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Honeybee Cay4 has distinct permeation, inactivation,
and pharmacology from homologous Nay channels

Anais Bertaud™®, Thierry Cens™®, Alain Chavanieu'®, Sébastien Estaran'@®, Matthieu Rousset'®, Lisa Soussi'®, Claudine Ménard'®,
Akelsso Kadala?®, Claude Collet?®, Sébastien Dutertre!@®, Patrick Bois>*®, Pascal Gosselin-Badaroudine*®, Jean-Baptiste Thibaud'®,
Julien Roussel'®, Michel Vignes'®, Mohamed Chahine*®, and Pierre Charnet'@

DSC1, a Drosophila channel with sequence similarity to the voltage-gated sodium channel (Nay), was identified over 20 years
ago. This channel was suspected to function as a non-specific cation channel with the ability to facilitate the permeation of
calcium ions (Ca2*). A honeybee channel homologous to DSC1 was recently cloned and shown to exhibit strict selectivity for
Ca?*, while excluding sodium ions (Na*), thus defining a new family of Ca?* channels, known as Cay4. In this study, we
characterize Cay4, showing that it exhibits an unprecedented type of inactivation, which depends on both an IFM motif and on
the permeating divalent cation, like Nay and Cay1 channels, respectively. Cay4 displays a specific pharmacology with an
unusual response to the alkaloid veratrine. It also possesses an inactivation mechanism that uses the same structural domains
as Nay but permeates Ca?* ions instead. This distinctive feature may provide valuable insights into how voltage- and calcium-
dependent modulation of voltage-gated Ca?* and Na* channels occur under conditions involving local changes in intracellular
calcium concentrations. Our study underscores the unique profile of Cay4 and defines this channel as a novel class of voltage-

gated Ca%* channels.

Introduction

DSC1 (Drosophila sodium channel 1, or Nay2) is a voltage-gated
ion channel initially identified in the fruit fly Drosophila in 1987
based on its sequence homology with vertebrate sodium chan-
nels (Ramaswami and Tanouye, 1989; Salkoff et al., 1987). DSC1
expression is predominantly observed in embryonic and adult
neurons (Castella et al., 2001; Hong and Ganetzky, 1994), and
tissue-specific isoforms exist in the German cockroach (where
this channel is called BSC1 [Liu et al., 2001]). However, its
expression is largely absent in non-neuronal tissues. In Dro-
sophila, DSC1 is also found in olfactory organs such as antenna
segments or maxillary palps, where it plays a role in the
processing of olfactory information (Kulkarni et al., 2002).
These expression features are also found in honeybees, with
RT-PCR signals positive in the brain, muscle, antenna, and
ganglion but absent in the gut (Gosselin-Badaroudine et al.,
2016). Additionally, it has been suggested to be involved in the
response to various stresses or insecticides, including DTT
and pyrethroids, in both adult and larval stages (Zhang et al.,
2013; Rinkevich et al., 2015; Chen et al., 2018; Dong et al.,
2014). However, it is important to note that the direct action

of these insecticides on the DSC1 channel itself has not yet
been experimentally tested.

DSC1 belongs to the family of 24 transmembrane (TM) helices
channels, which are organized into four homologous domains,
each containing six TM a helices. Similar to the other channels
from this family, such as voltage-gated Na* and Ca?* channels,
Nay and Cay, respectively (Chen-Izu et al., 2015; Catterall,
2000), these domains are split into two subdomains: a voltage-
sensor subdomain, comprising the first four (S1-S4) o helices,
with the S4 being the voltage-sensitive element with four to
seven positive charges distributed along the helices, and a pore
subdomain made of the S5 and S6 helices (that form the pore
walls) and a reentrant, the loop connecting these two helices
(that makes the channel ionic selectivity filter [SF]). In all these
channels, extra- and intracellular loops connecting the helices
and the domains play a crucial role in toxin specificity or in-
tracellular channel regulation, among other functions.

Meticulous inspection of the DSCl1 amino acids sequences
from fly, cockroach, and honeybee (called Cay4, [Gosselin-
Badaroudine et al., 2016]) revealed that, although being more
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Table 1. Amino acid sequences of the selectivity filters of different Nay
and Cay channels

Channel Locus EEEE Locus DCS
HsCayl.1 EEEE DSQE
HsCay1.2 EEEE DSED
HsCay2.1 EEEE DEQN
HsCay2.2 EEEE DAME
HsCay2.3 EEEE TEQE
HsCay3.1 EEDD DVNG
Am-Cay4 DEEA DEED
DSC1 DEEA NEED
BSC1 DEEA NEED
Am-Nay DEKA NEQG

The EEEE locus is the locus responsible for divalent/monovalent selectivity,
while the DCS (divalent cation selectivity) is the locus responsible for the
selectivity between divalent cations (Ba?*, Ca?*, Sr2*) (Cens et al,, 2007).
For Cay4, Am-Nay, DSC1, and BSC1 the location of the DCS locus is taken
relative to the conserved tryptophan in each pore domain.

similar to the Nay than to the Cay channels (40-45% and 20-25%
homology when compared to mammalian or insect Nay or Cay
channels, respectively), the DSC1 pore, and more precisely the
channel SF, was clearly different from both Nay and Cay chan-
nels. The selectivity filter is composed of positively or negatively
charged amino acids located in each of the four pore domains
that form two rings called EEEE and DCS (divalent cation se-
lectivity) loci (Cens et al., 2007; Cibulsky and Sather, 2000;
Sather and McCleskey, 2003; Heinemann et al., 1992; Yang et al.,
1993; Tang et al., 2014; Hille, 1992a). The EEEE locus plays a
major role in the selection between monovalent and divalent
cations and contains the DEKA sequence in Nay and the EEEE
sequence in Cay (see Table 1 for the sequences of the loci in Nay,
Cay, and DSC1/Cay4 channels). The EEEE and DCS loci in DSC1/
Cay4 are different from Nay, Cay, DSCI, or BSCI channels, and
contain the sequence of amino acids DEEA and DEED, respec-
tively (see Fig. 1), suggesting a particular ionic selectivity.
Moreover, the loop between domains III and IV (LIII-IV), which
plays a critical role in Nay fast inactivation through a motif of
three specific amino acids (IFM in human Nay and MFM in fruit
fly or honeybee Nay [Gosselin-badaroudine et al., 2015]), is
partly conserved in DSC1 with the homologous sequence MFL in
Drosophila and in most other arthropods (Cui et al., 2012), in-
cluding honeybees (Gosselin-Badaroudine et al., 2016). This
observation suggests that DSC1 may represent an evolutionary
intermediate stage between Cay and Nay channels (Dudev and
Lim, 2014b). It is conceivable that DSC1 retains the selectivity of
a Cay channel while already incorporating the inactivation
mechanism typical of a Nay channel. These characteristics de-
lineate a novel voltage-gated calcium channel (VGCC) family,
which differs in structure, biophysical, and pharmacological
aspects from the three previously recognized subfamilies of
VGCC namely Cayl, Cay2, and Cay3 (Gosselin-Badaroudine et al.,
2016; Dong et al., 2015). Consequently, Gosselin-Badaroudine
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et al. [2016] coined the term Cay4 for the honeybee DSCI or-
tholog (Gosselin-Badaroudine et al., 2016), a nomenclature that
has been subsequently adopted.

Although the ionic selectivity of mammalian Cay and Nay
channels has been extensively explored through biophysical,
molecular, and structural studies (Neumaier et al., 2015; Sather
et al.,, 1994; Sather and McCleskey, 2003 for review), studies
focused on the basal metazoan channels, and more precisely, on
DSC1, or its cockroach, honeybee, or sea anemone orthologs
(zhou et al, 2004; Dudev and Lim, 2014b; Moran et al, 2015;
Gosselin-Badaroudine et al, 2016), are relatively limited
(Gosselin-Badaroudine et al., 2016; Dudev and Lim, 2014a; Gur
Barzilai et al., 2012). These studies have suggested that various
arrangements of the EEEE locus (EEEE, DEKA, DKEA, and
DEEA) in the SF can give rise to different relative Na*/Ca2*/
Ba2*/K* permeabilities. However, their specific selectivity
profiles and inactivation properties under different experimen-
tal conditions received limited analysis (Gosselin-Badaroudine
et al., 2016).

The first biophysical study of the DSC1 channel has been
carried out in Xenopus oocytes with the DSC1 cockroach ortholog
of the Drosophila channel (BSC1 [Zhou et al, 2004]). However,
due to the existence of endogenous Ca?*-activated Cl- current in
Xenopus oocytes, the recordings were mostly conducted using a
high Ba?* concentration (50 mM), and in the absence of external
Cl-, restricting the contaminating chloride conductance to an
inward current (outward flux of CI-). On the basis of tail current
analysis, BSC1 was described as a cation-permeable channel
exhibiting slow activation, inactivation, and deactivation ki-
netics, and displaying a permeability to divalent cations (Ca*
and Ba?*) and, to a lesser extent, to monovalent ions (Na*). A
recent work expressing Cay4 (the honeybee DSC1 ortholog) ex-
tends this characterization and suggests that Cay4 was not
only able to permeate Ca?* but was also impermeable to Na*
(Gosselin-Badaroudine et al., 2016), Na* permeability was only
restored by the DEEA>DEKA mutation in the SF. However,
analysis of Cay4 inactivation has never been performed yet, al-
though differences between Ba%* and Ca?* currents kinetics have
been clearly identified.

