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Abstract  

Olfactory receptor 51E2 (OR51E2) is a G protein-coupled receptor traditionally associated with the 

olfactory epithelium, yet increasingly recognized for its physiological significance in non-olfactory 

tissues, including cancer tissues. Despite its classification as a propionate-sensitive receptor, the full 

pharmacological profile of its ligand-binding pocket remains a subject of investigation. 

Understanding how various organic ligands interact with this receptor not only clarifies the 

mechanisms of human olfaction but also provides a foundation for treating olfactory dysfunctions 

through the precise pharmacological modulation of receptor activity. This study aimed to 

characterize the signaling response of OR51E2 to a diverse panel of organic ligands using a 

heterologous expression system. 

HANA3A cells, a specialized HEK293-derived lineage, were transfected with the human OR51E2 

gene, the chaperone protein RTP1S to ensure proper membrane trafficking, and the GloSensor 

plasmid for real-time monitoring of intracellular cyclic AMP (cAMP). A panel of six compounds - 

propionic acid, 19-hydroxyandrostenedione (19-OH AD), glycine, urea, palmitic acid, and the 

receptor-independent control forskolin - was evaluated.  

Functional assays, i.e., the stimulation of cAMP levels measured by the bioluminescent assay Glo 

Sensor, demonstrated that propionic acid elicited a specific, mild cAMP response in OR51E2-

expressing cells, while 19-OH AD, glycine, urea, and palmitic acid failed to trigger significant 

activation. Forskolin was utilized as a robust positive control, confirming cellular viability and the 

integrity of the receptor-independent cAMP signaling pathway. The findings validate the efficacy of 

the GloSensor platform in HANA3A cells for olfactory receptor screening and contribute to the 

growing body of literature regarding the selective activation of ectopic ORs, which may serve as 

potential therapeutic targets in metabolic and oncogenic pathways.  

Key words: OR51E2 receptor, cAMP level, HANA3A cell line  
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1. Introduction 

1.1 Overview of Olfactory Receptors’ Features  

For almost all animals, survival and reproduction depend heavily on the ability to detect and 

differentiate thousands of various chemicals in the environment. In mammals, this complex 

chemosensory task is mediated by the olfactory system, and more specifically, by Olfactory or 

Odorant Receptors (ORs). Belonging to the largest subfamily of Class A G protein-coupled receptor 

(GPCR) family, ORs were first discovered by Linda Buck and Richard Axel in 1991 [1]. 

Advancements in sequencing have established that humans comprise a repertoire of approximately 

400 functional OR genes, alongside a significant number of non-functional pseudogenes [2]. These 

receptors are primarily situated on the cilia of olfactory sensory neurons within the nasal 

epithelium, functioning as the frontline sensors that convert chemical stimuli into intracellular 

electrical signals required for olfactory perception [1]. 

While most GPCR systems in the body operate on a highly specific, single-ligand binding 

mechanism, ORs use a complex combinatorial coding strategy. A single OR can be triggered by 

multiple different odorants, and a single odorant can activate several different ORs at once. This 

combinatorial code enables the mammalian brain to recognize a nearly infinite spectrum of distinct 

odors, despite a finite number of receptor types [2]. However, decoding precisely how this receptor-

ligand network functions at the molecular level has been a persistent challenge in sensory 

neuroscience and pharmacology. 

1.2 Structural Mechanisms of Odorant Recognition 

For decades, the process by which ORs recognize odorants at the atomic level remained an 

unresolved area of knowledge from a biochemical standpoint. Due to their high instability outside 

native cell membranes, isolating and studying them was challenging. ORs tend to misfold during 

standard heterologous expression, which left the structural architecture of the odorant binding 

pocket entirely theoretical. However, the field experienced a significant breakthrough when 

researchers have captured the first high-resolution structure of human ORs using advanced cryo-

electron microscopy (cryo-EM) [3]. Similar to the conventional organization of the GPCR 

superfamily, olfactory receptors feature seven transmembrane domains (7TM) interconnected by 

three intracellular loops (ICL) and three extracellular loops (ECL). An active-state structure of the 

human odorant receptor OR51E2 was finally mapped, revealing exactly how it binds to its specific 
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endogenous ligand, a short-chain fatty acid propionate, within an occluded pocket formed by the 

receptor's transmembrane helices. Moreover, molecular dynamics simulations have shown that 

ligand binding induces specific conformational changes, to be precise, structural changes in 

extracellular loop 3 (ECL3) [4]. This shift operates as a molecular trigger that facilitates 

intracellular coupling of G-protein and initiates the subsequent signaling cascade. 

