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Abstract 

The mechanisms of odor discrimination are based on the differential interactions of odorant molecules with 

olfactory receptors (ORs). The biohybrid sensors described so far using ORs show selectivity towards 

specific versus non-specific binding. Here we disclose a method that enables odorant discrimination based 

on modulation of the capacitive response of the receptor that allows differentiation of three high-affinity 

hOR1A1 agonists. We performed voltammetry and impedance measurements of the hOR1A1 receptor 

selectively immobilized on a gold electrode in the absence and presence of the agonists. Binding induces a 

decrease in the capacitive response of the receptor that is proportional to the ligand affinity, and which is 

attributed to changes in the magnitude and orientation of the electric dipole in the receptor, regulating its 

response to the applied electric field. 
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Introduction 

Olfactory receptors (ORs) are cell membrane proteins found primarily in olfactory sensory neurons (OSNs). 

Each OSN expresses a single type of OR, which once bound to an odorant ligand undergoes a 

conformational change that activates the cell signaling cascade and neuronal firing1,2. An OR has variable 

affinity for a subset of odorants and a single odorant can activate multiple receptors with different affinities3. 

The combinatorial effect of this variable regulation in the OSNs gives rise to the sense of olfaction. In 

vertebrates, ORs belong to the family of class A (rhodopsin-like) G protein-coupled receptors (GPCRs). 

They are expressed by about 400 genes in humans, accounting for half of the class A GPCRs, and consist 

of two major subfamilies, including the less abundant fish-like ORs (class I), which respond to water-

soluble carboxylic acid-based odorants, and the mammalian-like receptors (class II), which respond to more 

hydrophobic compounds4.   
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The expression of ORs, however, is not restricted to the olfactory system; they are also present in non-

olfactory peripheral tissues such as the brain and the pancreas among others, where they are involved in 

different regulatory pathways and pathologies5–7, thus emerging as candidate pharmacological targets. 

However, to date no clinical drug against ORs has been developed, mainly due to the lack of experimental 

structures. The structural basis of odorant recognition by vertebrate ORs remains elusive due to the 

difficulty of their heterologous expression and poor stability8, and so far only the structure of human class 

I OR51E2 bound to the odorant propionate has been resolved9. 

The human olfactory system can discriminate between thousands of different volatile compounds, 

remarkably including those with very similar molecular structures10,11. The sensitivity and selectivity of 

odorant recognition by ORs has led to the development of biohybrid sensors for the detection of volatile 

organic compounds, reporting up to femtomolar concentration levels and good selectivity for specific 

odorants versus nonspecific odorants12–17. The highest levels of selectivity in terms of odorant 

discrimination have been described for electronic noses (e-noses) based on the immobilization of 

homochiral arrayed metal-organic structures or peptides that mimic the chiral nature of the OR-odorant 

interaction, and that allowed to distinguish between enantiomeric compounds18,19.  

However, the physiological discrimination of odorants ultimately relies on the selectivity of ORs, which is 

given by their tertiary structure. Here we disclose a method that allows odorant discrimination based on the 

modulation of the capacitive response of the OR.  The results show the differentiation of three high affinity 

agonists based on their binding interaction to human OR1A1 (hOR1A1) selectively immobilized on a gold 

electrode and capacitance measurements. 

Results 

hOR1A1 was overexpressed in a stable, tetracycline inducible HEK293S GnTI- cell line as described20. The 

receptor was engineered by inserting the epitope tags FLAG at the N-terminal and rho1D4 at the C-terminal 

to allow its purification and detection. Here, the rho1D4 located at the C-terminus was used for the selective 

immobilization of the OR on the polished surface of the single-crystalline gold Au(111) electrode through 

anti-rhodopsin half antibody21, thus providing a homogeneous orientation (Figure 1A). Electrode coverage 

was assessed by atomic force microscopy (AFM) (Figure 1B). Experiments were conducted in a custom-

made electrochemical cell in a three-electrode configuration with a Pt/Ir wire as a counter electrode and 

Ag/AgCl (SSC) as reference (Figure 1C). All measurements were performed in 50 mM phosphate buffer 

pH = 7.4. 

 

Figure 1. Experimental set-up. A. Molecular structures of the odorants used in this study, and scheme of 

the selective immobilization of hOR1A1 through rho1D4 C-terminal tag in the gold electrode. B. 