Therefore, in the present study, we use the intra-oocyte
online-BAPTA-injection procedure, which allows us to effi-
ciently inhibit the Ca?*-activated Cl- current, and therefore
record Ca2?* and Ba2?* currents without any contamination.
BAPTA injection spares the Ca?*-dependent inactivation, at
least on Cayl.2 and Cayl.3 Ca%* channels, which relies on a very
local increase in Ca®* concentration in the vicinity of the in-
tracellular mouth of the channel.

We demonstrate that DSC1/Cavy4 is a high voltage-activated
Ca?* channel with a high affinity for divalent cations, an inac-
tivation mechanism driven by the MFL motif in the loop IIII-IV
and subjected to an unusual Ca?*-dependency. Cay4 is insensi-
tive to both Nay and Cay regulators, with the exception of dil-
tiazem and veratrine. While diltiazem reduces Ba®* current
amplitude and slows inactivation, veratrine, an alkaloid known
for slowing Nay channel inactivation and deactivation, exerts
the opposite effect on Cay4. This unique behavior therefore truly
defines Cay4 as a novel class of VGCC.
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Figure 1. Effect of online injection of BAPTA on Cay4 recordings. (A) Honeybee Cay4 channel activity was recorded in Xenopus oocytes during depola-
rizations from 100 to 0 mV in the presence of 10 mM Ba2*. Before any injection (trace in red), a clear biphasic time course and a large inward tail current can
be recorded, when current amplitudes are 500 nA. Injection of BAPTA (100 ms, 2 Bars, 100 mM BAPTA/10 mM HEPES, pH 7.2) produced a clear decrease in
the current amplitude, an acceleration of the kinetics of the tail current, as well as the disappearance of the biphasic time course of the current (compare the
red and blue traces). The time required for BAPTA to diffuse and to effectively chelate Ca®* on the inner side of the membrane is around 10-15 min (see
the time course of the decrease in the tail current amplitude from the same oocyte on the right), depending on the size of the current and the point of injection.
The effects produced by the injection of BAPTA appear faster when the injection is done on the animal pole of the oocyte, where most of the channels are
expressed (as can be seen when one does single-channel recordings). The blue trace shows the current at the steady-state effect of BAPTA. BAPTA injection
does not impede the development of the Ca-dependent inactivation of Cay12, Cay2.1 chimera, or Cay4 (CDI and CatCD|, see text and Figs. 3, 6, and 7).
(B) Schematic of the quantification of inactivation using R400: the ratio of the current amplitude recorded 400 ms after the start of the depolarization (12) over
the peak current amplitude (11). (C) Time course of the change in the speed of inactivation, quantified with the R400 values, during the switch from a perfusion
containing 10 mM Ba?* to a perfusion containing 10 mM Ca?*. At a frequency of stimulation of 0.5 Hz, switching from Ba?* to Ca?* between two stimulations

produces a maximal effect on R400 at the first stimulation after the change.

Materials and methods
cDNA, cRNA, and Xenopus oocyte preparation

Cloning of Am-CaV4 channel in the pPol Notl vector, an ex-
pression vector containing the T7 promoter, the Xenopus laevis
B-globin 5'- and -3'-untranslated region, the Xenopus B-globin
3'-untranslated regions, and polyA and polyC tracts, was pre-
viously done (Gosselin-Badaroudine et al., 2016). The constructs
were linearized with Notl, and T7 RNA polymerase was used to
synthesize RNA using mMESSAGE mMACHINE T7 kits (Am-
bion). The RnCayl1.2, RnCay2.1, DSC1, BSC1, RnCaya281, and Rn-
Cayf2a channel subunits had the following Genbank accession
nos. M67515.1, M64373, AAK01090.1, ABF70206, NP_037051,
and NP_446303.1, respectively. Sequence alignment was per-
formed with Vector NTI Manager (In Vitrogen). The Cay2.1
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chimera, harboring the Cayl.2 C-end (starting 10 amino acids
after the end of the S6 segment of domain IV, AAAAC mutant)
was previously described (Cens et al., 2006). Oocyte preparation
and injection were also performed (Rousset et al., 2017; Cens
et al., 2013, 2015) and carried out in strict accordance with the
recommendations and relevant guidelines of our institu-
tion. Surgery was performed under anesthesia and efforts
were made to minimize suffering. The experimental pro-
tocols were approved by the Direction Départementale des
Services Vétérinaires (authorization N° C34.16). Briefly, oocytes
were surgically removed from anesthetized (using-MS 222, Sigma-
Aldrich ref A5040, at 0.2 %) female Xenopus and dissociated
with collagenase 1A (ref C9891; Sigma-Aldrich) at 1 mg/ml in a
low Ca?* solution (in mM: NaCl, 82; KCl, 2; MgCl,, 1; HEPES, 5;
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Figure 2. Basic biophysical properties of honeybee Cay4. (A) Current traces were recorded in 10 mM Ba2* (top) or Ca?* (bottom) -containing solutions
during a typical double pulse isochronal inactivation curve protocol. (B and C) Calculated current-voltage curves (B) and isochronal inactivation curves (C) are
shown, with recordings made in Ba?* or Ca?* in a black square or red circle, respectively. See Table 1 for typical parameters extracted from these curves.
(D) Typical current traces recorded during a double pulse protocol with varying time intervals. (E) Measurement of the current amplitude ratio of the second
pulse over the first for different time intervals allows constructing the reactivation curves in Ba** or Ca?* and determining both reactivation time constants (see

Table 1).

pH = 7.2 with NaOH) for 1.5 h. Batches of ~30 oocytes were then
isolated and individually pressure-injected (50-300 ms at 1 bar)
with ~30-50 nl of RNA (or cDNA) at a concentration of 1 pg/ul.
Injected oocytes were kept at 19°C in NDS solution (in mM:
NaCl, 96; KCl, 2; CaCl,, 1.8; MgCl,, 1; HEPES, 5; Na-pyruvate,
2.5; gentamycin, 0.05; pH = 7.2 with NaOH) for 1-3 days before
recordings.

Electrophysiological recording on Xenopus oocytes

For two-electrode voltage-clamp recordings of Xenopus oocytes,
pipettes (GC150T10; Harward Electromedical Instruments) of
0.2-1 MQ were filled with 3 M KCl. The basic recording solution
(BANT10) contained (in mM) BaOH, 10; TEAOH, 20; NMDG, 50;
CsOH, 2; and HEPES, 10; pH 7.2 with methanesulfonic acid. In
the Ca2*-containing solution, 10 mM CaOH replaced 10 mM
BaOH. The low divalent solution was prepared with (in mM) Na-
acetate, 100; MgCl,, 2; HEPES, 5; and EGTA, 4; pH 7.2 with
NaOH, in which the free Ca?* concentration was evaluated to be
<12.5 nM (WinMaxC, from Chris Patton, Stanford University,
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Pacific Grove, CA, USA; cpatton@stanford.edu). The amplifier
(Geneclamp 500B, Axon Instruments) was connected to the bath
using the virtual ground head stage and agar-KCl (3M) bridges.
Junction potentials between the pipettes and the BantlO sol-
utions were nulled with the two pipettes in the bath before
impalement. The holding potential was set to -80 or -100 mV,
and depolarizing pulses of different amplitudes and durations
were applied every 10 or 15 s, unless otherwise mentioned (see
below). The leak and the capacitive transients due to the oocyte
membrane were subtracted online using a P/5 procedure of the
pClamp acquisition software (Axon Instruments, version 7.0,
Molecular Devices). Current traces analysis was performed with
Clampfit (Axon Instruments version 10, Molecular Devices).

Online BAPTA injection

After the impalement of the two electrodes and the establish-
ment of the voltage clamp, a third microelectrode filled with
100 mM BAPTA and 5 mM HEPES (pH 7.2 with KOH) and
connected to a home-made injector was impaled. One or two
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Table 3. Inactivation curves parameters for Nay1.5, Cay2.1, and Cay1.2 in

OR2 (0 mM Ba?* or Ca2*), 10 mM Ba2*, or 10 mM Ca2*

Barium Calcium 0 Ba/0 Ca 10 Ba

IV curves Nay1.5

Eace (MV) -11.2 + 0.9 (40) -2.5+15(23) Ein (mV) -79.8 + 0.9 (9) -66.5 + 1.1 (9)

Kace (MV) 4.4 +0.2 51+0.2 kin (mV) 54+ 03 52 +0.5

Erev (MV) 399+ 0.7 543 + 13 10 barium 10 calcium

Inactivation curves Cay2.1 + CayPl

Ein (mV) -49.7 + 0.9 (25) -49.7 + 0.1(16)  Ein (mV) -38.5+ 0.2 (5) -27.4 £ 0.2 (11)

Kin (mV) 6.2+0.2 5.4+ 0.1 kin (mV) 7702 6.7+02

Reactivation curves Cayl.2 + Cayf2

T (ms) 6.6+0.5 (4) 7.4 +1.0 (3) Ein (mV) 229 +1.7(5) -11.7 £ 1.4 (3)
kin (mV) 134 +21 18.7 + 16

(x) = number of experiments

pressure pulses (2 bars, 100 ms) were given to inject 10-30 nl of
the BAPTA solution and the evolution of the inhibition of the
Ca?*-activated Cl- current was followed on the tail current re-
corded after a voltage pulse to 0 mV (holding potential 100 mV,
see Fig. 1 A). Chelation of Ca** was considered complete when
the tail current almost disappeared (<10% of its initial value).
Switching from a Ba?* to a Ca%*-containing solution induced an
almost instantaneous change in current inactivation (Fig. 1 B)
without any modification of the tail current, indicating the lack
of contamination by the Cl conductance.

