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Earlier we showed that the Na*/Ca?* exchanger inhibitor, KB-R7943, potently blocks the odor-evoked
activity of lobster olfactory receptor neurons. Here we extend that finding to recombinant mosquito
olfactory receptors stably expressed in HEK cells. Using whole-cell and outside-out patch clamping
and calcium imaging, we demonstrate that KB-R7943 blocks both the odorant-gated current and the
odorant-evoked calcium signal from two different OR complexes from the malaria vector mosquito,
Anopheles gambiae, AgOr48 + AgOrco and AgOr65 + AgOrco. Both heteromeric and homomeric (Orco
alone) OR complexes were susceptible to KB-R7943 blockade when activated by VUAAT1, an agonist that
targets the Orco channel subunit, suggesting the Orco subunit may be the target of the drug’s action.
KB-R7943 represents a valuable tool to further investigate the functional properties of arthropod olfac-
tory receptors and raises the interesting specter that activation of these ionotropic receptors is directly
or indirectly linked to a Na*/Ca?* exchanger, thereby providing a template for drug design potentially
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allowing improved control of insect pests and disease vectors.

© 2014 Elsevier Inc. All rights reserved.

1. Introduction

Unlike vertebrates which use G protein-coupled receptor-based
chemosensory transduction, arthropods use ionotropic receptors,
including olfactory receptors (Ors), gustatory receptors (GRs) and
variant ionotropic glutamate receptors (IRs) [1-6]. ORs and GRs
are both seven transmembrane odorant-gated ion channels, while
IRs are predicted to be structurally similar to traditional ionotropic
glutamate receptors with a bipartite ligand-binding domain sepa-
rated by an ion pore forming region [5]. Despite their overall
structural differences, ORs and IRs both form heteromultimeric
complexes composed of a broadly expressed coreceptor and one
or more additional subunits that determine the odorant specificity
[1,2,7].

In addition to sharing supramolecular organization principles,
ORs and IRs share common pharmacology in that both chemore-
ceptor families are sensitive to ruthenium red, amiloride and/or
amiloride derivatives (ADs) [8,1,6,9,10]. Common susceptibility to
these pharmacological agents suggests structural similarity of
functional elements of the receptor complexes, e.g., the channel
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pore structure, and/or functional interaction with one or more
ubiquitously expressed receptor-associated proteins. Specifically,
the reported sensitivity to ADs, especially to pyrazine derivatives
of amiloride, and the relative insensitivity to amiloride itself (e.g.
[11,12] see [13,14] for review) potentially implicates the involve-
ment of a Na*/Ca®* exchanger in the activation of ORs and IRs. Fur-
ther, we previously found that KB-R7943, a compound initially
introduced as a Na*/Ca?* exchange inhibitor [15,16], potently
blocks the odor-evoked activity of lobster olfactory receptor neu-
rons [17] which express IRs [18,19]. Based on the common suscep-
tibility of ORs and IRs to other compounds, we explored the
possibility that KB-R7943 would also block the activation of insect
ORs.

Here we demonstrate that KB-R7943 blocks both the odorant-
gated current and the odorant-evoked calcium signal from two dif-
ferent OR complexes from the malaria vector mosquito, Anopheles
gambiae, AgOr48 + AgOrco and AgOr65 + AgOrco. Both heteromeric
and homomeric (Orco alone) OR complexes were susceptible to
KB-R7943 blockade when activated by VUAAT1, an agonist that tar-
gets the Orco channel subunit [7], suggesting the Orco subunit may
be the target of the drug’s action. KB-R7943 represents a valuable
tool to further investigate the functional properties of
arthropod ORs and raises the interesting specter that activation
of arthropod chemosensory receptors, both ORs and IRs, is directly
or indirectly linked to a Na*/Ca?* exchanger.
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2. Materials and methods
2.1. Heterologous expression

The generation and use of OR-expressing HEK293T cell lines
have been previously described [20]. Cells were incubated with
0.3 pg/mL tetracycline for 16 h before the assay to induce OR
expression.