Representative AFM height image of the coverage of hOR1A1 immobilized by half anti-Rhodopsin on the 

gold electrode. C. Schematics of the electrochemical cell in the three-electrode configuration connected to 

the potentiostat. 
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Previous results of our group from electrochemical scanning tunneling microscopy (EC-STM) 

measurements, showed that binding of the cognate agonist dihydrojasmone to hOR1A1 caused a dose-

dependent shift toward lower values of the open-circuit voltage in the receptor’s I-V response. This was 

translated into a specific capacitance drop in cyclic voltammetry (CV) measurements22. Here, we conducted 

CV of hOR1A1 in response to binding of the two enantiomeric carvones, (R)-(-)-carvone  and (S)-(+)-

carvone. The two enantiomers are distinguishable by the human olfactory system as spearmint and caraway 

odors and bind to hOR1A1 showing lower affinities than dihydrojasmone (Supplementary Figure S1). For 

the measurements, the electrode potential was swept from 0.05 V to 0.30 V at different scan rates (Figure 

2A). The specific capacitance (CS) calculated from the voltammograms (Supplementary Tables 1 and 2), 

was normalized to the corresponding capacitance of the receptor alone, measured in the same experiment 

to avoid biasing from the variability of electrode coverage, and expressed as an increment. As observed for 

dihydrojasmone22, binding of the carvone ligands to the receptor caused a decrease in CS and the measured 

difference is reduced with the increasing scan rate (Figure 2B). The decrease in CS produced by (R)-(-)-

carvone and (S)-(+)-carvone is significantly lower than that produced by dihydrojasmone at 581 mV/s. 

Statistically significant differences were also found between the two carvone enantiomers (Figure 2C).  

 

 

Figure 2. Specific capacitance (CS) reduction by ligand binding. A. Representative cyclic voltammograms 

obtained for hOR1A1 before (purple) and after incubation with (R)-(-)-carvone (orange) or (S)-(-)-carvone 

(green), by sweeping the electrode potential from 0.05 to 0.30 V at increasing scan rates (581, 1000, 5800, 

and 1000 mV/s). B. Specific capacitance variation introduced by the ligand at the different scan rates 

calculated from the corresponding voltammograms. To avoid the bias from differences in electrode 

coverage across different experiments, the specific capacitance was expressed as an increment of the values 

measured in the same experiment: ∆CS = CS (hOR1A1)-CS (ligand). (R)-(-)-carvone (orange) and (S)-(-)-

carvone were noted as “-“ and “+”, respectively in the x-axis. n = 15, N = 3. C. Representation of the ∆CS 

at its maximum (scan rate = 581 mV/s) versus ligand EC50, showing ligands produce a significant decrease 

in capacitance. For dihydrojasmone: n = 10, N = 2 and for carvones n =15, N = 3. Significant differences 
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were judged through a Brown-Forsythe and Welch ANOVA tests (significantly different standard 

deviations). Family wise and confidence level of 0.05. **P<0.01, *P <0.05. 

In Figure 2, the shape of the voltammograms is slightly sloped, revealing a non-ideal capacitive behavior. 

This is not considered to calculate the specific capacitance values from voltammetry, which depend on the 

scanning rate (Figure 1B). To account for this non-ideal response, we used potentiostatic electrochemical 

impedance spectroscopy (PEIS) in the 500 mHz-100 kHz range with an applied sinus amplitude of 10 mV, 

and zero polarization23. Complex-plane impedance plots (Nyquist plots) are shown in Figure 3A. The 

absence of a depressed semicircle evidences the non-Faradaic (capacitive) nature of the process. Also, a 

deviation from ideal behavior can be observed in the form of a tilted straight line in the impedance 

response24. The x-intercept at higher frequency, which is considered as the sum of the electrode resistance, 

the bulk electrolyte resistance, and the contact resistance between the electrode and the current collector25, 

shows values between the 100-200 ohm (insets in Figure 3A). PEIS spectra were fitted using a constant 

phase element (CPE) (Supplementary Figure 2) and pseudocapacitance values were obtained from CPE 

parameters and Brug’s equation, as previously described (see Supplementary Information and 

Supplementary Table S3)23.  The Cs values from the PEIS fit are lower than those obtained by voltammetry. 