Current analysis

Inactivation kinetics were quantified using three methods: cal-
culation of R400 (see Fig. 1 B) or fitting the inactivation phase
with decreasing mono- or biexponential equations for short
(400) or long (2.5 s pulses), respectively, using Clampfit ver. 10.
(Axon Instruments). The equation used for fitting the inactiva-
tion phases of the current was for a mono-exponential decay:

I=A*e"+C,
with I, the current amplitude; t, the time; A and T the amplitude
and time constant of the exponential, respectively; and C, the
amplitude of the non-inactivating current.
For biexponential decay,

I=Al*ed +A2* e + C,
where I, the current amplitude; t, the time; Al, A2, and t1, T2, the
amplitudes and time constants of the slow and fast exponential
components, respectively; and C, the amplitude of the non-
inactivating current.

The current-voltage curves were obtained by applying 400-
ms long depolarizations of -70 to +50 mV (with 10 mV incre-
ment) at a frequency of 1/15 s from a holding potential of ~80 or
-100 mV. The normalized-current voltage curves were fitted
using the equation:

I (V- E)

o 1+ exp (i )
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(x) = number of experiments

where I and I, are the peak-current amplitudes recorded
during the voltage step V and at the peak of the current-voltage
curve, respectively; G is the normalized macroscopic conduc-
tance; Eyey, is the reversal potential; E, is the half activation
potential; and k. is the slope factor.

The normalized isochronal (2.5 s) inactivation curves (also
called steady-state inactivation curves) were obtained by ap-
plying conditioning depolarizing pulses of 2.5 s in duration and
of -80 to +40 mV amplitudes (by 10 mV increment) just before a
400 ms test pulse at +10 mV. The normalized current amplitudes
measured during the test pulse were plotted against the voltage
of the conditioning pulses. The curves were then fitted using the
equation

I (1-R)
Tinax 1+exp (V E’“)

where I and I, are the peak-current amplitudes recorded
during the voltage step at +10 V for conditioning voltage V and at
-80 mV, respectively; R is the fraction of channels that does not
inactivate; Ei, is the half inactivation potential, and ki, is the
slope factor.

The reactivation curves were obtained by applying a first
400-ms long depolarization to 0 mV, followed by a return to the
holding potential during various durations (t) and a second, 100-
ms long, depolarization to 0 mV. The current amplitude re-
corded during the second depolarization (I,) was normalized

Table 4. Half-inactivation potentials in 10 mM Ba2* and 10 mM Ca?* for
the Cay4 mutants

Ein Barium Calcium
Cav4(6) -23.7 £ 3.5(8) -17.5+ 15 (9)
Cav4(8) -51.1+22(9) -521+1(8)
CaVv4(10) -29.9 +35(17) -29.1+1(12)

(x) = number of experiments
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Table 5. Current-voltage curves parameters in 10 mM Ba?* for the Cay4
mutants

Eace (V) Kact (mV) Eev (mV)
Cay4(6) -11.4 + 1.2 (22) 43+02 398+ 15
Cay4(8) -11.2 + 0.6 (12) 79+03 38219
Cay4(10) -19.7 + 1.4 (21) 55+ 0.2 349+ 14

(x) = number of experiments

according to the current amplitude recorded during the first
depolarization (I,) and plotted against the duration t. The curve
was then fitted using the following equation:

I _
L

(1-R)
+ =

exp(;)
where R is the proportion of the current that was not inactivated
during t, and T is the time constant of reactivation.

For the cation concentration-conductance curves, the data

points were fitted using a hyperbolic Langmuir isotherm func-
tion of the following form:

I _ Imax
Ls Kd+[Ba]’

where I is the peak current of the current-voltage curves (using
voltage ramps) recorded with a solution at different Ba con-
centrations; I, 5 is the peak current of the current-voltage curve
recorded when [Ba] = 2.5 mM; Imax is the estimated maximum
current amplitude; Kd is the concentration for half-maximum
effect; and [Ba] is the extracellular Ba concentration.

Dose-response curves for Cd?* or Ni** were fitted using the
dose-response equation of the following form:

12 1-R

CRRenE )
where 12 is the current amplitude measured in the presence of
different concentrations of inhibitory divalent cation (Cd>** or
Ni**); 11 is the current amplitude measured in the absence of
inhibitory cation; R is the fraction of the current that is not af-
fected by the inhibitory cations (close to 0 in these cases); pICso
is the log of the inhibitory dose at 50% (ICso); X is the log of the
inhibitory cation concentrations; and p is a slope factor.

All values were stored in Excel (Microsoft, Office 16), graphs,
and their fits were done with Origin (Microcal software, ver 6.0).
Statistical tests were performed using Sigmaplot 12.2, and final
figures were assembled using Lotus Freelance Graphics 1997 edi-
tion. All averaged values are given as mean + SEM (standard error
of the mean). Student’s t test or Mann-Whitney rank sum test,
when normality test failed, or ANOVA were used to assess the
differences between mean values, with a statistical significance
noted in the figures: * = P < 0.05, ™ = P < 0.01, ** = P < 0.00L.

Results
Xenopus oocytes were injected with in vitro synthesized RNA
encoding the Am-Cay4 channel isoform previously described
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(Gosselin-Badaroudine et al., 2016). Voltage-clamp recordings
were made 1-3 days later using 10 mM Ba2* as a charge carrier in
the extracellular solution. Large inward currents can be re-
corded in these conditions (see Fig. 1 A), with amplitudes
reaching several pA. Such currents induce, most of the time, the
appearance of a contaminating Ca%*- or Ba%*-activated Cl~ cur-
rent during both the voltage steps to 0 mV and during the re-
polarization to 100 mV (seen as a notch and a large tail current,
respectively, in the current time-course; see trace in red in Fig. 1
A). This current cannot be efficiently blocked by prior injection
of either EGTA, EDTA, or even BAPTA. In our hands, the only
procedure that allows us to precisely inhibit this contaminating
Cl- current is to perform, at the beginning of the recording, an
injection of 40-80 nl of a solution containing 100 mM BAPTA
and 5 mM HEPES. In these conditions only, we can follow both
the inhibition of the contaminating Cl- current during both the
pulse and the repolarization (Fig. 1). This inhibition required
12-15 min to be complete, as seen by the measurement of the tail
current amplitude in the Ba?* solution after BAPTA injection
(trace in blue, Fig. 1 A). When the steady-state effect of BAPTA
is reached, the perfusion of the Ca®*-containing solution does
not cause any kind of contamination, during either the pulse
or the repolarization (see Fig. 1 A). Online injection allows
repetition of BAPTA injections if the [Ca]; is not properly kept
at a low value.

In these conditions, Ba?* and Ca?* currents can be recorded
without any contamination (Fig. 2 A), and current-voltage
curves and isochronal inactivation curves can be obtained
(Fig. 2, B and C). Notably, the potential for half-activation ob-
tained in 10 mM Ba2* (E,e = -11 + 1 mV; n = 40; see Table 2 for
activation and inactivation parameters) distinctly defines Cay4
as a high voltage-activated Ca%* channel. The average current
amplitude at +10 mV (-2.2 + 0.3 pA, n = 47) 2 days after RNA
injection is not affected by the co-expression of Apis mellifera of
Nay (TEHI-4) or Cay (CayP) auxiliary subunits (not shown, but
refer to Gosselin-Badaroudine et al., 2016). Perfusion of 10 mM
Ca?* instead of Ba?* induces a shift of the current-voltage curves
toward positive voltages by ~10 mV (Eact varies from -11 to -2.5
mV, Table 2), as expected by a better screening of the surface
charges by Ca®*, and decreases the peak current amplitude to
1.6 + 0.3 pA (n = 30). However, Ca®* has two unexpected effects
on channel properties: (1) it does not shift the steady-state in-
activation curves, as the curves in Ba?* and Ca2* superimposed
almost perfectly (see Fig. 2 C and Table 1) and (2) it reduces
significantly the speed of inactivation, producing an unusual Ca-
dependent inactivation with slower kinetics in Ca2* than in Ba?*
(R4OO at 0 mV = 0.18 + 0.03; n = 23 and 0.35 + 0.03; n = 17, in
Ba?* and Ca?*, respectively; see Fig. 1 B for R400 calculation and
also Fig. 2 A and Fig. 4 B). This slowing of inactivation occurs
rapidly and is completely reversible (Fig. 1 C). While inactivation
is slowed by Ca?*, changing Ba®* for Ca* does not change the
reactivation time course (Fig. 2 D) with the time constants
needed to reactivate the channel being almost similar in Ba®* and
in Ca®* (see Table 2 and Fig. 2 E). Interestingly, the potential for
half-inactivation of Cay4 (Ein = -49 + 0.6 mV, see Table 2) was
more hyperpolarized than that of Ca** channels (Cayl.2 or
Cay2.1), but more depolarized than that of Nay channels (Nay1.5),
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when recorded in similar conditions, Ein = -23, -38, and -80
mV, respectively (see Table 3).