2.2. Electrophysiology, calcium imaging and data analysis

AgOR channel activity was investigated using patch clamp
recording in different configurations. The whole-cell and channel
unitary currents were measured with an 200B patch-clamp ampli-
fier (Molecular Devices, Sunnyvale, CA, USA) and a digital interface
(Digidata 1320A, Molecular Devices, Sunnyvale, CA, USA), lowpass
filtered at 5 kHz, sampled at 2-20 kHz and in most cases digitally
filtered at 1-1.4 kHz. Analysis of the data was carried out using
pCLAMP 10 software (Molecular Devices, Sunnyvale, CA, USA)
and SigmaPlot 11 (Systat Software Inc., San Jose, CA, USA). Currents
were studied at a holding potential of —50 to —40 mV unless other-
wise specified. The polarity of the currents/voltages is presented
relative to intracellular membrane surface. Patch pipettes were
fabricated from borosilicate capillary glass (BF150-86-10, Sutter
Instrument, CA, USA) using a Flaming-Brown micropipette puller
(P-87, Sutter Instrument, CA, USA). Bath solution change was per-
formed using a rapid solution changer with a modified tube holder,
RSC-200 (Bio-Logic — Science Instruments, Claix, France). Data
were recorded under continuous perfusion with the solution of
interest. The following modification of the Hill equation was used
to fit the experimental data for KB dependent channel inhibition,
I=1—Ipax * [KB]"/([KB]y 2" + [KB]"), where I are the normalized cur-
rent values, [KB] is the antagonist concentration, [KB]y is the half-
effective concentration, and h is the cooperativity coefficient.
Whole-cell current-voltage characteristics were generated using
series of 15-ms step at —100 mV followed by a 150-ms voltage
ramp (linear change in voltage ~0.67 mV/ms) from —100 mV to
+100 mV were applied from a holding potential of —50 to
—40 mV. The interval between sweep starts was 1 s. The data are
presented as the mean * SE of n observations. All recordings were
performed at room temperature (~20-21 °C).

2.3. Solutions and chemicals

The standard extracellular NaCl140mM solution contained
(mM): 140 NaCl; 1-2 CaCl,; 0-1 MgCl,; 5 KCI; 10 Hepes. The stan-
dard intracellular Na140 mM low calcium solution contained
(mM): 140 NaCl; 1-2 EGTA; 10 Hepes. Odorants, 3-decalactone
and Eugenol were purchased from Sigma (SAFC 30396PH) and
Aldrich (05405JH) and prepared right before experiments as stock
solutions 500 mM in dimethyl sulfoxide (DMSO) prior their
dilution to different working concentrations. KB-R7943
(Carbamimidothioic acid, 2-[4-[(4-nitrophenyl)methoxy]|phenyl]-
ethyl ester, methanesulfonate (1:1); CAS Registry Number:
182004-65-5, SciFinder, Fig. 1) was obtained from Tocris, Inc. Drug
was dissolved in DMSO to give 100-200 mM stock solutions. The
pH of solutions was adjusted with NaOH or Trizma base

Fig. 1. Chemical structure of KB-R7943.

(Sigma-Aldrich, St. Louis, MO, USA) to 7.3-7.4. VUAA1 (Acetamide,
N-(4-ethylphenyl)-2-[[4-ethyl-5-(3-pyridinyl)-4H-1,2,4-triazol-
3-yl]thio]-; CAS Registry Number: 525582-84-7, SciFinder) was
provided by Dr. Zwiebel laboratory. All inorganic salts were pur-
chased from Fisher Scientific (Pittsburgh, PA, USA). All organic
compounds were obtained from Sigma-Aldrich.

3. Results and discussion

All AgOR48 + AgOrco-expressing HEK293T cells responded to
the cognate odorant §-decalactone by generating a graded inward
current to the maximum stimulus intensity (100 uM) from —34 to
—1,721 pA, with a mean amplitude of —413.5+29.5 pA (n=73,
Fig. 2A). Similarly, all AgOR65 + AgOrco-expressing cells responded
to the cognate odorant eugenol (100 M) by generating an inward
current from —19 to —934 pA, with a mean amplitude of —212 +
29pA across 47 cells tested (Fig. 2B). In both instances the appro-
priate non-cognate odorants, eugenol and §-decalactone, failed to
evoke inward currents, suggesting that activation of respective
OR complexes by their cognate odorant was highly specific and
providing a control for non-specific activation of the cells by the
odorants, the vehicle, and/or the method of stimulus application.
In some cases, we used a mixture of eugenol (100 uM) and 5-dec-
alactone (100 M) to stimulate the cells. While there is evidence of
multimodal functioning (ionotropic and metabotropic modes) for
at least some ORs [2,21-24], the rapid kinetics and stability of
the responses in the whole cell recording mode is consistent with
the ionotropic nature of the receptors proposed in the seminal
studies [1,2] and later confirmed for a variety of ORs from different
insect species (e.g., [7,25,26]).