However, they reproduce a trend like that of the voltammetry results, showing a decrease in hOR1A1 

capacitance according to binding affinity (Figure 3B). When an overpotential of +150 mV is applied, the 

CS values increase by an order of magnitude (Supplementary Figure 3 and Table S4), and the differences 

introduced by the ligand also increase, yet the trend with ligand binding is maintained. Dispersion is reduced 

and some significant differences emerge (Figure 3C). We also examined the complex capacitance calculated 

from impedance measurements. The imaginary part of the complex capacitance (C’’) is related to the 

irreversible energy dissipation and corresponds to the relaxation process. The relaxation time constant (τ) 

of the system can be determined from the peak frequency (relaxation frequency, fR) in the C’’ vs. frequency 

plots (Figure 3D) (see Supplementary Information).  
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Figure 3. Potentiostatic electrochemical impedance spectroscopy (PEIS). A. Averaged Nyquist plots 

obtained for hOR1A1 before (purple) and after incubation with the corresponding ligand: dihydrojasmone 

(black), (R)-(-)-carvone (orange) or (S)-(-)-carvone (green). Insets show the x-intercept at high frequency 

between 100-200 ohm. n = 10 and N = 2 for dihydrojasmone and N = 3 for carvones. B. Representation of 

the ∆CS versus ligand EC50 at zero polarization. CS values were obtained by fitting the PEIS spectra using 

a CPE in series with a resistor, and Brug’s equation (see Supplementary Information). n = 10 and N = 2 for 

dihydrojasmone and (R)-(-)-carvone, and N = 3 for (S)-(-)-carvone. C. Representation of the ∆CS versus 

ligand EC50 at +150 mV polarization. CS values were obtained by fitting the PEIS spectra using two CPE 

and a resistor in series26, and Brug’s equation (see Supplementary Information). n = 5 and N = 2. Significant 

differences were judged through a Brown-Forsythe and Welch ANOVA tests (significantly different 

standard deviations). Family wise and confidence level of 0.05. *P <0.05.  D. Normalized C’’ versus 

frequency plots obtained at zero polarization. Relaxation time constant (τ) of the system has been 

determined from the peak frequency. Inset shows a zoom-in of the peak. n = 10 and N = 2 for 

dihydrojasmone and N = 3 for carvones. Measurements were conducted in the 500 mHz-100 kHz range 

with an applied sinus amplitude of 10 mV. 

 

At the molecular level, the results suggest that ligand binding limits the response of the receptor to an 

external electric field, most likely by altering its charge distribution as predicted by Reggiani and 

Alfinito27,28. Previous work has shown that low-order multipole moments can provide a good signature of 

the charge distribution of proteins29. Based on this and taking into account that upon ligand binding, the 

receptor undergoes a conformational change from the inactive to an active state30, we calculated the 

magnitudes of the electrostatic dipole moment (µ) and its orientation in the predicted active and inactive 

alpha-fold structures for hOR1A131. For these calculations, we used the actual sequence of the receptor 

from the experiments, which contains both the FLAG tag at the N-terminus and a Rho1D4 tag at the C-

terminus. We produced up to 100 different models to explore the conformational landscape and charge 

distribution for both active and inactive states.32–34 Proteins were aligned in the membrane normal plane35 

and dipole moments were calculated following equation (1): 

𝜇 = ∑ 𝑞𝑖𝑟𝑖𝑖    (1) 

where qi is the atomic charge and 𝑟𝑖 its position vector. 

The distributions of dipole moment magnitudes for the distinct activation states of hOR1A1 are presented 

in Figure 4. Results show that the conformational switch introduces changes in both the magnitudes and 

orientations of the electrostatic dipole. For the active state, we obtain a lower µ with a significant deviation 

from the z-axis (direction of the electric field in the experimental set-up), whereas the inactive state exhibits 

a higher µ, more aligned with the z-axis. Statistical analysis confirms that these distributions are 

significantly different, underscoring a distinct electrostatic rearrangement between the two states and 

anticipating a different response towards an applied electric field. In agreement with the experimental 

observations, when the receptor is in its active state, the lower dipole moment and its deviation from the z-

axis might alter the receptor's overall response towards the electric field, potentially decreasing its 

sensitivity to it. Conversely, in the inactive state, the higher dipole moment aligned with the z-axis could 

enhance the receptor's alignment with the applied electric field, leading to an increased response. 