Previous works on Am-Cay4 have evidenced a particular
selectivity profile with a high permeability ratio for Ca?* over
Na* (Gosselin-Badaroudine et al., 2016). As expected, the rela-
tionship between the current reversal potential and the extra-
cellular Ba?* concentrations strictly obey the Nernst law for
divalent cations with a slope of 29.5 mV (Fig. 3 A). Moreover, the
concentration-conductance curve for Ba** gives a Kd of 1.9 +
0.4 mM (Fig. 3 B), which is similar to the value found for the
mammalian L type Cayl.2 channel: 1.9 + 0.4 mM from single
channel recordings (Guia et al., 2001) or 1.1 + 0.1 mM in our
conditions (not shown). When mixtures of different Ba2*/Ca%*

JGP

mole fractions were perfused, Cay4 displayed the usual anom-
alous mole fraction effect (Fig. 3 C for traces and 3 D for graph),
consistent with what had been observed with mammalian Cay1.2
or Cay2.1 Ca?* channels (Cens et al., 2007). Indeed, the current
amplitude displays a marked minimum for low Ca2* mole frac-
tions (see the 2 mM Ca?* condition marked with an arrow in
Fig. 3 D, for example), suggesting that the Ca®* binding sites
within the channel have a higher affinity for Ca?* than for Ba%*.

Perfusion of solutions containing either Ba?*, Sr?*, Ca%*, or
Na* allows depicting more precisely the permeation profile of
the channel by calculating averaged current ratios: Ba/Ca =
1.92 + 0.1 (n = 32) and Ba/Sr = 0.98 + 0.07 (n = 5), with almost no
Na* current flowing through the channel (Fig. 3, E and F). By

A B °
80 1 AmCa/4
g - Slope=29.5 mV o
S 3 2 m
3 o 3
D_ 201 D: 11
S 07
O v : : : v
X 2L m——rrrro—r—rnr 0 10 20 30 40
1[B L M;O [Ba] (mM)
aj(m
1
C D
0.4s +70 mV
-50 mV

[o.1pA

at0 P Ca10

8omV
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| 1000/200 nA
Ba 50 ms

Rel. %ur.

10/0 8/2 6/4 4/6 2/8 0/10
Mole fraction Ba/Ca

Rel. Cur.

|Ba/|Sr

IBa/|Ca

Figure 3. Permeation properties of Cay4. (A and B) Analysis of the ionic selectivity for the divalent cation Ba* is shown as a change in the reversal potential
in the presence of different concentrations of Ba?* (A) or as a current saturation curve for these concentrations (1-40 mM, B). The slope of the reversal
potential curve is 29.5 mV, and the Kd for saturation is 2.5 + 0.1 mM. (C) Left: Current-voltage curves recorded during the application of voltage ramps (~50/
+70 mV duration of 80 ms) in the presence of different Ba/Ca mole fractions (10:1, 9.5:0.5, 9:1, 8:2, 6:4, 4:6, 2:8, and 0:10). Curves are aligned and slightly
shifted for visualization. (D) The mole-fraction-peak current amplitude curve of these recordings displays the anomalous current minimum for low doses of
Ca?*. (E) Current traces recorded during voltage ramps from -100 to +80 mV in solutions containing 10 mM Ba2* (blue trace), 10 mM Ca2* (red trace), or
100 mM Na* (green trace). Note the lack of inward current in the Na*-containing solution. (F) Histogram showing the relative peak current amplitude recorded
during voltage-ramps as in E in solutions containing 10 mM Ba2*, 10 mM Ca?*, or 10 mM Sr?*. The ratios IBa/ISr and IBa/Ica are shown. ***P < 0.001
(Mann-Whitney rank sum test).
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Figure 4. Inactivation properties of Cay4. (A) Normalized current traces were recorded for depolarizations from ~80 to 0 mV in the presence of 10 mM Ba?*
or 10 mM Ca2*. Note the slowing of inactivation recorded in Ca2*. (B and C) Inactivation kinetics, quantified by the calculation of R400 (see Fig. 1B), are slowed
by Ca2*, **P < 0.01 (Mann-Whitney rank sum test) while the time-to-peak (C) is not affected by the change of the permeant cation ns: non-significant
(Mann-Whitney rank sum test, P = 0.754). (D) The current inactivation time course, during a 2.5-s long depolarization, can be described as the sum of two
exponential functions with a slow time constant, 1, and a fast time constant, t2. The change from Ba?* to Ca?* does not affect the values of these time
constants at all the voltages (left) but rather increases the proportion of t1 (right).

measuring the reversal potential measurement in different Ba?*
and Ca?* conditions, the permeability ratio Pg,/Pc, can be cal-
culated as 0.54, a value slightly larger than the Pgp,/Pc, deter-
mined on the mammalian L-type Ca?* channel (0.4 [Hille,
1992b]).

As evidenced in Figs. 1 and 2, the switch from the Ba?*-con-
taining to the Ca2*-containing solution produces a marked
slowing of the inactivation time course, better seen when the
traces are normalized, as displayed in Fig. 4 A. This slowing is
obtained in less than a second after exchanging the extracellular
solution (Fig. 1 C), suggesting a direct impact of the cation on the
channel protein itself, and not the involvement of secondary
messengers (such as kinases, phosphatases, or PIP2 degradation
or synthesis, for example). The slowing can be evaluated by
measuring R400, the ratio of the current recorded 400 ms after
the start of the depolarization over the current recorded at the
peak amplitude (see Fig. 1 B), and R400 values were significantly
smaller for Ba2* than for Ca?* currents (Fig. 4 B). However, in-
terestingly, neither the current activation time-course nor the
time-to-peak current was significantly different in Ba?* or Ca**
(Fig. 4 C). Analysis of the current inactivation kinetics during
2.5-s long depolarizations reveals a biexponential time course
and shows that this slowing of inactivation occurs without any
modification of the values of the two time constants, but rather
results from a significant increase in the proportion of the
slow time constant of inactivation (Fig. 4 D, left and right).

Bertaud et al.
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Interestingly, both time constants exhibit almost no voltage-
dependence.

This effect of Ca?* on Cay4 channel inactivation is puzzling.
Nay channel inactivation is mediated by the loop located be-
tween domains III and IV, which contains a specific sequence of
three amino acids—IFM—crucial for rapid inactivation (Kontis
etal., 1997; West et al., 1992). Nay channels also harbor potential
binding sites for Ca®* and/or calmodulin (CaM, a Ca**-binding
molecule) within the loop III-1V region and on their C-terminal
tail that could be involved in Ca?*-dependent regulation of Nay
gating (Johnson, 2020; Salvage et al., 2021), although defining
this regulation has proven to be challenging. On the other hand,
L-type Ca?* channels exhibit a well-documented phenomenon
known as Ca?*-dependent inactivation (CDI). This occurs when
incoming Ca?* ions bind to a CaM molecule attached to the
L-type Ca channel via CaM-binding sites located on the
C-terminal tail of the channel (prelQ and IQ domains) and
produces a marked acceleration of the Ca%* current inactivation
(Peterson et al., 1999; Tadross et al., 2008; Budde et al., 2002;
Ben-Johny and Yue, 2014; Ben-Johny et al., 2014). Nay and Cay
channels also possess putative Ca®*-binding sequences (EF-
hands) on their C-termini, playing a role in the CDI (at least for
Cayl.2 channels), although their capacity for binding Ca>* ions
is debated. Cay4 channels do possess many of these sequences
that are involved in Nay and Cay Ca?* sensitivity. Putative CaM-
binding sites are present on the loop III-IV and the C-terminal
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Figure 5. Primary sequences alignments of the llI-1V loop and the proximal C-terminus of Hs-Cay1.2, Hs-Cay2.1, HS-Cay 3.1, Am-Cay4, and Hs-Nay1.5
channels. (A) Loop IlI-1V channel sequences. The sequences of the IFM and the binging sites of the C-terminus (C-term) and/or CaM (CaM#1 and CaM#2) are
boxed. (B) Alignment of the sequences of the C-terminus of the same channels displaying the location of the EF-hand, the CaM binding sites (CaM), the CaM
C-lobe binding (1Q), and the CaM N-lobe binding (CaM-NL). Color code (background/foreground): light blue/deep blue, conservative; green/black: block of

similar; yellow/red: identical amino acids.