Figure 1. (a) Cryo-EM density map and (b) 

ribbon model of the active human OR51E2 

receptor. The active state of OR51E2 is shown 

complexed with its short-chain fatty acid ligand, 

propionate (highlighted in yellow). To 

successfully capture the cryo-EM image, the 

original researchers used stabilizing proteins 

(miniGαs, Gβγ, and nanobody Nb35) to lock the 

dynamic receptor into its active conformation. 

This structural map illustrates how the ligand is 

bound deep within the occluded pocket of the 

transmembrane helices. (Adapted from [3]) 

 

Building on this foundational discovery, there have been studies using a consensus protein design 

strategy to engineer "consORs" - synthetic, stabilized versions of the major human OR subfamilies. 

Cryo-EM structures of these engineered consORs have illuminated how a single receptor family can 

bind to a great variety of chemicals. They reveal fundamentally distinct models of odorant binding, 

demonstrating how slight geometric variations in binding pocket volume and architecture enable the 

OR superfamily to ligate vastly different chemical functional groups and chain lengths [5]. 

1.3 In Vitro Functional Assessment of OR Activation 

Alongside structural biology, the functional characterization of ORs has been revolutionized by 

high-throughput in vitro assays. As the largest subset of the GPCR superfamily, which accounts for 

nearly one-third of FDA-approved drug targets, ORs represent a vast, unexplored domain for drug 

discovery [5]. Because native ORs frequently misfold and are retained in the endoplasmic reticulum 

of immortalized cell lines, extensive efforts have been made to optimize their surface expression 

using accessory proteins [6]. Once successfully expressing receptors to the cell surface, OR 
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activation was quantified by tracking the second-messenger signaling cascade. Upon ligand 

binding, the OR couples to a specific G-protein subunit (Gαolf), which then activates adenylyl 

cyclase 3 to generate cyclic AMP (cAMP) [7]. Currently, real-time, live-cell measurement systems 

that use cAMP-responsive luminescent or fluorescent reporters have become the standard for 

deorphanizing ORs [6]. These assays allow for the dynamic monitoring of receptor kinetics and the 

identification of suitable ligands for previously uncharacterized receptors. 

1.4 Ectopic Expression and Therapeutic Targeting of ORs 

While ORs were traditionally thought to function only within the nasal epithelium, recent 

transcriptomic advances have revealed that ORs are expressed ectopically in a wide variety of non-

sensory tissues, including the heart, adipose tissue, kidneys, and liver, and are present in multiple 

cancer cell lines. In these organs, ORs are not odor sensors; instead, they act as systemic 

chemosensors [8]. They monitor circulating metabolites, food-derived volatile compounds, and 

microbiome-derived byproducts to help maintain physiological homeostasis [9]. This discovery has 

turned ectopic ORs into highly attractive pharmacological targets. For instance, the activation of 

specific ORs in adipose tissue by food-derived odorants has been shown to modulate lipid 

metabolism, presenting novel therapeutic ways for metabolic disorders such as obesity [10].  

Targeting ectopic ORs presents a unique opportunity for modern drug design, specifically regarding 

allosteric modulation. Most conventional drugs are orthosteric, meaning they compete for the 

receptor's primary binding pocket. In contrast, allosteric modulators attach to entirely separate 

regions on the GPCR [10]. Consequently, instead of directly triggering a signaling cascade, these 

compounds act as regulators that potentiate or attenuate the receptor's natural response. This 

approach is especially relevant for pathologies characterized by ectopic OR overexpression, such as 

specific carcinomas or heart failure. By developing subtype-selective modulators for these 

secondary sites, pharmacologists can promote biased signaling. This strategy effectively isolates the 

beneficial intracellular pathways while bypassing those responsible for adverse off-target effects, 

paving the way for highly precise, low-toxicity treatments [11]. 
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1.5 Aim of the Study 

Ectopic olfactory receptors (ORs) are increasingly recognized as viable therapeutic targets, but 

studying their systemic functions remains difficult due to notoriously poor surface expression in 

vitro. Overcoming this obstacle to create stable cell models is essential for generating reliable 

pharmacological data. Therefore, the primary objective of this project was to characterize the 

functional activation profile of the human receptor OR51E2. 

