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Odorant inhibition in mosquito olfaction mediated by inverse 
agonists

Pingxi Xu,

Young-Moo Choo1,

Walter S. Leal*

Department of Molecular and Cellular Biology, University of California-Davis, Davis, CA 95616, 
U.S.A.

Abstract

The insect repellent methyl salicylate elicits excitatory responses upon interaction with 

CquiOR32, an odorant receptor (OR) from the southern house mosquito, Culex quinquefasciatus. 

By contrast, eucalyptol binds to CquiOR32 to generate electrophysiological and behavioral 

inhibitory responses. In an attempt to identify CquiOR32 variants displaying more robust 

inhibitory responses for more accurate current-voltage analysis, we sequenced 31 CquiOR32 

clones. In the Xenopus oocyte recording system, CquiOR32V2/CquiOrco-expressing oocytes 

yielded eucalyptol-elicited outward (inhibitory) currents relatively larger than methyl salicylate-

generated inward (excitatory) currents. Rescuing experiments showed that two of the amino acid 

substitutions in CquiOR32V2 located in a predicted transmembrane helix of the receptor are 

determinants of the outward/inward ratios. These findings, along with co-stimulus assays, suggest 

that odorant and inhibitor may bind to the same binding pocket. Current-voltage relationships 

obtained with standard perfusion buffer and those devoid of Na+ or Cl− indicated that both 

excitatory and inhibitory currents are mediated, at least in part, by cation. We then concluded 

that eucalyptol is an inverse agonist, which shifts the open ⬄ closed equilibrium of the receptor 

toward the closed conformation, thus reducing the spontaneous activity. By contrast, the binding of 

methyl salicylate shifts the equilibrium towards the open conformation and, consequently, leads to 

an increase in cation influx.
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1. Introduction

Chemical signals induce both excitatory and inhibitory responses in olfactory receptor 

neurons (ORNs) housed in the insect’s peripheral olfactory system (antennae, maxillary 

palps, and proboscis) [1]. Both attractants and inhibitory compounds are crucial for insect 

behavior. A male moth flying towards a conspecific female’s sex pheromone may cease 

navigation when smelling the chemical signal from another species [2,3]. The vinegar fly is 

attracted to some food odorants [4] and deterred by others [5]. Mosquitoes find hosts for a 

blood meal [6] and oviposition sites [7] using attractants (and other signals) but are repelled 

by other chemicals [8]. These chemical signals of opposite valence are translated into 

behavioral responses after detection in the peripheral system and processing (integration) 

in the insect’s brain [9–11]. There is growing evidence in the literature that integration of 

these contradictory chemical signals may also occur at the peripheral olfactory system. That 

activation of one olfactory receptor neuron (ORN) may cause inhibition of another antennal 

ORN has been observed in moths [12], beetles [13], the vinegar fly [14], and mosquitoes 

[15–18], to cite a few examples. At the neuronal level, ephaptic coupling may mediate 

inhibition in co-located neurons [14,19]. Recently, we reported that odorant receptors (ORs) 

themselves are activated by some odorants and inhibited by others [15,20]. For example, an 

odorant receptor from the southern house mosquito, Culex quinquefasciastus, CquiOR32, 

elicited inward currents in the Xenopus oocyte recording system when stimulated with 

the repellent methyl salicylate. By contrast, eucalyptol-elicited positive currents (upward 

defections in the current traces hereafter referred to as “outward currents”), and eucalyptol-

elicited inhibition was manifested in the mosquito behavior. Methyl salicylate-elicited 

repellency was abolished when the repellent was presented in combination with eucalyptol 

[15].

Although a fortuitous discovery, the outward currents recorded from CquiOR32 were small 

and undetectable in an orthologue receptor from the yellow fever mosquito, AaegOR71 [15]. 

This limitation prevented further examination of its mode of action. Considering that Cx. 
quinquefasciatus has the highest single nucleotide polymorphism of all mosquito species 

studied thus far [21], we envisioned that there could be CquiOR32 variants displaying 

more robust inhibitory currents. Out of 31 newly sequenced clones, we identified one 

variant showing eucalyptol-elicited outward currents larger than methyl salicylate-generated 

inward currents. Two amino acid substitutions implicated in the relative strength of 

these currents are located in a predicted transmembrane segment of the receptor, thus 

indicating that both methyl salicylate and eucalyptol may act on the same binding site. 

