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Research Article

Biophysical characterization of the honeybee DSC1 orthologue reveals
a novel voltage-dependent Ca®* channel subfamily: Cay4
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Matthieu Rousset,? Claude Collet,® Pierre Charnet,? and Mohamed Chahine’*
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Bilaterian voltage-gated Na* channels (Nay) evolved from voltage-gated Ca?* channels (Cay). The Drosophila
melanogaster Na* channel 1 (DSC1), which features a D-E-E-A selectivity filter sequence that is intermediate
between Cay and Nay channels, is evidence of this evolution. Phylogenetic analysis has classified DSC1 as a
Ca*"-permeable Na* channel belonging to the Nay2 family because of its sequence similarity with Nay channels.
This is despite insect Nay2 channels (DSC1 and its orthologue in Blatella germanica, BSC1) being more perme-
able to Ca®" than Na"*. In this study, we report the cloning and molecular characterization of the honeybee (Apis
mellifera) DSC1 orthologue. We reveal several sequence variations caused by alternative splicing, RNA editing,
and genomic variations. Using the Xenopus oocyte heterologous expression system and the two-microelectrode
voltage-clamp technique, we find that the channel exhibits slow activation and inactivation kinetics, insensitivity
to tetrodotoxin, and block by Cd?* and Zn?". These characteristics are reminiscent of Cay channels. We also show
a strong selectivity for Ca?* and Ba?* ions, marginal permeability to Li*, and impermeability to Mg?* and Na* ions.
Based on current ion channel nomenclature, the D-E-E-A selectivity filter, and the properties we have uncovered,
we propose that DSC1 homologues should be classified as Cay4 rather than Nay2. Indeed, channels that contain
the D-E-E-A selectivity sequence are likely to feature the same properties as the honeybee’s channel, namely

slow activation and inactivation kinetics and strong selectivity for Ca®* ions.

INTRODUCTION

Voltage-gated Na* and Ca®* channels (Nay and Cay) be-
long to the large family of ion channels and feature four
homologous domains, each containing six transmem-
brane (TM) segments. Nay channels initiate the action
potentials of many excitable cells, thus regulating their
electrical signals. Cay channels have been attributed
more diverse roles, which is expected, because they
would have emerged earlier in evolution and are per-
meable to Ca®*, a major second messenger. They are in-
volved in pacemaker cell action potentials, muscle
contraction, and the Ca*-dependent exocytosis of vesi-
cles, which regulates hormone and neurotransmitter
secretion (Catterall et al., 2005b).

Nay channels would have evolved from Cay channels
(Hille, 2001). This possibility is supported by the exis-
tence of proteins such as the Drosophila melanogaster
Na' channel 1 (DSCI1) and its orthologues. Indeed,
those channels feature selectivity filter sequences that
would be representative of an intermediate sequence
between that of canonical Nay and Cay channels (Zhou
et al., 2004; Liebeskind et al., 2011).

DSC1 was first identified in Drosophila using probes
corresponding to the eel Na* channel (Salkoff et al.,
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1987). Like other Nay and Cay channels, DSCI is a
24-TM protein divided into four homologous domains,
each featuring a voltage-sensitive domain resulting
from the assembly of the first four TMs (S1-S4). The
S5-S6 TMs of each domain assemble to form the pore
domain, which is responsible for ion permeation and
selectivity. A highly conserved motif located at the aper-
ture of the pore is the main contributor to the selectiv-
ity of the 24-TM channels and is composed of one
amino acid from each domain located between the he-
lixes of the reentrant loop between S5 and S6 (Heine-
mann et al., 1992; Catterall et al., 2005b). Usually, only
negatively charged amino acids (E-E-D-D or E-E-E-E in
domains DI-DII-DIII-DIV) form this selectivity filter in
Cay channels, whereas neutral and positively charged
amino acids are involved in Na* selective channels (D-E-
K-A for Nayl channels; Heinemann et al., 1992; Catter-
all et al., 2005a; Stephens et al., 2015). The selectivity
filter sequence for most DSC1 homologues (D-E-E-A)
appears to be a hybrid of the sequences found in Nayl
and Cay channels. Because DSC1 homologues and Nayl
channels would have evolved from a common ancestor,

© 2016 Gosselin-Badaroudine et al. This article is distributed under the terms of an
Attribution-Noncommercial-Share Alike-No Mirror Sites license for the first six months
after the publication date (see http://www.rupress.org/terms). After six months it is available
under a Creative Commons License (Attribution-Noncommercial-Share Alike 3.0 Unported
license, as described at http://creativecommons.org/licenses/by-nc-sa/3.0/).
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Table 1. AmCay4 ionic selectivity solutions