tail of the Cay4 channel sequence (see Fig. 5, A and B). An MLF
sequence, homologous to the IFM sequence found in Nay
channels, is also present on the Cay4 sequence, at a localization
similar to the IFM in Nay channels, i.e., on the loop III-IV (see
Fig. 5 A), and an EF-hand sequence can be found in their
proximal C-termini. To investigate the impact of these regions
on Cay4 inactivation, we opted to create three Cay4 mutants:
one in which the MLF sequence was mutated to AAA (Cay4(6)),
another one in which the C-terminal tail was replaced by that of
Cayl.2 (Cay4(8)), and a third in which both of these mutations
were combined (Cay4(10)). For a visual representation of these
mutations, please refer to Fig. 6, B-D. The Cay4(6) mutant does
display a complete loss of inactivation at all voltages (Fig. 6, B
and E; and Tables 2 and 4 for values), while in the case of the
Cay4(8) mutant, the steady-state inactivation parameters are
slightly modified compared with those of Cay4 (Fig. 6 C and
Tables 2 and 4), although the inactivation time course is slowed.
The double mutant, with the modified IFM and C-terminus
(Cay4(10)), behaves like the CaV,(6) mutant and shows a com-
plete loss of inactivation. The fact that in these three mutants,
the shape of the current-voltage curve (half-activation
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potentials, slopes of activation, and reversal potentials (see
Fig. 6 F and Table 5) is similar to control values demonstrates
that the global functioning of the channel (voltage-dependency
of activation and channel selectivity) is preserved and that only
inactivation is affected. These results strongly indicate that both
sequences are central to the voltage-dependent inactivation of
Cay4 and that the MLF sequence undeniably plays a role in Cay4
similar to that played by IFM sequence in Nay channels. Inter-
estingly, with any mutants, the Ca?*-dependent slowing of in-
activation observed with wild-type Cay4 vanished (as depicted
in Fig. 7, A-C), and the R400 values are similar in Ba?* and Ca®*
(Fig. 7 B). Analysis of the Cay4(8) inactivation time constants
(the only one that displays a measurable inactivation) reveals
that the values are very close in Ba?* and in Ca?* and close to the
values obtained with the wild-type channel (Fig. 4 D and Fig. 7
C). The changes in inactivation for this mutant can be best ex-
plained by a change in the proportion of the slow time constant
that is clearly larger than that of the wild-type channel at any
potentials (~0.4 versus ~0.15, Fig. 4 D and Fig. 7 C). However, as
opposed to the wild-type, changing Ba?* for Ca?* does not modify
these values drastically, as seen in Fig. 4 C, explaining the fact
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Figure 6. Use of Cay4 mutants and chimera to study inactivation. (A) Ba2* current traces were recorded during an inactivation protocol as in Fig. 1 A with
the wild-type Cay4 channel. (B) Cay4 mutant in which the MFL sequence (homologous to the IFM sequence in Nay channels) in domain Il-IV was mutated to
AAA was generated (Cay4(6) mutant) and displays completely impaired inactivation kinetics, as shown on the current traces in B, compared with control
current traces in A. (C) When the C-terminal tail of Cay4 was exchanged with that of the Hs-Cay1.2 channel, the resulting Cay4(8) chimera displayed inac-
tivation kinetics notably slower than those of Cay4 (shown on A) but faster than those of the Cay4(6) chimera (shown on B). (D) The double mutant with both,
the MFL and the C-terminal tail modified (Cay4(10), behaves like Cay4(6), as seen in D. (E) Isochronal inactivation curves of the wild-type and the three Cay4
mutants are shown in E, and values extracted from the fit are given in Table 3. The different variants of Cay4 use the symbols and colors depicted in A-D.

(F) The current-voltage curves of the wild type and the three Cay4 mutants are shown in F and the values extracted from the fit are given in Table 4.

that the R400 values (taken at 0 mV) were identical in these two
conditions (Fig. 7 B).

To be sure that this cation-dependent inactivation (CatDI)
was due to cation binding onto an intracellular target and not on
a binding-site located extracellularly, we analyzed the Ca-
dependency of the outward current. Outward currents in Ba2*
and Ca?* solutions (probably carried by K*) were then recorded
during depolarization to O or +70 mV. While the inward current
recorded at 0 mV in Ca?* displays the usual slowing of inacti-
vation (when compared to Ba%* conditions), the outward current
recorded at +70 mV was similar in Ca®* and Ba®* (see Fig. 8 A for
current traces and 8 B inset for normalized current traces).
Statistical analysis of the inactivation time constant at both of
these two potentials confirmed the Ca%* does not affect current
inactivation for positive potential (Fig. 8 B).

We then sought to investigate the role of calmodulin in CatDI
of Cay4 by coexpressing either wild-type CaM or a mutant in-
validated in the four Ca®* binding-sites (CaM1234). The results
are displayed in Fig. 9, A and C, and demonstrate that CaM does
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not play any role in CatDI, since neither CaM nor CaM1234 affect
the Ca?*-induced changes in the R400 values.

Moreover, the fact that the mutant Cay4(8), which exchanges
its C-terminus with that of Cayl.2, does not exhibit a CatDI,
while the same substitution in Cay2.1 results in the appearance
of the clear real CDI (AAAAC in Fig. 9, B and C) strongly implies
that the mechanism of CatDI is distinct despite the involvement
of sequences located at similar positions in the channels’ pri-
mary sequence. A control experiment of the effect of CaM1234
on L-type Ca?* channel CDI is shown in Fig. 9 D, where CDI is
strongly affected by the mutated CaM.

We concluded this characterization by pharmacological pro-
filing of the Cay4. The dose-response inhibition curves with
Cd?* and Ni?* show 10-fold greater sensitivity to Cd?* (respective
ICs0 of 31.9 + 2.4 and 433.1 + 27.3 pM, Fig. 10 A), a specificity
commonly observed for high-voltage-activated Ca2* channels
(Hille, 1992a). The use of a panel of insecticides (permethrin,
allethrin, ivermectin, Picrotoxin, fipronil, chlorantraniliprole, and
chlothianidin) of Cay3 (mibefradil, NCC-55-0396, TT-A2,
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Figure 7. Inactivation of Cay4 mutants is not Ca dependent. (A) Superimposed and normalized current traces of the wild type and the three Cay4 mutants
recorded in 10 mM Ba2* or 10 mM Ca?* during depolarizations of 2.5 s showing that the inactivation time course is not affected by the permeant cation. (B) A
quantification of the inactivation time-course, shown in B as R400 values, in Ba or Ca, for these mutants, demonstrates the lack of CatDI (respective
Mann-Whitney rank sum test P values for the mutants are 0.397, 1.000, and 0.876, respectively). (C) Analysis of the inactivation time constant for the Cay4(8)
mutant (n = 13 and 11 for Ba?* and Ca?*, respectively) shows that neither the time constants (slow time constant: t1, fast time constant: T2) nor their relative
amplitude are markedly affected by the permeant cation, as opposed to the wild-type channel (see Fig. 4).

amiloride), Cayl modulators (nifedipine, PN200-110, Bay-K8644,
verapamil, diltiazem), and of toxins and venom (SNX-482, atra-
chotoxin HV1a, Thomisus honustus and Synema globosum venoms,
and PTx-II) was quite ineffective, except for diltiazem, which is
responsible for significant inhibition of the peak current at 20 uM
(49 + 3%, n = 3, Fig. 10 B).

We also investigated the effect of several Nay channel mod-
ulators. Some of them, such as the pyrethroids (see Fig. 8 B) and
TTX (see Gosselin-Badaroudine et al., 2016) were infective, but
veratrine, an alkaloid mixture extracted from the plant Veratrum
album, induced a small inhibition of the current amplitude (13%
+ 0.3, n = 12, when perfused at 30 uM), and a well-resolved
acceleration of current inactivation. Indeed, R400 decreases to
50% of its control value (R400 = 0.2 + 0.03 [n = 12] t0 0.10 + 0.01
[n = 12] for control and veratrine, respectively, Mann-Whitney
rank sum test P value = 0.004, see Figs. 10 and 11). At a stimu-
lation frequency of 0.5 Hz, this acceleration develops with a
time-constant of 8.2 s, a little faster than the time-constant re-
quired for the change in current amplitude (17 s, not shown).
The acceleration of inactivation was almost fully reversible,
while the effect on the current amplitude was not (Fig. 11 B). A
similar effect was obtained in the presence of Ca2?* in the per-
fusion medium instead of Ba?* (Fig. 12). During these short de-
polarizations, a condition necessary to carry out dose-response
curves of veratrine, the inactivation time course can be better
estimated by a fit with a single exponential. Increasing veratrine
concentration decreases the Cay4 inactivation time constant in a
dose-dependent manner (Fig. 11, A-C), and a similar effect was
also obtained with the mutant channel Cay4(6). While the
Cay4(6) inactivation time constant was too large to be effectively
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measured for low doses of veratrine, the perfusion of high doses
increases the inactivation up to the values recorded for the wild
type at similar doses (at 100 pM, see Fig. 11 C). Interestingly,
outward current time constants are smaller than the inward
current but do not vary between 40 and +110m mV (not shown).
On outward currents, veratrine has a tendency to decrease the
time constant of inactivation down to values close to that ob-
tained for the inward current (59.5 + 2.5 and 58.9 + 5.7 ms for
control and veratrine traces at +70 mV, respectively, see histo-
gram Fig. 13), but this effect does not reach a significant level
(Mann-Whitney rank sum test P value = 0.057). Similar effects
were produced with veratridine, which is the major component
of veratrine (not shown), and the effects were undoubtedly
different from those produced by veratrine or veratridine on
Nay channels, for which a marked slowing of current inactiva-
tion and deactivation were reported without noticeable effects
on the peak current (Sutro, 1986; Sigel, 1987), and the effects that
were also retrieved with the honeybee Nay channel expressed in
Xenopus oocytes (not shown). Altogether, these effects seem to
indicate that the veratrine-induced acceleration of inactivation
is independent of the usual MFL-gated inactivation and involves
other mechanisms. In the absence of other specific biophysical
or pharmacological markers of Cay4, veratrine could be used as a
pharmacological tool to reveal the presence of Cay4 in situ, in
muscles or neurons for instance.