Current-voltage relationships and co-stimulus studies suggested that the binding of methyl 

salicylate or eucalyptol affects the same cation channels. We hypothesize that while methyl 

salicylate binding shifts the equilibrium towards the open conformation, thus causing an 

increase in sodium influx, eucalyptol binding favors the close conformation of the channel, 

consequently reducing the spontaneous activity.

Xu et al. Page 2

Biochem Biophys Res Commun. Author manuscript; available in PMC 2023 September 29.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



2. Material and methods

Cloning CquiOR32 variants.

Total RNA was extracted from the antennae of one thousand 4-7 day-old 

female Cx. quinquefasciatus mosquitoes from a laboratory colony [15,22–24] using 

TRIzol reagent (Invitrogen, Carlsbad, CA). Antennal cDNA was synthesized from 

1 μg of antennal total RNA using SMARTer™ RACE cDNA amplification kit 

according to manufacturer’s instructions (Clontech, Mountain View, CA). To obtain 

full-length coding sequences, PCRs were performed using gene-specific primers. 

CquiOR32-Fw primer: 5’-ATGTTCACCACTCAAAACAGTCACC-3’ and -Rv primer: 

5’-TTATATCATAGTCAACGCTTCCTTCAGCA-3’. PCR products were purified by 

a QIAquick gel extraction kit (Qiagen) and then cloned into pGEM-T vector 

(Promega). A total of thirty-one plasmids were extracted by a QIAprep spin 

miniprep kit (Qiagen) and sequenced. To subclone CquiOR32 isoforms into pGEMHE, 

PCR amplifications were performed using In-Fusion HD Cloning Kit according 

to the manufacturer’s instructions (Clontech). The following PCR primers were 

designed according to the user manual. CquiOR32-In-Fusion-Fw XmaI (underlined) 

primer: 5’- AGATCAATTCCCCGGGACCATGTTCACCACTCAAAACAGTC-3’ 

and CquiOR32-In-Fusion-Rv-XbaI (underlined) primer: 5’-

TCAAGCTTGCTCTAGATTATATCATAGTCAACGCTTCCTTCA-3’. After 

transformation, plasmids were extracted using the QIAprep Spin Miniprep kit (Qiagen) and 

sequenced.

The following PCR primers were used to generate other 

mutants. CquiOR32-Deletion-Fw: 5’- ATCGTCGAGCTGCACCGAT -3’; 

CquiOR32-Deletion–Rv: 5’-GTCAACCAGCTCGGATTGC -3’; CquiOR32-L141F 

restoration-Fw: 5’-GTCCGTTTGTTTTCTGCGC-3’; CquiOR32-#2-L141F restoration-

Rv: 5’-CGAAGCAGCAGTAGATCGTG -3’; CqOR32-A148V restoration-Fw: 

5’-TCACTTGCGGCAAGTCACT -3’; CquiOR32-A148V restoration-Rv: 5’-

CGGAACGCAGAAAACAAACG -3’.

After transformation, plasmids were extracted using the QIAprep Spin Miniprep kit 

(Qiagen) and sequenced.

Linearized pGEMHE-CquiORs were used as templates to transcribe into capped cRNAs 

with poly(A) using an mMESSAGE mMACHINE T7 kit from Ambion (Austin, TX).

Two electrode voltage-clamp (TEVC) recordings.

