous cells.[19]

A study by Hiroaki Matsunami et al team found that in 
terms of amino acid residues conserved in ORs independent of 

RTP, NBW3.39 and 3.43 in the third transmembrane domain 
were associated with the expression of ORs. Substitution of 
3.39E and 3.43L effectively improved the membrane localiza-
tion of multiple ORs in mice and humans. NBW3.39E and 
NBW3.43L were less conserved in human ORs than in mouse 
ORs.[20] In the present study, the total response of hORs to 
odorants was unrelated, which might be related to the fact 
that hORs are more challenging to express in heterologous 
expression systems than mORs. In the broad-tuned receptor 
mOR256-3, specific OR residues appear to be involved in 
broadening the capacities of the binding pocket through a very 
labile toggle switch.[21]

The OR binds to the ligand by van der Waals forces, and its 
affinity is weak, while the nonOR GPCR binds by ionic bond-
ing, and its affinity is strong. It was revealed that a new syn-
thetic OR, the consensus OR, was designed by analyzing the OR 
amino acid sequence. The consensus OR efficiently translocated 
to the cell surface, while its agonist response was significantly 
enhanced.[16] Molecular dynamics simulations of the consensus 
OR revealed that designing salt bridges in the three-dimensional 
homology model of the consensus OR could further improve 
the expression of the consensus OR on the cell surface.

In addition to the ability of epithelial expression to affect 
basal activity, the OR response to odorants is also related to 
the nature of the binding cavity and the low activation barrier 
(binding affinity). The largest sequence variability among ORs 
lies in this binding site as well as the nature of the binding cavity, 

Figure 3.  OR basal activity level is correlated with response to odors. (A) Linear regression analysis was performed between basal activity and total response 
to odors in the top 10 moue ORs. (B) Linear regression analysis on mouse ORs with lowest basal activity level. (C) Linear regression analysis was performed in 
the top 10 human ORs. (D) Linear regression analysis on 10 human ORs with lowest basal activity level. ORs = olfactory receptors.
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which likely confers our ability to discriminate between differ-
ent chemical odors.[22]

The size of the binding cavity and the amino acid residues 
within it can affect receptor-ligand binding. Previous studies have 
shown that the receptor response is dependent on the molecular 
volume of the odorant, suggesting that affinity and/or efficacy 
becomes optimal when the molecular volume of the odorant 
matches the size of its binding pocket within the receptor.[23,24] 
It has been shown that in the receptor hOR51E1, when residue 
H108 is mutated to the more significant, less hydrophilic residue 
H108F, the receptor response to both agonists is completely lost, 
and molecular modeling revealed that these residues are located 
in the upper part of the binding cavity and regulate the size of 
the cavity.[22] They control the accessibility of the agonist within 
the binding cavity by sensing the size of the hydrophobic part 
of the agonist, which regulates the effectiveness of the receptor 
response. In our study, the narrow-tuned receptor hOR2W3 had 
relatively high basal activity but responded poorly to odorants. 
One study modeled it and found low freedom to accommodate 
multiple ligands in its binding pocket, which may be a causal 
factor in determining the narrow-tuned OR.[25]

The specific odorant structures recognized by ORs are termed 
the molecular receptive range (MRR) and MRR breadth range 
of ORs,[26] where some ORs are narrowly tuned, and others are 
broadly tuned.[27]

It has been found that broad-tuned receptors mOR256-
17 and narrow-tuned receptors mOR256-8 and mOR256-22 
exhibit more significant differences at the amino acid level 
(54%–57% identity) and MRR.[28] The differences between the 
MRRs were in the specific odors recognized and the breadth of 
MRRs. This suggests that the degree of overlap of MRRs may 
be positively correlated with the degree of amino acid homology 
of ORs.[29] For the broad-tuned receptor hOR2W1, it was found 
that the model binding affinity values of agonists to hOR2W1 
were lower than those of inhibitors of hOR2W1, which may be 
related to its low activation barrier (binding affinity).

Moreover, the response of ORs to odorants may also be 
related to the nature of the odorant. It has been shown that 
depending on the ligand polarity, the binding pocket in the 
broad-tuned receptor hOR2W1 supports hydrophobic contacts 
with nonpolar amino acid residues, which is considered to be 
the primary mode of ligand interaction with broadly regulated 
ORs, supporting multiple binding modes through opportunistic 
interactions.[10] In our study, the basal activity of hOR2W1 was 
found to be relatively high, but its response to odorants was not 
very high, perhaps because hOR2W1 is not sensitive to these 
odorants.

Studies have shown that odor recognition follows a combina-
torial coding scheme and that primary coding may help modulate 
the sensitivity of receptors to odor recognition.[30,31] According 
to the prediction of Hiroaki Matsunami team, they are expected 
to face each other in the extracellular portion of the transmem-
brane region, forming a vestibular location at the entrance to 
the orthotropic binding cavity.[32] The specificity of the bind-
ing cavity of the narrow-tuned receptors like mOR256-8 may 
be higher than that of the broad-tuned receptors. A molecular 
dynamics simulation and machine learning study revealed that 
changing amino acid residues can significantly alter the func-
tional expression of OR in heterologous cells.[16] It also helps 
to search for the corresponding ligands of different ORs.[22,33,34] 
All of the above describes what happens when OR is expressed 
in a heterologous system, but it may differ in a natural cellu-
lar environment.[35] The interaction of mammalian ORs with 
mixtures depends on the cellular environment, which critically 
determines the response characteristics of the OR and, thus its 
affinity for the ligand, which is in agreement with many other 
GPCR studies.[36] Research on the activation mechanism of ORs 
has been progressing steadily, but no model has fully explained 
this phenomenon. In particular, it is not clear whether the chem-
ical structure of the molecule is the main factor or due to the 

underlying activity of the receptor itself for the specific process 
of receptor activation by odor molecules. Perhaps because the 
phenomenon of receptor recognition and binding of ligands and 
receptor activation by bound ligands may be different processes, 
more rigorous and detailed follow-up studies are needed to clar-
ify this issue.

Therefore, high-resolution analysis of chemical sensory 
receptor structures is essential for the in-depth study of ORs. 
Thanks to significant efforts in pharmacology, cell and molecu-
lar biology, neurobiology, and modeling, OR structure research 
has become more scientific, rational, and effective. This progress 
is built upon previous studies, extracting and integrating key 
information across fields and research into the specific mecha-
nisms between ligands and receptors. The goal is to establish a 
cell-based volatile odor detection and identification platform, 
which forms the foundation for OR-based volatile odor sen-
sors.[37] Ultimately, high-resolution chemosensory structures will 
aid in revealing the molecular mechanisms of receptors in this 
class of proteins.
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