Discussion
To achieve a more comprehensive understanding of cellular
excitability in honeybees and their sensitivity to pesticides, our
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research group has been actively engaged in identifying and
cloning ion channels expressed in larvae and adult bees. We
have previously published preliminary characterizations of the
ligand-gated RDL, glutamate and nicotinic receptors, and the
voltage-gated Cayl, Cay2, Cay3, Cay4, and Nayl channels (Cens
et al., 2015; Gosselin-Badaroudine et al., 2017; Cens et al., 2013;
Gosselin-Badaroudine et al., 2016; Rousset et al., 2017; Gosselin-
badaroudine et al., 2015; Collet et al., 2016; Brunello et al., 2022).
Cay4, a channel homologous to Drosophila DSCI, did not conform
to the classical Nay channel archetype, and neither its bio-
physical nor pharmacological properties allowed us to classify
this channel in any of the three already established Cay channel
subfamilies (Cayl, Cay2, and Cay3). Consequently, we proposed
the existence of a novel class of Ca?* channel termed Cay4
(Gosselin-Badaroudine et al., 2016). In this study, we provided
evidence demonstrating that the Cay4 channel exhibits distinc-
tive characteristics with regard to cation permeability, voltage
dependency, Ca?*-dependent inactivation mechanisms, and
pharmacological properties.

Cay4 channel permeation and selectivity

The results depicted in Figs. 2 and 3 unequivocally demonstrate
that Cav4 is a high-voltage activated Ca?* channel that permeates
both Ca®* and Ba?* and exhibits an anomalous mole fraction
between Ba?* and Ca2*, suggesting a higher selectivity for Ca?*.
Moreover, the Cay4 saturation curves for divalent cations
(Fig. 3) and the higher sensitivity to Cd?* versus Ni?* are typical
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of HVA Ca2?* channels (Guia et al., 2001). The shift of the
current-voltage curve observed upon extracellular cations
changes (Fig. 2) is also reminiscent of that observed in mam-
malian Cayl.2 or Cay2.1 Ca%* channels, for example.

Na* ions were unable to permeate Cay4 even in the presence
of EGTA in the extracellular solution, consistent with our pre-
vious findings (Gosselin-Badaroudine et al., 2016). While chan-
nels harboring a Ca2* or Ba?* channel permeability with DEEA
selectivity filters have been described in Cnidaria (Gur Barzilai
et al., 2012), Drosophila, and cockroach (Zhou et al, 2004), these
channels retained a permeability to Na* in the absence of Ca%* or
Ba?*, which is not the case here.

The sequences of the SF at both loci (EEEE and DCS) identi-
fied in Nay and Cay channels (Heinemann et al., 1992; Cens et al.,
2007; Neumaier et al., 2015) are unique in Cay4, with three
negative charges at the EEEE locus, DEEA (numbered position 0)
and four negative charges at the DCS locus (DEED; see Table 1
for the SF sequences of different Cay and Nay channels). The
presence of these negative charges pointing toward the pore at
the DCS locus (Wu et al., 2016) is known to affect the selectivity
for monovalent cations in Nay channels (Heinemann et al., 1992)
and lightly those of divalent cations in the Cay. Therefore, the
fact that four negative charges are found in Cay4 but not in the
DSCI, BSC1, or other NaV or CaV channels (Table 1) could explain
the differences in Na permeability between these channels. The
aspartate at position +1 (relative to the E in the SF of domain II)
and the glutamate at position 0 of domain IV (conserved in all
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Figure 9. Effect of calmodudin (CaM) and the Ca-insensitive calmodulin mutant (CaM1234) on Cay4 inactivation (CatDI). Xenopus oocytes were in-
jected with the Cay4 channel cRNA and either water, CaM, or CaM1234 cRNA, and currents were recorded 2-3 days later using Ba?* or Ca?* solutions.
(A) Superimposed normalized current traces of the Cay4 channel alone or coexpressed with CaM or CaM1234 were recorded in 10 mM Ba2* (black traces) or
10 mM Ca?* (red traces) during depolarizations of 400 ms. Note that in each case, the current inactivation is slowed by the perfusion of the Ca solution (red
traces). (B) When a Ca-insensitive Cay,2.1 channel exchanges its C-terminal tail with that of the Cay1.2-sensitive channel, the resultant channel (AAAAC)
displays a clear Ca-dependent acceleration of inactivation similar to the Cay1.2 channel (black traces in Ba2*, red traces in Ca2*). (C) R400 values were
calculated for these different conditions as depicted in A and B in 10 mM Ba?* or 10 mM Ca?*. Note that CaM and CaM1234 had no effect on Cay4 inactivation.
The Cay1.2 C-terminus blocked the Ca-dependent inactivation of Cay4 (see Fig. 6), induced a new Ca-dependent inactivation on Cay2.1 channels (respective
Student’s t test P values: 0.004; 0.0004; 0.00008; 0.00019; Mann-Whitney rank sum test P = 0.902, and Student’s t test P = 3.18*1077). (D) The ratio of Ca-
dependent inactivation (R400 obtained in Ca?* divided by R400 obtained in Ba?*) of Cay4 is not affected by the coexpression of CaM1234, while CaM1234
strongly decreases this ratio in the case of Cay1.3 (Student’s t test, P = 0.384 and 0.0241).

Cay channels [Abderemane-Ali et al., 2019; Shaya et al., 2014]  current by extracellular Mg?*, present in the low Ca solution and
but replaced by tryptophan and alanine, respectively, in Cay4) not effectively chelated by EGTA.
may also play a role in this particular selectivity. Substituting Positions 0 (EEEE locus), +1 (aspartate), and/or +4 (DCS lo-
the (+1)-aspartate by non-charged amino acids in Cay1.2 did not  cus) are thus pertinent candidates for the strict selectivity of
alter the reversal potential in the presence of divalent cations Cay4 to divalent cations. However, the definitive proof of their
(Abderemane-Ali et al., 2019) but affected the channel kinetics. ~ involvement in specific cation coordination in the Cay4 pore will
Whether this aspartate impacts the permeation of monovalent require additional mutagenesis studies. In any case, the Cay4
cation has not been examined. selectivity pattern is a novel feature in the Cay family, and fu-
The observation that divalent cations can permeate, whereas ture structural studies on Cay4 may provide important new
smaller monovalent Na* ions (respective size of 1.35 A for Ca?*, information on the role of these amino acids in the formation
0.99 A, for Ba2* and 0.95 A for Na*) cannot do so in their absence ~ and properties of the cation binding sites and the Ca* coordi-
could also be attributed to the blockade of the inward monovalent  nation in Cay4 pore.
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Cay4 channel inactivation

The sequence similarities between Cay4 and Nay channels ex-
tend to the loop connecting domains Il and IV and, in particular,
to the IFM sequence known to be crucial for Nay fast inactiva-
tion. Hydrophobic interactions between the IFM sequence and
the S4-S5 linkers of DIII and DIV and part of the activation gate
at the bottom of the DIV-Sé stabilize the pore in a closed-
inactivated conformation (a mechanism formerly called
hinged-lid [Catterall, 2013; Jiang et al., 2020; Liu et al., 2023]).
The IFM sequence is replaced by MFM and MFL in honeybee Nay
and Cay4 channels, respectively. Cay4 inactivation kinetics
(100-1,000 ms) are slower than those of honeybee or mamma-
lian Nay channels (2-10 ms [Fux et al., 2018]) and are not af-
fected by the membrane potential. Moreover, Cay4 steady-state
inactivation appears to be insensitive to surface charge density,
as opposed to the voltage dependence of activation. Inactivation
was also noticeably slower in Ca?* compared with Ba2*. All of
these features are specific to Cay4 and are not observed in other
Cay or Nay channels (see Figs. 2, 3, and 4).