Xenopus oocytes were purchased from EcoCyte Bioscience (Austin, TX). cRNAs were 

injected into stage V or VI oocytes, which were subsequently incubated at 18°C for 

3-7 days in modified Barth’ solution [15]. For these recordings, a 10X Ringer’s solution 

was prepared by dissolving NaCl (56.1 g), KCl (1.5 g), CaCl2 (2 g), MgCl2•6H2O 

(10.2 g), and HEPES (2-(4-(2-Hydroxyethyl)piperazin-1-yl)ethanesulfonic acid, 11.9 g) 

per liter of double distilled water; the final pH was adjusted to 7.6. The perfusion 

buffer was prepared with a 1 X dilution having [NaCl] 96 mM, [KCl] 2 mM, [CaCl2] 

1.8 mM, [MgCl2] 5 mM, and [HEPES] 5 mM. The test oocytes were placed in a 
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perfusion chamber and challenged with test compounds, including fenchone, eucalyptol, 

methyl salicylate, cyclohexanone, and the Orco ligand candidate (OLC12), 2-{[4-Ethyl-5-(4-

pyridinyl)-4H-1,2,4-triazol-3-yl]sulfanyl}-N-(4-isopropylphenyl)acetamide [25], also known 

as VUAA-3 [26]. Compounds diluted into the perfusion buffer were injected (100 μl in 2s) 

at 1 cm upstream of the flow; the source doses, not the actual doses reaching the oocytes, 

are reported. Currents were amplified with an OC-725C amplifier (Warner Instruments, 

Hamden, CT), low-pass filtered at 50 Hz, and digitized at 1 KHz. Data were acquired 

with Digidata 1440A and pCLAMP 10 software (Molecular Devices, LLC, Sunnyvale, CA). 

Odorant-induced currents at the holding potential of −80 mV were recorded. To obtain 

current-voltage relationships, induced currents were recorded with the holding potential 

at −80, −60, −40, −20, 0, 20, and 40 mV. Sodium-free perfusion buffer was prepared as 

described above for the standard perfusion buffer by using N-methyl-D-glucamine (Sigma, 

Milwaukee, WI) at 96 mM instead of sodium chloride. Chloride-free perfusion buffer was 

prepared with sodium gluconate (Sigma), which replaced all sources of chloride anions to 

perfusion ringer having a composition of [NaGlu] 96 mM, [KGlu] 2 mM, [CaGlu2] 1.8 mM, 

[MgGlu2] 5 mM, and [HEPES] 5 mM, pH adjusted to 7.6.

Co-application of odorants.

Perfusion and injection buffers were prepared from the same 10 X Ringer’s solution 

(see above). They had no stimulus (standard perfusion buffer), methyl salicylate alone 

(injection buffer without continuous eucalyptol stimulus), eucalyptol alone (for perfusion 

with a continuous stimulus), and methyl salicylate and eucalyptol (for methyl salicylate 

injection under continuous eucalyptol stimulus). Samples were applied with a Valve Control 

System (Warner Instruments). After perfusion buffer equilibrated for 1 min and 40 s, 

compounds were applied four times during 3 min and 20 s. First, CquiOR32/CquiOrco- or 

CquiOR32V2/CquiOrco-expressing oocytes were challenged with methyl salicylate alone. 

Then, the standard perfusion buffer was replaced with a perfusion buffer containing the 

desired concentration of eucalyptol (0.1, 1, 10, or 100 μM). After the baseline stabilized, 

a methyl salicylate sample was injected. The injected sample had the desired concentration 

of methyl salicylate (100 μM) and the same dose of eucalyptol as the perfusion buffer 

(0.1, 1, 10, or 100 μM). The responses to metyl salicylate alone (under standard perfusion 

buffer) were recorded before and after co-exposure to eucalyptol. A complete set of data 

(five replicates) was obtained with each oocyte. To minimize a possible buffer effect, data 

obtained with different batches of buffers were first normalized before they were combined. 

Specifically, the mean response to methyl salicylate control (no eucalyptol) was used to 

normalize the responses to control and the tested dose of eucalyptol. Thus, responses to 

eucalyptol are displayed as relative responses elicited by methyl salicylate.

Statistical analysis and graphical preparations.

Prism 9.3.1 from GraphPad Software (La Joya, CA) was used for statistical analysis and 

graphical preparations. All data are presented as mean ± SEM. A dataset that passed 

the Shapiro-Wilk normality test was analyzed by t-test; otherwise, data were analyzed by 

Wilcoxon matched-pairs signed-rank. To obtain reverse potentials, I-V data were analyzed 

by simple linear regression. Standard errors were calculated by dividing the 95% confidence 
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intervals by 3.92. For displays of the experimental data, curve fitting was done with centered 

third-order polynomial (cubic).