Table 2. AmCay4/E1797K ionic selectivity solutions

Divalent solutions Monovalent solutions Ringer 0 Na* 0K 0 Ca* 0 Mg**
mM mM mM mM mM mM mM
NMDG 120 22 NaCl 116 0 116 116 116
HEPES 20 20 KCl 2 2 0 2 2
Permeant ion 2 100 CaCly 1.8 1.8 1.8 0 1.8
i i i 2+ 2+ 2+ MgCl, 2 2 2 2 0
For divalent SOll?thnS, the permean.t ions were' Mg*, Ca™, or Ba™. For HEPES 5 5 5 5 5
monovalent solutions, the permeant ions were Li*, Na*, or K. The pH was i _ .
Choline-Cl 0 116 2 1.8 2

adjusted to 7.4 using methane-thiosulfonic acid. The osmolarity of all solutions
was 245—260 mosmol.

and based on phylogenic studies, DSCI and its homo-
logues have also been named Nay2 channels (Liebes-
kind et al., 2011).

Although the basic characterization of the Blatella
germanica DSCI orthologue (BSC1; Zhou et al., 2004)
and the functional expression of DSCI (Zhang et al.,
2011) have been reported, no thorough biophysical
characterizations of these channels is available. Because
the low expression levels of both channels hampered
their full characterization, the authors of both studies
based their characterizations on tail current amplitudes
or endogenous Xenopus oocyte Ca**-activated Cl~ chan-
nels as a readout of channel activity.

The complete biophysical characterization of a DSC1
homologue channel would provide a solid basis for the
definitive classification of this 24-TM channel subfamily
according to the current nomenclature (Catterall et al.,
2005a,b). Moreover, precise knowledge of the channels’
properties may clarify the role of DSCI orthologues. In-
deed, a knockout of the DSCl gene in Drosophila
causes a “jumpy”’ phenotype and impairs olfaction
(Kulkarni et al., 2002; Zhang et al., 2013). However, as
shown by Liebeskind et al. (2011), DSCI homologues
exist also in animal species that do not have olfaction.
Therefore, DSC1 orthologues may be implicated in
other functions yet to be uncovered.

Here, we report the cloning, functional expression,
and biophysical and pharmacological characterization
of the honeybee (Apis mellifera) DSC1 homologue,
which we have named AmCav4, based on the properties
uncovered and the current ion channels nomenclature
(Catterall et al., 2005a,b). The work presented here
provides a unique perspective on 24-TM channel family
and its subfamilies.

MATERIALS AND METHODS

Cloning and sequencing

Total RNA from honeybee heads was extracted using
TRIzol kits (Sigma-Aldrich). The cDNA was produced
using Transcriptor first-strand cDNA synthesis Kits
(Roche). DNA and c¢DNA (produced from extracted
RNA) were amplified with the Pfu enzyme. The cDNA
corresponding to AmCay4 was obtained by PCR amplifi-
cation and was inserted into the pPol_Notl vector (a
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The pH was adjusted to 7.4 using CsOH. The osmolarity of all solutions was
245-260 mosmol.

gift from P. Isenring, Université Laval, Quebec City,
Quebec, Canada), an oocyte expression vector contain-
ing the T7 promoter (5’ to 3'), the Xenopus laevis p-glo-
bin 5’-untranslated region, a multiple cloning site, the
Xenopus p-globin 3’-untranslated region, a linearizing
site, and polyA and polyC tracts. The vector containing
the TipE regulatory subunit was amplified in Esche-
richia coli XL2 blue (Agilent Technologies) and was pu-
rified using GenElute HP Plasmid Maxiprep kits
(Sigma-Aldrich). The constructs were linearized with
Notl, and T7 RNA polymerase was used to make sense
RNA using mMESSAGE mMACHINE T7 kits (Ambion).
Genomic DNA from whole bees was extracted and se-
quenced using QIAamp DNA mini kits (QIAGEN) in
order to identify sequence variations.

Xenopus oocytes

All experimental procedures involving Xenopus oo-
cytes were approved by the Université Laval Institu-
tional Animal Care Committee in line with the
principles and guidelines of the Canadian Council on
Animal Care (approval 2011155-1). They were pre-
pared as described previously (Chen et al., 1992). In
brief, oocytes surgically removed from frogs anesthe-
tized with MS-222 (tricaine) were treated with 2 mg/ml
collagenase (collagenase type 1A from Clostridium his-
tolyticum; Sigma-Aldrich) in ORy solution for 1 h. They
were then incubated for atleast 1 h at 18°C in ORg3 solu-
tion. Stage IV and V oocytes were microinjected with
mRNA corresponding to the AmCay4 channel and the
TipE, TEH4, or Cayf regulatory subunit when specified
(1 pg/pl for AmCay4 and 1 pg/pl for the regulatory
subunits, 50 nl per oocyte). The injected oocytes were
incubated at 18°C in ORg solution for at least 12 h be-
fore recordings.