We tested for AgOR/Orco sensitivity to the Na*/Ca%* exchange
inhibitor KB-R7943 using the following experimental paradigm.
In whole-cell voltage clamp mode, at a holding potential of —40
to —50 mV, AgOR/Orco mediated currents were initially activated
by the respective odorant at a saturating concentration (100 uM).
The drug was applied after the odorant-evoked currents reached
a steady state level. KB-R7943 suppressed these currents in con-
centration-dependent manner (Fig. 2A and B). The KB-R7943
effects were partially irreversible with the degree of recovery
depending on the concentration and exposure time to KB-R7943
(Fig. 2A inset, see also Figs. 3 and 4). The effects were strongly volt-
age dependent and were more pronounced in the positive voltage
range (Fig. 2A and B). In some cases, high KB-R7943 concentrations
augmented the inward currents (Fig. 2A and B). While interesting,
the nature of these currents is difficult to interpret in terms of the
standard/typical channel-blocker interaction. It should be noted
however that KB-R7943 had little, if any, effect on either whole-
cell currents of the cells expressing ORs in the absence of the
respective ligands (n=4/5) or on currents of untransfected
HEK293T cells (n = 8). Overall the parameters of inhibition calcu-
lated from the KB-R7943 concentration dependences generated
at ~+100 mV were (inhibition constant, ICso; Hill coefficient, h;
number of trials, n): for the AgOR48/AgOrco complex (18 £ 1.2,
1.2+0.7, n=6); for the AgOR65/AgOrco complex (14.1+7.5,
1.2+0.8, n=3-6) (Fig. 2A and B). These results demonstrate that
KB-R7943 is a potent inhibitor of insect ORs.

VUAATL is a compound initially identified in a broad scale high
throughput screening [7] to act as an agonist targeting the Orco
subunit. We next tested whether KB-R7943 could block currents
evoked by VUAA1 in a manner similar to which it blocks odor-
ant-induced currents. As in the case of the cognate ligands, VUAA1
(100 uM) evoked currents were blocked by a saturating KB-R7943
concentration (100 pM, Fig. 3) and the KB-R7943 effects were par-
tially irreversible (Fig. 3B, middle).



1106 Y. Bobkov et al./Biochemical and Biophysical Research Communications 450 (2014) 1104-1109
A AgOr65 + AgOrco 1
2 1
E 12
— 3
G11° £
= 06 4 o
= e
o 0 3. 4.6 =}
— —_ (&]
g 0 100 s 200 5 8
1
9@ N
[SE ©
L
= £
Z
W{T(k@ ((«k(&&(((«((tm m&@(@
[
.) T T T 1 4 57 0- T T ((A\)a—
-100 -50 0 50 100 0 1 2 3 0.1 1 10 100
Voltage,mV Eugenol 100 [KB-R7943]g, uM
0 50 . 100
Time,s
1
B AgOr48 + AgOrco 5
1
E 0.5 3 €
a9 <
C 4 o
g =
5 5 o
[§] pe]
= 0 (0]
0] O N
3 0.0 1 c_éx
2 5
; =z
0
-0.5 -, . . ; . = 5 T T

-100  -50 0 50 100

0.1 1 10

[KB-R7943]o,

pM

VOItage’mV d-decalactone 100uM

5 100

0 .
Time,s

Fig. 2. Effects of KB-R7943 on odorant evoked AgOr mediated currents. KB-R7943 suppresses eugenol (100 nM) or 3-decalactone (100 ptM) activated currents mediated by
heteromeric AgOr65/AgOrco (A) or AgOr48/AgOrco (B) complexes heterologously expressed in HEK293T cells. Lefts panels - series of current voltage characteristics obtained
in control condition and in the presence of different [KB-R7943] (curve index - uM): 1-0, 2-0.1, 3-1, 4-10, 5-50, 6-100. Current voltage dependences were obtained using a
15 ms duration voltage pulse to —100 mV followed by a 150 ms linear voltage change (ramp) to 100 mV. Only averaged traces + respective SD ranges (gray color) are shown.
Leak current subtraction and/or series resistance compensation were not applied. Holding potential was —50 mV. Time between sweep starts was 1 s. Middle panels - time
course of the KB-R7943 effects. The current values were obtained from current-voltage curves (left panels, respective regions marked by symbols). Inset (A, left) shows that
the KB-R7943 effects were at least partially reversible. Gap free current recording was obtained from the same cell. Holding potential was 50 mV. Data in Left and Middle
panels were obtained from the same cells and have the same current scales. Diagrams at the bottom of the panels depict time course of different [KB-R7943] application.
Note, effects of the drug are pronouncedly voltage dependent especially at high concentrations. Right panels - concentration dependencies of KB-R7943. Data were obtained
at 100 mV. Normalized current mean values (gray circles) were fitted by a modification of the Hill equation with following parameters: for AgOr65/AgOrco h ~ 1.2,
IC50 ~ 14.1 uM; for AgOr48/AgOrco h ~ 1.2, IC50 ~ 18 pM. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this