3. Results and discussion

Prospecting for CquiOR32 variants.

In our attempt to identify variants displaying strong outward currents (showing deflection 

upward in the current trace), we sequenced 31 CquiOR32 clones, of which 12 were 

identical to the previously reported wild-type CquiOR32 (KM229539) [15]. Their amino 

acid sequences showed 99.75% identity to CquiOR32 in VectorBase. Specifically, out of 

the 397 amino acid residues, the VectorBase predicted protein sequence differs in one 

amino acid residue (Ile-249 in CPIJ004156 and Val-249 in KM229539). Nine clones had 

nonsense mutations and, therefore, were considered pseudogenes. Six clones (variants) 

had one single amino acid difference: CquiOR32M288T (GenBank, MG593060; initially 

identified as variant #8), CquiOR32H161L (MG593061, variant #10), CquiOR32Y350C 

(MG593062, variant #12), CquiOR32S127P (MG593064, variant #20), CquiOR32W284R 

(MG593065, variant #25), and CquiOR32L299P (MG593066, variant #26). Three variants 

differed in two amino acid residues: CquiOR32D62A;R233L (MG593063, variant 

#14), CquiOR32E13V;L305P (OM370996; variant #15), and CquiOR32D62A;D119V 

(MG593067, variant #30). One variant differed in two amino acid residues and showed 

an insert: CquiOR32D250_I251insIVELVD;F141L;V148A (MG593059, variant #2).

Next, we co-expressed each variant with the obligatory coreceptor Orco, CquiOrco, and 

challenged the oocytes with methyl salicylate, eucalyptol, other agonists, and inhibitors, and 

the Orco ligand candidate OLC12 [25], also known as VUAA-3 [26].

CquiOR32D62A;R233L/CquiOrco-, CquiOR32E13V;L305P/CquiOrco-expressing oocytes 

did not elicit currents when challenged with agonists, inhibitors, or OLC12. Oocytes 

co-expressing CquiOR32M288T or CquiOR32W284R with CquiOrco gave very weak 

responses to methyl salicylate and no response to eucalyptol. CquiOR32S127P/CquiOrco-

expressing oocytes elicited week responses when challenged with methyl salicylate or 

eucalyptol. CquiOR32H161L/CquiOrco-expressing oocytes gave moderate responses to 

methyl salicylate but no response to eucalyptol. The response profiles obtained with 

CquiOR32L299P/CquiOrco- or CquiOR32D62A;D119V/CquiOrco-expressing oocytes were 

similar to that recorded with the wild type receptor, i.e., relatively large responses to 

methyl salicylate than eucalyptol. Interestingly, CquiOR32Y350C/CquiOrco-expressing 

oocytes gave no response to eucalyptol, but elicited larger currents than the wild-type 

receptor when stimulated with methyl salicylate and other agonists. More importantly, 

CquiOR32D250_I251insIVELVD;F141L;V148A (hereafter referred to as CquiOR32V2) 

was relatively more sensitive to eucalyptol than methyl salicylate. As shown in Fig. 1, 

CquiOR32V2/CquiOrco-expressing oocytes gave robust outward currents when challenged 

with fenchone or eucalyptol and moderate inward currents when stimulated with methyl 

salicylate.
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Insights on structural determinants of dual currents.

The insert in CquiOR32V2 appears in the predicted intracellular loop-2, and residues 

Leu-141 and Ala-148 are substitutions in the predicted [27] transmembrane domain-3 

(TM-3) (Figs. 1). To identify possible structural determinants of the outward/inward 

current profiles, we deleted the insert and compared the responses of the truncated 