To verify that the calculated shifts are inherent properties of the protein not influenced by the highly flexible 

regions, introduced by FLAG and Rho1D4 tags, we have these tags removed and electric dipole 

distributions recalculated (Supplementary Figure 4). This adjustment resulted in a narrower distribution due 
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to a smaller radius of gyration of the protein, yet the shifts remained similar, suggesting that this property 

is intrinsic to the protein. 

 

 

 

Figure 4. Shift in the electrostatic dipole of hOR1A1 along the conformational change. A. Normalized 

histograms showing the distribution of electric dipole magnitude and of the dipole moment vector deviation 

from the z-axis for 100 models in the active conformation (green, solid line smoothed distribution) and 

inactive conformation (red, dashed line smoothed distribution). B. 3D representation of the average 

structures: the active conformation of hOR1A1 is shown in green and the inactive conformation in red. 

Arrows represent the dipole moment vectors from the center of mass, deviating from the direction of the 

applied electric field (z-axis) for the active and inactive conformations. Statistic differences were judged by 

Mann-Whitney U test, with P-values of 0.5 × 10-9 and 2.6 × 10-6 for the magnitude of the dipole moment 

and the deviation from the z-axis, respectively. 

 

The obtained distributions of the electrostatic dipole for the distinct activation states of hOR1A1 were 

compared with other class A GPCRs that have experimentally determined structures available in both active 

and inactive states (Supplementary Figure 5). Similar shifts in the magnitude of the dipole moment and its 
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deviation from the z-axis were obtained, indicating that our modeling accurately represents the active and 

inactive conformations of OR1A1. Interestingly, µ in the inactive state is lower for the studied GPCRs, in 

contrast to hOR1A1.  

Discussion 

Mechanisms of odor discrimination rely on the differential interactions of odorant molecules with ORs. 

Accordingly, several studies with OR-based biosensors demonstrated selectivity towards specific versus 

non-specific odorants12–17. The most recent studies on the deorphanization of ORs provide a classification 

of the set of ligands known to activate a receptor with different binding affinities, which is a crucial step in 

the study of olfactory perception, including receptor activity, as well as the impact of the molecular structure 

and physicochemical properties of odorant molecules on receptor selectivity13. 

We have recently reported the capacitive drop in hOR1A1 upon binding of the cognate ligand 

dihydrojasmone, quantifiable both at the single molecule level and in bulk experiments22. Here, starting 

from the same experimental setup, we studied the capacitive response of hOR1A1 in the presence of three 

high affinity agonists including dihydrojasmone and the two enantiomeric forms of carvone (R)-(-)-carvone 

over (S)-(+)-carvone, all distinguishable by the human olfactory system. The analysis of CV data allowed 

us to calculate the percentage of decrease in capacitance introduced by the ligand, which resulted 

significantly higher for dihydrojasmone compared to carvones. However, the non-ideal capacitive behavior 

noted as an apparent slope in the CV traces with respect to the x-axis resulted in the overestimation of the 

capacitance values obtained from voltammetry measurements, which also show dependence on the 

scanning rate23. Alternatively, we conducted impedance analysis using an equivalent circuit with a CPE. 

We demonstrate that ligand binding causes a decrease in receptor CS depending on its binding affinity, 

allowing the differentiation between the three different high affinity agonists, and showing some selectivity 

for (R)-(-)-carvone over (S)-(+)-carvone, in agreement with activity measurements described for hOR1A1 

in heterologous cell lines36.  

The increase in selectivity that allows us to see differences between agonists of the same receptor, with 

respect to previous measurements16,17, could be attributed to different factors including the configuration of 

the measurement setup, and the capacitive-based response that is directly linked to an intrinsic property of 

the receptor (the electric dipole), as demonstrated by theoretical calculations. Here the receptor was 

immobilized using a monoclonal half antibody against the C-terminal rho1D4 tag, resulting in a setting in 

which the receptor is homogeneously oriented and closer to the electrode than in conventional self-

assembled multilayer systems37,38, thus reducing interfacial contributions and improving the electrical 

contact. The decrease in specific capacitance is interpreted as an alteration in the charge distribution of the 

receptor27,28, which limits its polarization in response to an external electric field. The results of the 

calculations, which include 100 different models of the alpha-fold structures predicted for active and 

inactive conformations of hOR1A1, show that for the active form of the receptor a significantly smaller 

dipole moment is obtained that is less aligned with the direction of the applied field, potentially decreasing 

its sensitivity to it. This could also explain the significance observed in voltammetry, where the applied 

field is stronger (∆V = 250 mV) compared to EIS measurements (∆V = 10 mV sine wave amplitude). This 

is also seen when applying an overpotential to the electrode in PEIS measurements, where probably the 

initial prepolarization of the charges in the receptor makes the differences introduced by the ligand more 

evident.  