article.)

We also tested the effects of KB-R7943 on VUAA1-evoked
AgOR/Orco channel activity using outside-out membrane patch
recordings. KB-R7943 applied to extracellular side of membrane
patch reversibly inhibited VUAA1 activated channel currents
(Fig. 3E and F, right panels). In some cases, the membrane patch
current level recorded in the presence of 100 uM KB-R7943 was
lower than the current noise in control conditions (before agonist
application), perhaps suggesting some basal activity of AgORs.
The channels demonstrated very brief gating parameters, opening
and shutting events, making it practically impossible to carry out a
detailed analysis of the gating behavior at the single channel level.
While the outside out patch clamp recordings of single channel
currents suggest that there is likely a direct interaction between
KB-R7943 and AgORs, they provide little insight about the molec-
ular target/mechanisms of the KB-R7943 effects. For example, it

is still unclear whether inhibition is caused by an increased closed
time of the channel (decrease in open channel probability) or by an
open state block. Different approaches will be needed to address
these questions in subsequent research.

When expressed in the absence of a ligand-specific subunit,
AgOrco subunits form functional homomeric channels that can
be activated by VUAA1 and VUAAT related compounds [7,27].
We tested whether KB-R7943 was capable of blocking VUAA1-
evoked currents in the cells expressing exclusively AgOrco and
once again found that it could, with the effects of the blocker were
only partially reversible and appeared to be voltage independent
(Fig. 4A). The parameters of inhibition were estimated to be [KB-
R7943]y; ~5.4 pM, h ~ 1.6, n=3-7 (Fig. 4A, right panel). Since
KB-R7943 has an effect independent of expression of the ligand-
specific subunits, these results suggest that the Orco subunit or
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Fig. 3. Effects of KB-R7943 on VUAA1 evoked AgOr mediated currents. KB-R7943 suppresses VUAAT1 activated currents mediated by heteromeric AgOr65/AgOrco (A) or
AgOr48/AgOrco (B) complexes. Lefts panels - series of current-voltage characteristics obtained under control conditions and in the presence of KB-R7943 100 uM. Current-
voltage dependences were obtained using a 15 ms duration voltage pulse to —90 mV followed by a 150 ms linear voltage change (ramp) to 110 mV. Only averaged
traces * respective SD ranges (gray color) are shown. Leak current subtraction and/or series resistance compensation were not applied. Holding potential was —40 mV. Time
between sweep starts was 1 s. Middle panels - time course of the KB-R7943 effects. The current values were obtained from current-voltage curves (left panels, respective
regions marked by symbols). Data in Left and Middle panels were obtained from the same cells and have the same current scales. Bars in the panels depict time course of
VUAAT1 and KB-R7943 application. Note, voltage dependence of drug effects is not pronounced in case of AgOr48/AgOrco. Right panels - examples of outside-out patch
recordings. AgOr65/AgOrco and AgOr48/AgOrco complexes were activated by the nonspecific agonist VUAA1 followed by reversible inhibition by application of KB-R7943
100 uM. Note, increased current noise evoked by VUAA1 was interpreted as an increase in channel activity. Unitary currents are not distinguishable likely due to flickery
gating and low single channel conductance. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)

an associated protein endogenous to the HEK293T cells may be the
target of the drug’s action. Interestingly, the effects of KB-R794 on
VUAA1 activated currents recorded from cells expressing
AgOr48 + AgOrco or AgOrco alone were significantly less voltage
dependent in comparison to cells expressing AgOr65 + AgOrco
(compare Fig. 3B, Fig. 4A and Fig. 3A). While speculative in the con-
text of the current report these differences could be explained by
variations in the biophysical and pharmacological characteristics
of the receptor channel complexes predetermined by interaction
of particular ligand-specific subunits with Orco [28-30].