(CquiOR32V2del I151_D156 = CquiOR32F141L;V148A) (Fig. 2B) and intact Variant2 

(CquiOR32V2) (Fig. 2A) using the Xenopus oocyte recording system. The ratio of 

the eucalyptol/methyl salicylate-elicited currents did not change significantly. These 

data suggest that the substitutions in TM-3, rather than the insert, play a role in 

the high eucalyptol-to-methyl salicylate responses. Specifically, the recorded ratios of 

the outward current elicited by eucalyptol to the methyl salicylate-generated inward 

currents at 1 mM were 1.66±0.16 with CquiOR32V2 (Fig. 2A, N=4) and 1.22±0.08 

(Fig. 2B, N=5) with the mutant with the insert deleted (P=0.0635, unpaired, two-

tailed, unpaired, Mann-Whitney test). Next we compared the responses to CquiOR32V2 

with V2 one-point mutants, i.e., CquiOR32D250_I251insIVELVD;F141L;V148A (V2), 

CquiOR32D250_I251insIVELVD;F141L (residue at 148 rescued to wild-type), and 

CquiOR32D250_I251insIVELVD;V148A (residue at 141 rescued to wild-type). While 

CquiOR32V2 showed a profile with a relatively larger response to eucalyptol 

than methyl salicylate at the tested doses of 1 μM to 1 mM (Fig. 2A), 

CquiOR32D250_I251insIVELVD;F141L/CquiOrco-expressing oocytes (Fig. 2C) showed a 

response profile similar to that of CquiOR32 wild-type. Specifically, mutating the residue 

148 in CquiOR32V2 to Val (as in the wild type receptor) restored the original profile 

with relatively larger inward currents elicited by methyl salicylate and smaller outward 

currents generated by eucalyptol. The measured eucalyptol-to-methyl salicylate ratio at 1 

mM (0.37±0.04 (N=4) significantly differed from the ratio obtained with CquiOR32V2 

(Fig. 1A) (P=0.0011, two-tailed, unpaired, Mann-Whitney test). On the other hand, 

the profile obtained with oocytes co-expressing CquiOR32D250_I251insIVELVD;V148A 

and CquiOrco (Fig. 2D) showed an intermediate eucalyptol-to-methyl salicylate ratio 

of 0.86±0.05 (N=4), which is also significantly different from the ratio measured with 

CquiOR32V2 (P=0.0159, two-tailed, unpaired, Mann-Whitney test). In short, a mutant of 

CquiOR32V2 having the residue 141 mutated to Phe (as in the wild-type receptor) did not 

completely restore the original profile of CquiOR32 wild-type but differed from the profile 

measured with CquiOR32V2. We then surmised that both residues, particularly Ala-148, 

are important to elicit a strong outward current. To further test this hypothesis, we prepared 

two other mutants, CquiOR32V148A and CquiOR32F141L, which differ from the wild-type 

receptor (CquiOR32, KM229539) in a single amino acid residue each. CquiOR32F141L/

CquiOrco-expressing oocytes gave a profile with a relatively larger response to methyl 

salicylate than eucalyptol (eucalyptol-to-methyl salicylate ratio at 1 mM, 0.36±0.07) (Figs. 

2A). On the other hand, the eucalyptol-to-methyl salicylate ratio in CquiOR32V148A 

was 1.00±0.33 at 1 mM. These data suggest that Ala-148 and, to some extent, Leu-141 

contribute to the enhanced outward currents.

We have previously conjectured that inhibitory compounds could be negative allosteric 

modulators. Given the dissimilarity of the chemical structures, we assumed that agonists 

and inhibitors would bind to different binding sites. The current findings showing that the 

Xu et al. Page 6

Biochem Biophys Res Commun. Author manuscript; available in PMC 2023 September 29.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



predicted TM-3 plays a crucial role in the outward currents elicited by eucalyptol and methyl 

salicylate-elicited inward currents suggest that inhibitors and agonists bind to the same 

primary binding site. As previously demonstrated in studies with an OR from Drosophila 
melanogaster [28] and pheromone receptors from Ostrinia species [29], TM3 is part of 

receptor binding pockets, with residue 148 in Ostrinia being a specificity determinant [29]. 

Recently, these findings have been corroborated by the report of the first structure of an 

insect odorant receptor, MhraOR5 [30], showing that multiple residues from TM-3 (referred 

to as S-3) interact with ligands, including one forming a lid for the binding pocket. More 

importantly, it has been demonstrated that mutation of Ser-151 in TM-3 to Ala caused 

an increase in baseline activity, thus indicating that Ser-151 and other residues stabilize 

the close conformation of the receptor [30]. Recently, we reported that another mosquito 

odorant receptor, CquiOR27, displays dual current directions [22]. Interestingly, some 

dimethylphenol isomers elicited inward currents, while others generated outward currents. 