Electrophysiology

Macroscopic currents from mRNA-injected oocytes
were recorded in the solutions listed in Table 1 using
the two-microelectrode voltage-clamp technique. En-
dogenous Ca”-activated chloride currents were sup-
pressed by injecting 50 nl of Ca® chelating solution
before the experiments (either 10 mM EGTA, 10 mM
EDTA, or 10 mM BAPTA with 10 mM HEPES adjusted

AmCay4 channel characterization | Gosselin-Badaroudine et al.
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to pH 7.4). Experiments in which Ca* currents were
recorded were also performed using chloride-free ex-
tracellular solutions. The membrane potential for the
two-microelectrode voltage-clamp technique was con-
trolled using a Warner oocyte clamp (Warner Instru-
ment Corp.). The currents were filtered at 5 kHz (-3
dB; four-pole Bessel filter). To compensate for the lack
of chloride in the extracellular solution, the headstage
of the Warner amplifier was attached to a plastic pool
containing a 3 M NaCl solution through a silver chlo-
ride wire connected to the bath solution using an agar
bridge. The bridge contained 3% agar (wt/vol),
500 mM NMDG, and 10 mM HEPES, pH 7.4, and was
threaded with a thin platinum/iridium wire to decrease
high frequency impedance.

For the cell-attached patch experiments, the vitel-
line membrane was removed with forceps after briefly
placing an oocyte in the hyperosmotic solution (see
Solutions and reagents section). Command pulses
were generated and currents were recorded using
pCLAMP software v10.3 and an Axopatch 200B ampli-
fier (Molecular Devices). Patch electrodes (3-7 MQ)
fashioned from borosilicate glass (Corning 8161) were
coated with HIPEC (Corning) to reduce the capaci-
tance and noise emissions. Single-channel currents
were filtered at 2 KHz and were sampled at 100 kHz.
Traces were low-pass filtered at 1.5 kHz using a digital
filter integrated in the Clampfit software. Capacitance
transients were eliminated by averaging recordings
without openings and subtracting this average from
all recordings.

Data analysis and statistics

The electrophysiological data were analyzed using
Clampfit (pCLAMP v10.0; Molecular Devices) and cus-
tom scripts written using MATLAB (The MathWorks
Inc.). The results are expressed as means = SEM. Statis-
tical comparisons were performed using a one-way ANO-
VA with Bonferroni’s post-hoc test in SigmaPlot (Systat
Software). Differences were deemed significant at P <
0.05. The p-values and number of measurements are in-
dicated in the text or figure legends.

Sequence analysis

AmCay4 sequence was scanned with HMMER3 using
hidden Markov model (HMM) profiles generated with
the seed alignments available on Pfam and NCBI’s con-
served domains database for the h gate motif (Finn et
al., 2014; Marchler-Bauer et al., 2015). The sequence
was also scanned using a custom HMM profile gener-
ated from an alignment of the o-interacting domain
motif conserved in many Cay (Pragnell et al., 1994).

A sequence alignment using the previously character-
ized AmNa,l sequence (Gosselin-Badaroudine et al.,
2015), the AmCa4 sequence, and the GenBank se-
quences used by Gur Barzilai et al. (2012) was per-

JGP Vol. 148, No. 2

formed using Clustal omega (Sievers et al., 2011).
Low-quality alignment regions were removed with the
TrimAl program (Capella-Gutiérrez et al., 2009). The
maximum-likelihood phylogenetic tree was built using
the ProML, SeqBoot, and Consense programs in the
PHYLIP package.

Solutions and reagents

The ionic composition of the solutions used for electro-
physiological recordings on AmCay4 and AmCay4/
E1797K are shown in Table 1 and Table 2, respectively.

The hyperosmotic solution used for the single-chan-
nel recordings was composed of 200 mM K-aspartate,
20 mM K(l, 1 MgCl,, 10 mM EGTA, and 10 mM HEP-
ES, pH 7.5. For the cell-attached experiments, the bath
solution was composed of 100 mM K-aspartate, 50 mM
KCl, 1.5 mM CaCly, 1 mM MgCl,, 10 mM glucose, and
10 mM HEPES, pH 7.4. The pipette solution was com-
posed of 107 mM CaCly; and 10 mM HEPES, pH 7.4.