Given that the blocking efficiency of KB-R7943 on currents gen-
erated by the cells expressing heteromeric AgOR/Orco complexes
and activated by their cognate ligands is considerably voltage
dependent, we next used calcium imaging to determine if KB-
R7943 could be effective in “intact” (uncontrolled) voltage
conditions. As in the electrophysiological experiments, KB-R7943
application suppressed calcium influx evoked by both the cognate
ligands §-decalactone (1-50 M) and eugenol (1-50 M) as well as
that evoked by VUAA1 (50 uM) (Fig. 4B). The KB-R7943 effects

were irreversible (only partially reversible after ~20-30 min wash-
out), which made it impractical to determine the concentration
dependence of the blockade. Under these experimental conditions,
KB-R7943 was considerably more potent in that incubation with
even 10 puM KB-R7943 almost completely blocked the calcium
responses. However, it is important to note that we cannot exclude
the possibility that the compound can accumulate within cells or
the cell membrane fraction (LogP~ 2.87, estimated using
Advanced Chemistry Development (ACD/Labs) Software V11.02),
thereby shifting the apparent inhibition constant. The different cal-
cium response kinetics (calcium signal decay time is noticeably
slower for AgOr48 + AgOrco, Fig. 4B) are likely due to the differ-
ences in extracellular divalent cation concentrations used in the
experiments. Overall despite the different experimental approach
and experimental conditions, KB-R7943 was able to effectively dis-
rupt both odorant and VUAA1 evoked calcium signals, consistent
with data obtained in electrophysiological experiments.

The shared sensitivity of HEK293T cells expressing insect ORs
and lobster ORNs expressing IRs to the pharmacological blockers
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Fig. 4. Effects of KB-R7943 on VUAA1 evoked AgOrco mediated currents. (A) KB-R7943 suppresses VUAA1 activated currents mediated by homomeric AgOrco complexes.
Lefts panel - Current-voltage characteristics obtained under control conditions and in the presence of KB-R7943 100 uM. Current-voltage dependences were recorded using
a 15 ms duration voltage pulse to —120 mV followed by a 150 ms linear voltage change (ramp) to 80 mV. Only averaged traces * respective SD ranges (gray color) are shown.
Holding potential was —70 mV. Time between sweep starts was 1 s. Middle panel - time course of the KB-R7943 effects. The current values were obtained from current-
voltage curves (left panels, respective regions marked by symbols). Data in Left and Middle panel were obtained from the same cell and have the same current scales. Right
panel - concentration dependencies of KB-R7943. Data were obtained at 80 mV. Normalized current mean values (gray circles) were fitted by a modification of the Hill
equation with following parameters: h ~ 1.6, IC50~5.4 uM. Bars in the panels depict time course of VUAA1 and KB-R7943 application. (B) KB-R7943 blocks the stimulus
evoked calcium signal in HEK cells expressing either AgOr65/AgOrco (left) or AgOr48/AgOrco (right) complexes. AgOr65/AgOrco expressing cells were stimulated with 50 pM
VUAA1 while AgOr48/AgOrco cells were stimulated with 10 pM §-decalactone. AgOr48/AgOrco expressing cells were incubated in the solution containing 2 mM Ca?*, 0 Mg?*.
Triangles and bars in the panels depict the time course of the stimulus (5 s pulse duration was used in all cases) and KB-R7943 application. (For interpretation of the
references to color in this figure legend, the reader is referred to the web version of this article.)

including KB-R7943 [9,10,31,17] provides further support for that
idea that these structurally different types of arthropod ionotropic
chemosensory receptors are functionally similar. It also raises the
specter of a novel functional mechanism - co-assembly of olfactory
receptors with a ubiquitously expressed, conserved ion trans-
porter. This idea gains support from the recent finding that ion
channels and ion exchangers can form integral supra-molecular
complexes with reciprocal pharmacology [32-37] and provides a
new target for compounds designed to improve control of insect
pests and disease vectors. Towards that end, we hope that our
findings will stimulate a larger scale pharmacological and molecu-
lar analysis to identify and functionally characterize potential
OR/IR-ion transporter/exchanger interactions.
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