We then surmised that the recorded currents in the reverse direction (outward currents) could 

be derived from the binding of inhibitors to the orthosteric binding site. In this scenario, 

binding to inhibitors would close the constitutively open receptor’s ion channels [30–32], 

i.e., binding to an inhibitor might shift the equilibrium of the open <=> close conformations 

towards the inactive (closed) conformation of the receptor, thus reducing the spontaneous 

activity. In summary, these new findings suggest that inhibitory compounds might be inverse 

agonists that bind to the primary binding site and switch off receptors, thus reducing the 

spontaneous activity and shifting the “baseline” in TEVC recordings.

Co-applications of an agonist and an inverse agonist.

Previously, we had demonstrated that when co-applied with an agonist, a mosquito odorant 

receptor inhibitor reduced the agonist-elicited inward currents in a dose-dependent fashion, 

i.e., as the concentrations of the inhibitor increased, the responses of the co-applied 

agonist decreased. [15,22]. We asked whether/how continuous exposure to an inhibitory 

compound would affect a receptor response to an agonist. The responses of CquiOR32/

CquiOrco-expressing oocytes to 0.1 mM methyl salicylate were recorded five times. Then, 

the same oocytes were exposed to a perfusion buffer containing 0.1 μM eucalyptol. Once 

the baseline, which shifted upwards, stabilized, we recorded the responses to 0.1 mM methyl 

salicylate while the receptors were continuously exposed to eucalyptol (0.1 μM). Similarly, 

the protocol was repeated with recordings using a control perfusion buffer and then a higher 

concentration of eucalyptol (1, 10, or 100 μM) while keeping the dose of methyl salicylate 

constant, 100 μM = 0.1 mM. Data were normalized to allow comparisons using multiple 

oocytes and different batches of the perfusion buffers with or without eucalyptol at various 

concentrations. There were no significant differences (N=17-21, P>0.05, Wilcoxon matched-

pairs signed-rank test) between the methyl salicylate responses recorded from CquiOR32/

CquiOrco-expressing oocytes in the absence of eucalyptol as compared to 0.1, 1, or 10 

μM eucalyptol (Fig. 3A). However, the methyl salicylate responses reduced significantly 

when the receptors were continuously exposed to 100 μM of eucalyptol, i.e., the same 

agonist dose (N=18, P=0.0019, Wilcoxon matched-pairs signed-rank test) (Fig. 3A). Similar 

results were obtained using CquiOR32V2/CquiOrco-expressing oocytes (Fig. 3B). Methyl 

salicylate currents recorded in the absence of eucalyptol were not significantly different 

from those obtained with the receptors exposed to eucalyptol at 0.1, 1, or 10 μM (N=10-12, 
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P>0.05, Wilcoxon matched-pairs signed-rank test). There was a significant difference when 

comparing methyl salicylate-elicited responses in the absence of eucalyptol with those 

recorded with the receptors exposed to eucalyptol at 100 μM (N=8, P>0.0078, Wilcoxon 

matched-pairs signed-rank test) (Fig. 3B). Although the reduction in responses observed 

with CquiOR32V2 (Fig. 3B) was larger than with CquiOR32 (Fig. 3A) when eucalyptol 

and methyl salicylate were co-applied at the same dose, there was no significant difference 

between the reduced responses observed with the two variants of the receptor (46.3±9.8 

and 31.0±7.6% for CquiOR32V2 and CquiOR32, respectively, N=8-18, P=0.2563, unpaired 

t-test).

It is conceivable that methyl salicylate and eugenol bind to different binding pockets, with 

eucalyptol having a lower affinity. However, this dataset combined with the variants studies 

(see above) support the hypothesis that eucalyptol and methyl salicylate compete for the 

same binding pocket.

Current-voltage relationships suggest that eucalyptol binding reduces cation influx.