This study utilized the HANA3A heterologous cell line transfected with the RTP1S chaperone, 

successfully implementing the receptor onto the cell membrane. Once expressed, OR51E2 signaling 

was tracked dynamically using the real-time, live-cell cAMP sensor. This setup made it possible to 

evaluate a panel of organic ligands to map the receptor’s specific functional profile and verify its 

activation against an empty-vector control. 
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2. Methods 

2.1. Drugs and Reagents 

This study used agar-coated Petri dishes and Luria-Bertani (LB) broth for bacterial propagation. 

Selective pressure was maintained by ampicillin. Plasmids used for transient transfection included 

the target receptor OR51E2, the membrane trafficking chaperone RTP1S, and the pGloSensor™  

reporter plasmid (Promega, Madison, WI, USA). Cell culture maintenance was performed using a 

complete medium consisting of Dulbecco's Modified Eagle Medium/Minimum Essential Medium 

(DMEM/MEM) supplemented with 10% (v/v) Fetal Bovine Serum (FBS), 1 mM sodium pyruvate, 

2 mM L-glutamine, and 100 μg/mL penicillin/streptomycin. Additional reagents for cell washing, 

transfection, and cryopreservation included Phosphate-Buffered Saline (PBS), Polyethylenimine 

(PEI), and Dimethyl Sulfoxide (DMSO). Assay solutions were prepared using Hanks' Balanced Salt 

Solution (HBSS) buffered with HEPES, with Bovine Serum Albumin (BSA) and 

isobutylmethylxanthine (IBMX). A diverse panel of organic ligands, including propionic acid, 19-

hydroxyandrostenedione (19-OH AD), glycine, urea, and palmitic acid, was evaluated, with 

forskolin (FSK) acting as a receptor-independent positive control. 

2.2. Bacterial Growth and Plasmid Extraction 

2.2.1. Bacterial Transformation and Selective Cultivation 

Bacterial propagation began with the transformation of E.coli cells using a heat-shock method. 

Aliquots of bacteria were mixed with plasmid DNA, subjected to a heat shock at 42°C for 30 

seconds, and then incubated on ice for 3 minutes. Following the addition of 0.95 mL of medium, the 

cells were then incubated for 1 hour to allow for integration, then streaked onto agar-plated Petri 

dishes and left overnight to ensure the selective growth of antibiotic-resistant bacterial colonies. 

LB medium was prepared by dissolving 25 g of LB broth in 1 L of water, then sterilizing for 30 

minutes. For selection of transformed colonies, 45 mg of ampicillin was added to 150 mL of LB 

medium to achieve a final concentration of 300 μg/mL. Selective pressure was maintained by 

keeping a final ampicillin concentration of 300 μg/mL to ensure high plasmid stability and prevent 

the growth of non-resistant satellite colonies. Single colonies were picked from the agar plates using 

a 250 μL micropipette tip, inoculated into labeled sterile flasks (“OR51E2”, “RTP1S”, 

“GloSensor”), covered with aluminum foil, and incubated in a thermoshaker at 37°C and 300 rpm 

overnight. 
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2.2.2. High-Copy Plasmid Purification and Spectrophotometric Quantification 

High-copy plasmid DNA was purified using a NucleoBond Xtra Midi kit (Macherey-Nagel, Düren, 

Germany). The overnight bacterial cultures were centrifuged at 4500-6000 rpm for ≥10 minutes in 

50 mL tubes, and the supernatant was discarded. The bacterial pellets from the three Falcon tubes 

originating from the same culture were combined by resuspending in 8 mL of Resuspension Buffer 

(RES) and vortexing thoroughly. Next, 8 mL of Lysis Buffer (LYS) was added, and the mixture 

was inverted 5 times without vortexing, then incubated for 5 minutes. The filter column was 

prepared with 12 mL of Equilibrium Buffer (EQU), which was slowly applied to the rim of the 

column filter. Neutralization Buffer (NEU) at a volume of 8 mL was added to the lysate, and the 

mixture was inverted until the blue color disappeared. The resulting homogeneous mixture was 

loaded into the column. The column was washed for the first time with 5 mL of EQU, the filter was 

discarded, and the second wash was performed with 8 mL of Wash Buffer WASH. Plasmid DNA 

was eluted using 5 mL of Elution Buffer (ELU) preheated to 50°C, and the eluate was collected in a 

15 mL tube. 