Interestingly, the MFL to AAA substitution (as the Cay4(6)
mutant, and as shown in Fig. 6) completely abolishes fast inac-
tivation, suggesting a potential shared mechanism with Nay
channels (Zhou et al, 2004; Catterall, 2013). The observation that
the inactivation kinetics are not voltage-dependent can be ex-
plained by a voltage-independent gating step that acts as the
rate-limiting factor in the inactivation process. However,
the insensitivity of the steady-state inactivation to changes in
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JGP

Figure 10. Pharmacological properties of Cay4. (A) Dose-
response curves for Cd®* (black squares) or Ni?* (red squares)
were recorded using depolarizations from -80 to 0 mV in the
presence of 10 mM Ba2*. Experimental data points are fitted
using a hyperbolic Langmuir isotherm function, and extracted
IC50 values are 31.2 + 2.4 uM (n = 5) and 433.1 + 27.3 uM (n = 5)
for Cd?* and Ni?*, respectively. (B) Effect of various Nay or Cay
inhibitors, as well as some toxins or insecticides, on the current
amplitude or the R400 (noted # for veratrine) generated by the
Cay4 channel. Note that almost none of these drugs have an
effect on Cay4. The drugs tested are from left to right: per-
methrine (50 pM), allethrine (50 uM), ivermectine (10 pM),
clothianidine (10 pM), picrotoxin (10 pM), fipronil (10 pM),
chlrorantraniliprole (10 uM), mibefradil (10 uM), NCC-55-0396
(20 uM), TTA-A2 (1 pM), amiloride (1 mM), nifedipine (10 uM),
PN200-110 (10 uM), BayK-8644 (10 uM); verapamil (10 uM),
diltiazem (20 pM), veratrine (30 uM), SNX-482 (10 uM), atra-
chotoxine Hv1 (1 uM), thomisus venom (1/50), Synema globosum

9 o venom (1/50), and PLTx-Il (1 uM). A significant effect is obtained
only with diltiazem and veratrine.
O)
V-gg

SNX V-To Ptx-ll

the extracellular divalent cation concentration is a more chal-
lenging puzzle to unravel.

It has been demonstrated that the voltage-dependent pa-
rameters of voltage-gated ion channels are responsive to an el-
evation of extracellular cation concentration (see Neumaier
et al., 2015 for review). According to the Gouy-Chapman-Stern
model, fixed negative charges present at the surface of the
membrane and/or the channel create a local negative surface
potential that is reduced by increasing extracellular divalent
cations, resulting in a positive shift of the voltage-dependent
parameters (Hille, 1992a; Gilbert and Ehrenstein, 1969;
Neumaier et al., 2015). In this theoretical framework, the four
voltage-sensing domains (VSD) of a channel should be affected,
i.e., all the voltage-dependent parameters, including the voltage-
dependence of activation and inactivation, should be sensitive to
the changes in the surface potential. In Nay and Cay channels,
this prediction is validated (see Table 3). In Cay4, both voltage
dependency and kinetics of inactivation should be under the
control of at least the IFM motif and the S4 helices of domain III
and/or IV (Capes et al., 2013; Angsutararux et al., 2021). The
observation that only inactivation is not influenced by this sur-
face charges screening strongly suggests a highly localized
effect on the S4 of domains III and/or IV (Capes et al., 2013;
Angsutararux et al., 2021; Lewis and Raman, 2013). This effect is
not observed with Nay or Cay channels (see Fig. 5) (Neumaier
et al., 2015). Interestingly, the S4 helices of domains III and IV of
Cavy4 exhibit a high degree of conservation with those of Nay or
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Figure 11. Effect of veratrine (30 pM) on Cay4 current amplitude and inactivation. (A) Exemplar current traces of Xenopus oocytes expressing the Cay4 or
the mutated CaV4(6) channel in control Ba?* conditions (in black), and at the steady-state effect of the perfusion of different concentrations of veratrine
(in red, the fit of inactivation using a single exponential, values are given in C). (B) Time course of the effects of different concentrations of veratrine
(values are given at the top of the figure) on the current amplitude (blue circle) and on current inactivation quantified using a single exponential fit (Tau, red
square). (C) Graph showing the values of the exponential it of inactivation at the steady state level of each concentration for the wild-type Cay4 (red square) and
the mutant Cay4(6) (green circle), as a function of veratrine concentrations. Note that for high doses, the inactivation of the mutant is almost equal to that of the

wild type, despite the lack of MFL-driven inactivation.

Cay channels, featuring the same number of positive charges at
similar positions.

Alternatively, alteration of either the interactions of the S4s
with other channel helices during gating or modifications of the
fixed charges at the surface of the channels both in terms of their
quantity and arrangement may be questioned instead of focus-
ing solely on S4 itself. Indeed, interactions involving voltage-
sensor in domains III and IV, with residues surrounding pore
sequence (S4-S5 linkers in domains III and IV and the III-IV
loop, S3 helices negative charges), are known to modulate both
voltage dependence and kinetics of activation, and inactivation
in Nay and Cay channels (Fernandez-Quintero et al., 2021; Lewis
and Raman, 2013; Capes et al., 2013; Angsutararux et al., 2021;
Hsu et al., 2017). These interactions could potentially be re-
sponsible for the fact that the potential for half-activation and
inactivation of Cay4 are more hyperpolarized compared with
other mammalian Cay channels such as Cay2.1 or Cayl.2, see
Tables 1and 2), and depolarized when compared with the Nay
channels. However, whether they can modulate the sensing
of alocal electric field by the S4, or the properties of this field
as referred to the existence of the surface potential, is not
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known and will require additional experimental work to be
understood.

This insensitivity may also be related to modification of the
electrostatic surface potential in the surrounding of these two
voltage-sensors either by a modification in the number of the
charges at their surface or a change in the affinity of these
surface charges to divalent cations (Elinder et al., 1996; Madeja,
2000) producing either saturation at low concentration or in-
sensitivity to binding. The number and position of the negative
or positive charges in the S3-S4 segment of Nayl.5, Cay4, or
Cayl.2 for example are different. However, the precise molec-
ular structure of Cay4 is not known. Calculating the real surface
potential locally, in the vicinity of these VSDs is therefore highly
challenging and speculative. Finally, one cannot exclude the
possibility of similar electrostatic surface potential to other
channels partially, or totally, counterbalanced by a direct effect
of the incoming Ca?* ion on the VDI. In Cayl.2 channel, it has
been demonstrated, for example, that mutation of a single as-
partate residue in the selectivity filter of Cay1.2 (D707 at position
+1, after the conserved E of domain II) can remove CDI without
any other effect on the channel properties (Abderemane-Ali
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Figure 12. Effects of veratrine (30 pM) on CaV4 in Ca?*-containing solution. (A) Current traces were recorded during 400 s pulses from -100 to 0 mV on
Xenopus oocytes expressing Cay4 (top) or Cay4(6) (bottom), in the control condition (black traces) or at the steady-state effect of veratrine (red traces). R400 is
the ratio of the peak current amplitude over the current amplitude measured at the end of the stimulation pulse. (B) Histogram showing the R400 values
calculated for Cay4 or Cay4(6) current traces recorded in Ba?* or in Ca?* without (black bars) or with veratrine (red bars). Mann-Whitney rank sum test, P =
0.004; Student’s t test, P = 0.00003 and 8.3*1077; and Mann-Whitney rank sum test, P = 0.002, respectively. (c) Dose-response curves of veratrine on the
peak current amplitudes recorded on Xenopus oocytes expressing Cay4 or Cay4 (6) (holding potential ~100 mV, step depolarization to 0 mV).

et al., 2019), demonstrating the role of intrapore cation-binding
site on inactivation. Unfortunately, studies looking at the ef-
fect of the divalent cations on the role of these DIII-DIV
voltage sensors are lacking. The molecular mechanism of
CatDI will therefore require additional experiments to be fully
explained.