Modeling of the electric dipole distribution for other class A GPCRs leads to shifts like those obtained for 

hOR1A1 in both the magnitude and orientation of the dipole, suggesting that the observed shifts may be a 

conserved feature in class A GPCRs. However, unlike in hOR1A1, the magnitude of the dipole moment in 
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the inactive state is smaller for the two class A GPCRs studied. This difference may be attributed to slight 

variations in the conformational change of TM6 in ORs, where the intracellular part moves outward while 

the extracellular part moves inward39,40. Such binding-based discrimination poses the possibility of 

capacitance measurements to reach efficacy-driven odorant selectivity towards target receptors without 

stimulating off-target receptors, a feature of great interest to the pharmaceutical industry particularly for 

GPCRs41. 

Limitations of the study regarding practical application include the poor stability and production cost of 

full protein ORs, which could ultimately be replaced by peptide-based mimetics that effectively reproduce 

the receptor binding regions12. This alternative could benefit from recent improvements in molecular 

modeling, site-directed mutagenesis and functional expression studies, and from future experimentally 

determined structures available. Also, the study considers only high affinity ligands of hOR1A1, so further 

exploration of sensitivity and selectivity in the capacitive response to other lower affinity ligands is 

required, as well as in other ORs. This will require optimization of the experiment to enable high-throughput 

screening. 

In conclusion, we unveil a method to detect odorants based on their binding interaction with the olfactory 

receptor, thus mimicking physiological odor decoding. Ligand binding induces a decrease in the capacitive 

response of the receptor that is proportional to the ligand affinity, and which is attributed to changes in the 

magnitude and orientation of the electric dipole in the receptor, thereby modulating its sensitivity to an 

external electric field. 

 

Materials and Methods 

Materials 

Anti- Rhodopsin (CT, last 9 amino acids, clone Rho 1D4, Chemicon®) monoclonal antibody 1 mg/mL 

produced in mouse, Whatman® Anotop® 25 Plus syringe filters (pore size 0.02 μm, glass microfiber 

prefilter, sterile), sodium phosphate monobasic monohydrate (BioXtra, for molecular biology,  ≥ 99.5%), 

sodium phosphate dibasic dihydrate (BioUltra, for molecular biology, ≥ 99.0%), deionized water (18 MΩ 

cm−1 < 4 ppb TOC, Milli-Q) and dihydrojasmone (≥ 98%, stabilized, FG), (-)-carvone (≥ 99.0%, analytical 

standard), (+)-carvone (≥ 98.5%, analytical standard), sulfuric acid 95-98% and 33% w/v hydrogen peroxide 

were purchased from Merck (Madrid, Spain). Bond-Breaker™ TCEP 0.5 M solution, Neutral pH, was from 

Thermo Scientific™ (Thermo Fisher Scientific, Barcelona, Spain). Atomically flat Au(111) single-crystal 

disks (dia. 10.00 mm x thickness/length 1.00 mm as cut, one side polishing with roughness < 0.01 micron 

and orientation accuracy < 0.1 deg.) were from MaTecK GmbH (MaTeck Material Technologie & Kristalle 

GmbH, Jülich, Germany). Silicon AFM probes were purchased from Budget Sensors (NanoAndMore 

GmbH, Germany). Pt80/Ir20 wire (0.25 mm, temper hard) was purchased from Advent (Advent Research 

Materials Ltd, Witney, UK). Miniaturized ultralow leakage membrane Ag/AgCl (SSC) reference electrode 

filled with 3M KCl (DRIREF-2SH) was from World Precision Instruments (World Precision Instruments-

EU, Hertfordshire, UK). 