Plasmid DNA was precipitated by adding 3.5 mL of room-temperature isopropanol to the eluate, 

vortexing, and incubating for 2 minutes, then passing the mixture slowly through a NucleoBond 

Finalizer (Macherey-Nagel, Düren, Germany) attached to a 30 mL syringe. The collected DNA was 

washed with 2 mL of 70% ethanol and dried by pressing air through the filter at least six times to 

ensure the complete removal of residual ethanol. Finally, the purified plasmid DNA was eluted into 

a sterile collection Eppendorf tube by passing 500 µl of Redissolving Buffer TRIS through the filter 

twice to ensure maximum yield. DNA concentration was quantified using a Nanodrop 

spectrophotometer (Thermo Fisher Scientific, Waltham, MA, USA) with 1 μL of buffer as a blank 

and 1 μl of the extracted plasmid. 

2.3. Cell Culturing 

The HANA3A cell line, a derivative of Human Embryonic Kidney (HEK293T) cells, was 

specifically utilized for this study because it stably expresses essential olfactory accessory proteins 

(RTP1, RTP2, REEP1) and the Gαolf, which are strictly required to overcome the intracellular 

retention of ORs and drive their functional expression to the cell surface [12]. All operations were 

performed under a sterile chemical hood with a pipette gun. For routine maintenance, the old 

medium was discarded from a flask, and the adherent cell layer was washed with 3.5 mL of PBS to 

remove all traces of serum-containing medium, which inhibits trypsin activity. The wash step was 
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performed until the liquid turned slightly turbid, indicating the presence of suspended cells. To 

detach the cells, 3 mL of trypsin was added. The flask was incubated for 3 minutes, shaken, and 

observed under a microscope to confirm cell detachment without clumping. The enzymatic action 

of trypsin was neutralized by adding fresh medium at approximately three times the volume of 

trypsin used (e.g., 8-11 mL). For splitting, half of the trypsin volume (i.e., 1.5 mL) was transferred 

to a new flask, and both of the flasks were brought to a total volume of 12 mL with a new medium. 

For cryopreservation, cells were detached, neutralized, and centrifuged as described. The 

supernatant was carefully discarded, and the cell pellet was resuspended in a freezing medium 

consisting of FBS and 10% DMSO (e.g., 8.1 mL FBS and 0.9 mL DMSO). Aliquots (approximately 

1-1.5 mL) were transferred into cryovials and placed in a styrofoam container for slow cooling 

before being transferred to a -80°C freezer to prevent crystallization and cellular degradation. 

2.4. Cell Transfection 

Transient transfection was performed using PEI to introduce the OR51E2, RTP1S, and GloSensor 

plasmids into the HANA3A cells. Transfection complexes were prepared in sterile Eppendorf tubes. 

In the first tube, 30 μL of PEI was diluted in 500 μL of sterile PBS. In a second tube, the plasmid 

DNA, containing 2 μg of GloSensor, 4 μg of OR51E2, and 4 μg of RTP1S, was added to 500 μL of 

sterile PBS. The required volume of each plasmid for transfection was determined by dividing the 

target mass by its specific concentration, as measured by spectrophotometry (e.g., for OR51E2, a 

target mass of 4 μg divided by a concentration of 1.89 μg/μL, resulting in a volume of 2.1 μL). The 

PEI solution was added dropwise to the DNA mixture, then vortexed. After a 15-20 minute 

incubation at room temperature to allow complex formation, the mixture was added dropwise to the 

plated cells in Petri dishes and incubated for 24-48 hours. 

2.5. GloSensor cAMP Assay and Ligand Preparation  

The functional cAMP assay for this study followed a previously established GloSensor protocol 

[13]. The assay buffer was prepared by supplementing a 500 mL bottle of HBSS with 10 mL of 

HEPES to maintain pH stability. For each experimental run, a working solution was prepared by 

adding 5 mg of BSA, protein stabilizer, and 100 µM of IBMX, phosphodiesterase inhibitor, to 50 

mL of the premade buffer. The IBMX was added from a 50 mM stock solution previously dissolved 

in DMSO. 