Cay4 channel CatDI versus Cay1.2 CDI

Another surprising observation is the slowing of inactivation
when Ca?* is the charge carrier (called here CatDI). The CDI of
Cay channels has been well described (Budde et al., 2002; Ben-
Johny et al., 2014), and produces, on mammalian Cayl or Cay2
channels, faster inactivation kinetics. In fact, in Cayl or Cay2
channels, this Ca dependency appears to be more a Ca%*
calmodulin-dependent regulation of the classical voltage-
dependent inactivation rather than a completely distinct mech-
anism (Cens et al., 1999; De Leon et al., 1995; Budde et al., 2002).
Calmodulin bound to the Cayl.2 C-terminal tail constitutes the
Ca-sensing element able to detect, very locally, incoming Ca2*
ions during channel opening and to trigger channel CDI. An EF-
hand structure is also important for this process, although it is
proposed not to be able to bind Ca?* ions, but rather to play a role
in CaM binding (Gardill et al., 2019). The displacement of CaM
from one binding site to another on the channel may allow or
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accelerate a pre-existing voltage-dependent inactivation, thus
producing the so-called CDI (Cens et al., 1999, 2006; De Leon
et al., 1995; Budde et al., 2002). In Nay channels, while these
Ca**/CaM binding structures (IQ and EF-hand sequences) are
also present on the C-terminal tail and the ITI-IV loop (Salvage
etal., 2021), the Ca®*-dependent regulation of gating is translated
by a decrease in the peak current and/or a shift in the inacti-
vation curve, depending on the expressed Nay channels (Pitt and
Lee, 2016; Salvage et al., 2021; Ben-Johny et al., 2014). In contrast,
a clear effect on the inactivation kinetics has rarely been de-
scribed, probably due to the lack of Ca?* permeability of the Nay
channel. These regulations have thus been analyzed by varying
the bulk intracellular Ca2* concentration, which also induced
activation of intracellular regulatory pathways (CaM kinase,
PKC...). This is not the case for Cay4, for which the slowing of
inactivation by Ca2* occurs in <2-5 s (see Fig. 1), which strongly
suggests a direct effect of Ca?* on Cay4. While this slowing
clearly requires an inward flux of Ca2*, since it is not seen on
outward current (Fig. 6), it does not have the hallmark of CDI,
i.e., it is not proportional to the amplitude of the Ca* influx (see
Fig. 4 D), and, as opposed to the classical CDI, CaM does not seem
to be involved (Ben-Johny and Yue, 2014; Peterson et al., 1999).
Loss of CatDI with the Cay4(8) chimera suggests, however, that
the C-terminal tail, in one way or another, may be involved. We

Journal of General Physiology
https://doi.org/10.1085/jgp.202313509

%20z Iudy €0 uo Jasn gsu| siud Aq ypd-605€ 1 €202 dbl/G229261/605€ 1 £2028/S/96 | /#pd-ajone/dbl/Bio sseidny/:dpy wouy pepeojumoq

16 of 20


https://doi.org/10.1085/jgp.202313509

1251

-1I0mV +70 mV

Figure 13. Effect of veratrine (50 uM) on Cay4 channels at positive
voltages. Inactivation time constants measured for Ba?* current recorded on
Xenopus oocytes expressing Cay4 without (in black) or with 50 uM veratrine
(in red) either 0 or +70 mV. Only at -10 mV are these differences statistically
significant: Mann-Whitney rank sum test, P values are 0.002 and 0.057,
respectively.

conclude that CatDI is clearly different from CDI. The aspartate at
position +1 relative to SF in domains II (D707), crucial for Cayl.2
CDI (Abderemane-Ali et al., 2019), is conserved in all mammalian
Cay channels but not in Nay or Cay4. The role of this substitution
in the lack of CDI in Cay4, harboring CaM, CaM-binding sites,
and the EF-hand motif in their sequence needs to be further
studied. Interestingly, still in Cay1.2, mutation of the glutamate
in the SF of domain III has the same effect as D707 and com-
pletely suppresses CDI. In Cavy4, the glutamate at the SF of do-
main III is conserved, but not that of the SF at domain IV.
Alteration of this Ca?* binding site within the Cay4 SF could
therefore drive the change not only in the cationic channel se-
lectivity, as suggested earlier, but also in the Ca** dependence of
the inactivation mechanism. Mutagenesis experiments are in
progress to explore this possibility. All of these properties make
Cay4 CatDI a novel mechanism regulating Ca?* influx.

Cay4 channel pharmacology
Cay4 insensitivity to neonicotinoids and phenyl insecticides is
not surprising. However, due to the amino acid sequence simi-
larity with the Nay channel, a potential susceptibility to pyre-
throids could be expected. This was not the case either, and a
close examination of the amino acids reveals that key positions
for knockdown resistance in Drosophila Nay channels (specifi-
cally in S3-S4 DII [M918], Sé DII [L1011], and Sé DIII [F1534];
Rinkevich et al., 2013) are occupied by amino acids that confer
resistance (11202, M1297, and C1830, respectively) in Cay4.
The only molecules that were active on the Cay4 channels
were a Cayl channel antagonist, diltiazem (which decreases
current amplitude), and a Nay channel regulator, veratrine
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(which accelerates inactivation kinetics; see Figs. 7 and 8). The
amino acids that have been shown to be implicated in diltiazem
binding within the pore of the Cayl.1 channel (Zhao et al., 2019)
and implicated in the effects on current amplitude (Tyrl1365,
Ala1369, and 1le1372 of S6DI [Hering et al., 1996]) are not con-
served in Cay4, although the inhibition of the peak current is
similar. In the Cay4 channel, the benzothiazepines binding
site is therefore not completely conserved. We are currently
working on pinpointing the channel’s susceptibility to dilti-
azem, and identifying the specific amino acids involved in
these binding sites.

The effect of veratrine is unexpected: it leads to an acceler-
ation of the inactivation kinetics on CaV4, which contrasts with
its opposite effect recorded on Nay channels, where it slows the
inactivation and deactivation kinetics. Interestingly, this accel-
eration is also observed with the mutant that lacks inactivation,
(Cay4(6), Fig. 11), and both processes seem to converge toward
similar values (Fig. 11 C). Veratridine, the major component
of veratrine has similar effects on Cay4, but slows honeybee
Nay channel inactivation and deactivation. On the mammalian
Nayl.5 channel, two binding sites for veratridine have been
proposed: (1) in the pore at the level of the SF, and (2) at the
intracellular mouth of the pore, at the bottom of the S6 (Gulsevin
et al, 2022). A mutagenesis analysis revealed that the most
probable binding site is site 2, in which amino acids L409, E417,
and 11466 would be the most important for the stabilization of
the ligand. These amino acids are conserved at homologous
positions in Cay4, and molecular docking of veratrine on an
alpha-fold model of Cay4 shows poses of the molecule at this site
(not shown), suggesting that the same or very close binding sites
on Nayl.5 and Cay4 can produce opposite effects, as already seen
for the Cayl.2 Ca®* channel and dihydropyridines (Zhao et al.,
2019). Amino acids at equivalent positions in domains I, II, III,
and IV of Nay, Cay channels, or subunits of Kv channels have
been shown to be central for the formation of the activation gate
and for the development of fast and slow C-type inactivation
(Shi and Soldatov, 2002; Chancey et al., 2007; Liu et al., 2023).
The fact that the Cay4(6) mutant, which lacks inactivation, is
also sensitive to veratrine with the same functional effects has
led us to conclude that this acceleration of inactivation does not
depend on the MFL motif but requires another molecular
mechanism. One may speculate that upon binding at the bottom
of one or multiple S6 segments, veratrine could induce a
structural rearrangement of the pore and/or the SF and produce
an acceleration of inactivation via a process similar to the C-type
inactivation that is present in most voltage-gated ion channel
types and has been attributed to a restructuration (either con-
striction or dilatation) of the selectivity filter inducing non-
conductivity, and thus inactivation (Reddi et al., 2022; Cuello
et al., 2010; Pavlov et al., 2005; Irie et al., 2010). In potassium
channels, different mutations within the selectivity filter or at
the internal mouth of the channel (specifically at the bottom of
the S6 segment) have been demonstrated to impact the C-type
inactivation (Li et al., 2021; Cuello et al., 2010; Tan et al., 2022;
Reddi et al., 2022). Furthermore, although infrequent, there is
precedent for the regulatory effects of certain drugs or ions on
C-type inactivation (Armstrong and Hoshi, 2014; Chen et al,,
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2013). In this context, the fact that the inactivation time constant
is independent of the voltage but dependent upon the direction
of the permeating ion (see Fig. 10 B) could possibly be explained
by the differential stabilization of the pore structure by divalent
cation binding at the extracellular ion binding site during in-
ward but not outward currents. Alternatively, an open-channel
block can also be a possible mechanism. The single-channel
signatures of these two processes might be different, and this
eventuality is now being evaluated at the single-channel level. In
any case, in the absence of other specific inhibitors, the use of
veratrine may constitute a very useful tool to identify the ex-
pression of Cay4 in living insect tissues, but it may also possibly
help, through structural studies, to shed new light on the C-type
channel inactivation mechanism and regulation.

In conclusion, this study has revealed several distinctive
properties of the Cay4 channel, including (1) its exclusive per-
meability to calcium, (2) insensitivity of the voltage-dependent
inactivation to surface potential, (3) a specific type of CatDI, and
(4) a pharmacological profile divergent from Nay and Cay
channels. These unique features unequivocally define a novel
type of voltage-gated Ca?* channels specific to insects, estab-
lishing a new phylogenetic and functional connection between
Nay and Cay. The identified characteristics demand further
comprehensive analysis and are poised to offer invaluable in-
sights into the functional molecular mechanisms not only of
Cay4 but also of Nay and other Cay channels. It should be noted,
however, that purified Cay4 channels from native insect tissues
have not yet been obtained. Therefore, the biophysical and
pharmacological properties of this channel in vivo may differ
significantly from those described here if regulatory subunits
exist, as described for other voltage-gated Ca, Na, or K channels.

Data availability
The data are directly available from the corresponding author
upon reasonable request by email.
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