Sample preparation 

hOR1A1 was expressed in a stable tetracycline-inducible HEK293S cell line and engineered by inserting a 

C-terminal rho1D4 epitope tag and an N-terminal FLAG epitope tag to allow its purification and detection, 

as previously described20. TCEP solutions for Anti-Rhodopsin reduction were prepared in 10 mM phosphate 

buffer (pH = 7.4) at 5 mM. A volume of 10 μL of TCEP was added to 1 mL of 10 μg/mL Anti- Rhodopsin 
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 𝐼 𝑉 𝑑𝑉
𝑉2

𝑉1

 

in 10 mM phosphate buffer (pH = 7.4) and allowed to react at room temperature for 60 min (incubation 

solution). Atomically flat Au(111) single-crystal were flame annealed and electrochemically polished prior 

to use. Au(111) electrode was incubated with 150 µL of the incubation solution for 24 h at 4ºC. Afterwards, 

the incubation solution was removed, the electrode was washed with 10 mM phosphate buffer (pH = 7.4) 

and dried. Then, it was incubated with 150 µL of fresh monomeric hOR1A1 in PBS-0.2% FC14 buffer20, 

at room temperature for 60 min. After this time, the Au(111) electrode was washed with copious amounts 

of the measuring buffer (50 mM phosphate buffer pH = 7.4), connected to the electrochemical cell, and the 

cell filled with 250 µL of the measuring buffer.  

Prior to any functionalization, the electrochemical cell was cleaned with piranha solution (3:1 v/v solution 

of H2SO4 and H2O2). Caution: piranha solution is a strong oxidizer and a strong acid. It should be handled 

with extreme care, as it reacts violently with most organic materials. 

For ligand binding experiments, the cell was disconnected, the buffer removed, and the cell filled with 250 

µL of the ligand solution at saturation concentration (30 µM for dihydrojasmone and 2 mM for 

carvones)20,42, in the measuring buffer. After 1h of incubation at room temperature, the solution was 

removed, and the cell filled again with the measuring buffer. 

Atomic force microscopy (AFM) 

Surface coverage was investigated by AFM measurements as previously described22. Briefly, Au(111) 

samples with hOR1A1 immobilized by half anti-Rhodopsin were imaged with tapping mode in air using 

silicon AFM probes with a spring constant k = 40 N/m and a resonant frequency ν = 300 kHz. At least, four 

images of 1µm2 were taken per sample. 

Electrochemical measurements 

Measurements were carried out using a potentiostat SP-150 controlled EC-Lab® software (Bio-Logic, 

Spain) at room temperature (23 ± 2 ºC). Deionized water was used to prepare all solutions and for rinsing 

samples and electrodes. All solutions were degassed with nitrogen. A homemade electrochemical liquid cell 

with a standard sample plate was used in four-electrode configuration, using a 0.25 mm diameter Pt80/Ir20 

wire as a counter electrode, a miniaturized ultralow leakage membrane Ag/AgCl (SSC) reference electrode 

filled with 3M KCl and a Au(111)-based working electrode (WE). All electrochemical measurements 

were performed in a Faraday cage. Cyclic voltammograms were recorded from 0.050 V to 0.300 V at the 

different scan rates (Ei = Ef = 0.250V)22. At least 50 cyclic voltammograms were registered at each scan 

rate.  Specific capacitance (Cs) was obtained as previously reported22,43, using the following equation: 

 

𝐶𝑆 = 
𝑑𝑄

𝑑𝑉
= 

1

𝐴𝑣∆𝑉
  𝐼 𝑉 𝑑𝑉

𝑉2

𝑉1

 

 

Where                              is the hysteresis loop area, ∆V is the range of potential, v is scan rate, and A  

 

is the area of the electrode. 
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Potentiostatic electrochemical impedance spectroscopy (PEIS) measurements were conducted in the 500 

mHz-100 kHz frequency range with an applied sinus amplitude of 10 mV, and zero polarization. At least 

10 repeats were taken for each measure. Experimental EIS data were fitted by the ZView 4 software. All 

electrode potentials are reported vs SSC. 

Electric dipole calculations 

For hOR1A1 Multistate AlphaFold2 procedure was used31, generating one active and inactive 

conformation. From those two starting conformations, Modeller (v10.5)34 was used to generate 100 new 

structures to sample the conformational space. VTFM optimization with 300 iterations maximum was used 

as well as slow MD refinement. Other parameters were kept at their default values.  

Prior to calculating the dipole moment of the studied protein, their protonation states were determined using 

Propka33. Next, the all-atoms force field FF14SB32 from Amber20 was used to assign atomic charges. Then, 

proteins were aligned along the z-axis using the OPM webserver35. Dipole moments were calculated using 

equation (1). 
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