Approximately 60-90 minutes before the bioluminescence reading, the transfected HANA3A cells 

were detached from the culture dish using trypsin, resuspended in medium, and centrifuged at 1250 
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rpm for 5 minutes. After discarding the supernatant, the cell pellet was resuspended in 8.5 mL of the 

prepared assay buffer. One aliquot of the luciferin substrate was added to the suspension, which was 

expected to change the mixture's color to light green. To protect the light-sensitive substrate, the 

tube was wrapped in aluminum foil and incubated in the dark at room temperature to allow for 

cellular equilibration. 

Ligand stocks were prepared in a 96-well plate. In the first row, 95 µL of buffer was added to the 

first six wells, followed by 5 µL of each test compound. For the remaining rows, 90 µL of buffer 

was added to complete 1:10 serial dilutions, resulting in a concentration range from 10-2 to 10-8. 

Thorough mixing and changing of micropipette tips were performed between each dilution step. 

The final row was maintained as a blank control containing only buffer. 

For the final assay, 20 µL from each column of the ligand source plate was transferred in duplicate 

to a new 96-well reading plate. To avoid cross-contamination, pipette tips were replaced for every 

new compound. The equilibrated cell suspension was then transferred to a reservoir and gently 

resuspended to ensure homogeneity. Using a multichannel pipette, 80 µL of the cell suspension was 

added to each well containing the ligands. 

2.6. Data Analysis 

Luminescence was measured immediately using a Victor microplate reader, with the signal 

recorded as Relative Luminescence Units (RLU) to monitor real-time cAMP kinetics. These data 

were captured as kinetic profiles and analyzed by identifying the maximum luminescence for each 

ligand, corresponding to the peak of receptor activation. To differentiate between true signaling and 

background noise, responses from OR51E2-expressing cells were compared with empty vector 

controls, allowing determination of specific receptor-mediated activation versus baseline or 

receptor-independent activity. 
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3. Results 

Pre-transfection, the propagated HANA3A cells exhibited appropriate morphology and adherence, 

reaching the target 70–80% confluency optimal for plasmid uptake (Fig. 2a). Post-transfection, the 

culture continued to proliferate to near-total confluency (Fig. 2b). Although some cells displayed 

minor morphological rounding, which is a typical stress response associated with PEI chemical 

toxicity, the population maintained the overall adherence and viability necessary to proceed with the 

functional GloSensor cAMP assay. 

 

Figure 2. Bright-field imaging of HANA3A cell culture (a) pre-transfection and (b) post-transfection. 

To confirm that this cellular viability translated to active signaling, the assay was initially validated. 

FSK, the positive control for GloSensor Assay, produced a rapid time-dependent increase in cAMP 

signaling when applied to HANA3A cells expressing the OR51E2 receptor (Fig. 3a). Extracting a 

maximum peak luminescence from the kinetic traces against a log concentration of FSK generated a 

standard concentration-response curve (Fig. 3b). A functional assay performed on the cells 

transfected without the receptor confirmed a robust, receptor-independent activation of adenylyl 

cyclase (Fig. 3c). The absolute maximum luminescence varies between two populations (from 

approximately 150,000 cps to approximately 40,000) due to a protocol deviation of a two-fold 

increase of FSK. Despite this variation, FSK reached the maximal signaling capacity for both 

conditions. This control established a reliable baseline for testing the other experimental 

compounds. 
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Figure 3. Data 

analysis of 

forskolin-induced 

cAMP 

production: (a) 

FSK kinetic 

traces with the 

OR51E2, (b) 

FSK 

concentration-

response curve 

(CRC) with the 

OR51E2, and (c) 

FSK kinetic 

traces without the 

OR51E2. 

OR51E2-expressing cells were screened against a panel of organic ligands (Fig. 4a). Propionic acid 

produced a clear, concentration-dependent increase in cAMP, while 19-OH AD, glycine, urea, and 

palmitic acid yielded no functional response. To verify receptor specificity, propionic acid was also 

tested on mock-transfected cells with the identical concentration-response assay (Fig. 4b). In these 

cells free from the OR51E2, propionic acid did not induce any cAMP production, maintaining a flat 

baseline response.  