We generated I-V curves for CquiOR32V with currents induced by methyl salicylate or 

eucalyptol while clamping the voltage at −80, −60, −40, −20, 0, 20, and 40 mV. Then, 

we compared these curves with I-V relationships obtained with sodium chloride in the 

perfusion buffer replaced by N-methyl-D-glucamine chloride (NMG, sodium-free buffer) 

(Fig. 4) or sodium gluconate (chloride-free buffer) (Figs. 3). These reagents serve to 

infer channel permeability to cations and anions, respectively, given that the former is 

a bulky impermeable mono cation, and the latter is a bulky, non-permeable source of 

anions. The voltage dependence of methyl salicylate-induced currents shifted to the left 

when the perfusion buffer was replaced with an NMG buffer (Fig. 4A). This observation 

is not surprising given that insect odorant receptors are known to be non-selective cation 

channels [33–36]. A linearization of these I-V curves showed that the reverse potential 

(Vrev) shifted from −28.1±3.1 mV to −59.8±7.7 mV, a shift consistent with cation channels. 

The curves obtained with the voltage-dependent eucalyptol-elicited currents using the 

standard perfusion buffer and the sodium-free NMG buffer showed a left shift, thus strongly 

suggesting that these currents involve cation channels (Fig 4B). The reversal potential 

calculated by linearization changed from −21.4±2.6 mV (sodium buffer) to −49.8±3.8 mV 

(sodium-free buffer). At −80 mV (the standard holding voltage for oocyte recordings), 

eucalyptol in the regular perfusion buffer induced robust outward currents: 224.4±25 

nA (N=11), whereas as in NMG the currents were almost entirely abolished: 27.6±3.6 

nA (N=12, P<0.0001, two-tailed, unpaired t-test) (Fig. 4B). Of note, insect ORs are non-

selective cation channels [33–36], and the NMG buffer contains K+, Ca++, and Mg++ at 2, 

1.8, and 5 mM, respectively. These data show that the eucalyptol-induced currents decreased 

significantly in an environment with a low extracellular concentration of permeable cations. 

In short, these findings suggest that the observed upward deflections (outward currents) are 

mediated at least in part by cation channels. A plausible explanation is that upon eucalyptol 

binding to CquiOR32V2, the receptor equilibrium shifts towards the closed conformation, 

thus reducing spontaneous activities (influx of cations).
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The I-V curves obtained with gluconate buffer shifted to the right with methyl salicylate-

elicited currents (Figs. 3A, −28.1±3.1 mV to −11.7±3.3 mV) and eucalyptol-elicited 

currents (Figs. 3B, −21.4±2.6 mV to −3.8±1.7 mV; Vrev values calculated with a linear 

approximation). Because these data suggest permeability to chloride, we investigated 

whether the Xenopus Ca++-activated chloride channel [37] xTMEM16A [38] play a role 

in the outward currents elicited by eucalyptol. First, we tested CquiOR32V-expressing 

oocytes (receptor alone), and they did not elicit currents when challenged with OLC12, 

eucalyptol, or methyl salicylate at 0.01, 0.1., or 1 mM. Likewise, CquiOrco-expressing 

oocytes (coreceptor alone) did not respond to eucalyptol or methyl salicylate. As expected 

[25,36,39], CquiOrco-expressing oocytes generated inward currents when challenged with 

OLC12. Lastly, we recorded currents from CquiOR32V2/CquiOrco-expressing oocytes 

with perfusion buffers devoid of Ca++. The relatively larger eucalyptol-elicited outward 

currents than methyl salicylate-generated inward currents were observed in regular (Ca++-

containing perfusion buffer), with Ba++ replacing Ca++, and in Ca++-free buffers (Figs. 4). 

It is, therefore, unlikely that xTNMP16A is involved. It is conceivable that CquiOR32V2/

CquiOrco ion channels may be permeable to chloride, but it would not explain the 

eucalyptol-elicited upward deflection (outward currents). The measured outward currents 

elicited by eucalyptol at −80 mV were significantly higher when the perfusion buffer was 

devoid of chloride (347±44 nA) than in a standard (chloride) buffer (224±25 nA, N=11, 

P=0.0288, two-tailed, unpaired t-test). Under gluconate buffer, chloride currents would be 

elicited by Cl− efflux (inward currents) given the higher intracellular Cl− concentration 

(54 mM) in Xenopus oocytes [40]. We, therefore, concluded that the outward currents are 

mediated mainly by a reduction of sodium influx.