 

Figure 4. (a) CRC of ligand-induced cAMP production in the presence of the OR51E2 and (b) propionic 

acid kinetic traces without the OR51E2.  
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4..Discussion 

Efficient heterologous expression of ORs in vitro is well recognized as a major challenge. Here, we 

took advantage of improved assay conditions, including GPCR chaperones and accessory 

constructs, to facilitate evaluation of the pharmacological profile of OR51E2. Despite the 

preliminary nature of these results, this study represents an important step toward a more thorough 

evaluation of potential ligands acting at OR51E2. 

First, we confirmed cell viability and the functionality of the GloSensor assay. FSK induced a rapid, 

time-dependent increase in cAMP, validating assay performance. We observed a discrepancy in 

maximum luminescence between receptor-expressing and mock-transfected populations, which 

resulted from a protocol deviation: a two-fold higher FSK concentration was applied to the mock-

transfected cells. Given the concentration-dependent activation of adenylyl cyclase by FSK, the 

double dose resulted in an increase in cAMP production [14]. These peak values represent distinct 

points on the FSK concentration-response curve, thereby validating the dynamic reporting range of 

the GloSensor biosensor. 

Following assay validation, we employed OR51E2-expressing cells with a panel of organic ligands.  

Propionic acid demonstrated a concentration-dependent increase in cAMP, whereas 19-OH AD, 

glycine, urea, and palmitic acid produced no functional response. To confirm receptor specificity, 

propionic acid was also tested on mock-transfected cells, which showed no cAMP production. 

Although the number of experiments is not yet sufficient for a robust statistical evaluation, these 

findings are consistent with recent structural biology models indicating that OR51E2 contains a 

deeply occluded binding pocket that appears to favor short-chain fatty acids such as propionate. The 

lack of response to the other tested ligands is compatible with the substantial structural selectivity, 

although the present functional data does not directly establish the precise binding determinants. 

Their lack of activity suggests that small size alone is not sufficient for receptor activation and that 

additional chemical features may be required. On the other hand, the stimulatory effect elicited by 

propionic acid was very low – less than 5% of the effect produced by 1 µM FSK – meaning the 

experimental conditions to study ectopic ORs function in cellular models are still suboptimal.  

Nevertheless, the observation of receptor-dependent activation of OR51E2 in a surrogate cell 

system supports the usefulness of this assay for future ligand screening. As OR51E2 is increasingly 

recognized for its physiological roles in non-olfactory tissues, including modulation of cancer 

tissues, it emerges as a promising therapeutic target. This assay may contribute to the future 
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identification and characterization of OR51E2 modulators, which could be useful for clarifying the 

receptor’s role in non-olfactory tissues and for exploring its possible therapeutic relevance.   
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5. Conclusion  

This study established a strong in vitro platform for evaluating the functional activation of the 

human ectopic olfactory receptor OR51E2. Using the HANA3A cell line with the RTP1S chaperone 

effectively bypassed the historical challenge of poor surface expression of ORs. Incorporation of the 

GloSensor assay allowed for real-time monitoring of intracellular cAMP levels, while forskolin 

controls confirmed cellular viability and the integrity of the downstream signaling cascade. 

During this study, screening a diverse panel of organic ligands demonstrated that OR51E2 exhibits 

high selectivity. Propionic acid induced a concentration-dependent increase in cAMP, whereas 

structurally distinct compounds, such as 19-OH AD, glycine, urea, and palmitic acid, did not 

activate the receptor. Experiments using mock-transfected cells confirmed that the observed 

response was strictly receptor-mediated. These functional results strongly support recent structural 

models suggesting that the OR51E2 binding pocket is deeply occluded and can accommodate only 

short-chain fatty acids. 

In conclusion, validating this stable screening system has had a significant pharmacological value. 

Given that OR51E2 is increasingly recognized for its role in non-olfactory tissues and oncogenic 

pathways, it represents an attractive therapeutic target. Moreover, this functional assay can serve as 

a critical tool for discovering novel allosteric modulators for the future. Such discoveries could pave 

the way for precise pharmacological interventions to regulate ectopic OR activity in metabolic 

disorders and carcinomas, thereby minimizing the risk of adverse off-target effects. 
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