4. Overall conclusions

Three lines of experimental evidence support three conclusions: (1) methyl salicylate and 

eucalyptol may act on the same orthosteric binding pocket; (2) they affect the same cation 

channels; and (3) binding of the agonist leads to an increase in sodium influx, whereas 

antagonist binding reduces the spontaneous activity. We showed that substitutions in two 

residues in the predicted binding pocket of a mosquito odorant receptor, CquiOR32, affect 

the responses of both an agonist and an inhibitory compound thus suggesting they act on 

the same binding site. Experiments with the receptor exposed to the inhibitory compound 

showed that higher doses of the inhibitor are necessary to cause a significant reduction in 

the agonist response, consistent with a possible mechanism of competitive binding. Analysis 

of current-voltage relationships showed that current elicited by both agonist and inhibitory 

compounds are affected by extracellular sodium concentrations, therefore, suggesting that 

the same cation channels are involved. We then concluded that eucalyptol is an inverse 

agonist. As previously reported, mosquitoes’ repellency response to methyl salicylate is 

negatively affected by eucalyptol [15]. This eucalyptol-mediated behavioral antagonism is 

likely mediated by a competitive binding mechanism. We hypothesize that eucalyptol and 

methyl salicylate act on the same binding site, with the former causing a reduction in the 

receptor’s spontaneous activity and the latter increasing neuronal activity.
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Fig. 1. Recordings obtained with oocytes co-expressing CquiOR32 or CquiOR32V2 with 
CquiOrco.
(A) Methyl salicylate-elicited inward currents recorded with CquiOR32/CquiOrco-

expressing oocytes were relatively more prominent than the outward currents elicited 

by fenchone and eucalyptol. By contrast, (B) CquiOR32V2/CquiOrco-expressing oocytes 

generated comparatively larger inhibitory currents (elicited by fenchone and eucalyptol) than 

methyl salicylate-elicited inward currents. Dose: 1 mM.
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Fig. 2. Quantification of inward and outward currents recorded with CquiOR32V2 and two 
mutants.
For clarity, the bars are displayed in the same direction of the currents they elicited: methyl 

salicylate (blue, inward currents, downward) and eucalyptol (red, outward currents) (Fig. 

1). Currents recorded with (A) CquiOR32V2/CquiOrco-expressing oocytes (V2 response) 

and (B) CquiOR32F141L;V148A (V2 without the insert). (C) Responses recorded with V2 

mutated to rescue residue 148. Thus, Ala-148 in A was mutated to Val (as in the wild-type 

version of the receptor). (D) Responses recorded with V2 mutated to rescue residue 141. 

This mutation differs from A in that Leu-141 was mutated into Phe.
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Fig. 3. Quantification of the responses elicited by methyl salicylate presented either alone (empty 
bars) or during continuous exposure to eucalyptol (filled bars).
Methyl salicylate responses were recorded with (A) CquiOR32/CquiOrco- and (B) 

CquiOR32V2/CquiOrco-expressing oocytes, i.e., wild-type and Variant2, respectively. For 

each eucalyptol dose tested (0.1, 1, 10, and 100 μM), a control was obtained before the 

standard perfusion buffer was replaced with a perfusion buffer containing eucalyptol. The 

methyl salicylate responses were normalized separately, using the mean response to each 

control.
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Fig. 4. Current-voltage relationships obtained with CquiOR32V2/CquiOrco-expressing oocytes.
(A) Voltage-dependent methyl salicylate-elicited currents using a standard perfusion buffer 

(black trace) and in a Na+-free buffer (blue trace). (B) Voltage-dependent eucalyptol-elicited 

currents using a standard perfusion buffer (black trace) and in a Na+-free buffer (red trace) 

For clarity, the two graphics were displayed on the same Y scale (−0.4 to 0.4 μA). A 

linear approximation calculated reverse potentials, but the displayed curves were fit using a 

centered third order polynomial.
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