The ORj solution was composed of a 1:2 dilution of
Leibovitz’s L-15 medium supplemented with 15 mM
HEPES and 50 mg/ml gentamycin. The pH was ad-
justed to 7.6 at 22°C using 1 M NaOH.

The ORy solution was composed of 82.5 mM NaCl,
2.5 mM KCl, 1 mM MgCl,, and 5 mM HEPES. The pH
was adjusted to 7.6 at 22°C using 1 M NaOH.

All the chemicals and drugs were from Sigma-Aldrich,
except for tetrodotoxin (TTX), which was purchased
from Latoxan, and Leibovitz’s I.-15 medium, which was
purchased from Invitrogen in powder form. All the ex-
periments were performed at 22°C.

Online supplemental material

Fig. S1 shows that AmCay4 is most likely a member of
the channel family identified as Nay2 by Liebeskind et
al. (2011). Fig. S2 shows that different chelating
solutions similarly abolished contamination of the Ca*"
current by endogenous Ca**-activated chloride currents.
Fig. S3 shows that the honeybee’s TipE, TEH4, and
Cayp subunits have no effect on the expression levels,
voltage dependence of activation and inactivation,
activation and inactivation kinetics, or recovery from
inactivation of AmCay4. Tables S1 and S2 feature the fit
parameters for the curves displayed in Fig. S3. Table S3
describes the ionic composition of the solutions used to
measure the anomalous mole fraction effect. Online
supplemental material is available at http://www.jgp.
org/cgi/content/full/jgp.201611614/DCI.

RESULTS

Cloning and sequence analysis of AmCa4

AmCavy4 was first identified based on a blast query com-
paring the Drosophila DSCI sequence to the putative
proteome identified by the honeybee sequencing con-
sortium (Honeybee Genome Sequencing Consortium,
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Figure 1.

Sequence analysis of AmCay4. (A) 2D representation of the motifs in the AmCay4 channel, including the inactivation

gate, the amino acid required for voltage-sensitive domains, and the selectivity filter. (B) Alignment of the sequences contributing to
the selectivity of Cay and Nay channels. The primary selectivity sequence, also often named high field site (HFS), and the outer site
of the selectivity filter (OS) is shown in bold. The highly conserved tryptophan and the residues of the outer selectivity filter (which
contribute to TTX binding and pore selectivity) are also shown in bold. (C) Sequence variations for AmCay4. (D) The HMM profile
calculated based on the alignment of the 72 sequences available in the National Center for Biotechnology Information’s conserved
domain database for the inactivation gate of the voltage-gated sodium channel a subunits domain (cd13433) compared with the
sequence identified in our AmCay4 amino acid sequence using hmmscan.

G‘Q’

T 0O

Figure 2. Tissue expression of Cay4 in the honeybee. The tis-
sue-specific expression of AmCay4 was assessed by RT-PCR. All
the honeybee tissue samples were processed using the same
preparation steps, from dissection to gel electrophoresis. The
expected weights of the amplicons are given in base pairs. Ac-
tinin1 was used as a positive control.
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2006). The AmCay4 gene was isolated and sequenced
using genomic DNA extracted for whole honeybees and
RNA extracted from honeybee heads. This led to the
identification of a 2,120—amino acid protein with se-
quence homology to other 24-TM channels. The se-
quencing also revealed the presence of a splice variant,
five amino acid changes caused by RNA editing, and
five amino acid changes caused by genomic variations
(Fig. 1). RNA editing sites were identified based on
cDNA sequence variations that were not detected in the
genomic DNA. Moreover, each RNA editing site was val-
idated using at least three independent sequencing es-
says that were performed using at least two different
oligonucleotide primer sets.
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Figure 3. Kinetics of the Ca®* currents generated by AmCay4 in response to depolarizing pulses. (A) Representative current
traces from the pulse protocols applied to oocytes expressing AmCay4. The pulse protocols consisted of imposing =65 mV to 25 mV
voltage steps in 5-mV increments. The oocytes were kept at the holding potential (—100 mV) for 30 s between the voltage steps. (B)
Normalized current-voltage (I-V) curve recorded in response to the protocol described in A. The curve recorded for each oocyte was
normalized to its own peak current (n = 24). (C) The conductance—voltage curve calculated from the |-V curve in B fits a Boltzmann
equation with the following parameters: Vi, = =22 + 1 mV and k = —4.5 + 0.7 mV. The peak current measured at each potential
for each oocyte was divided by (V — V,.,), where V is the test potential and V.., is the reversal potential of the oocyte. (D) Time in
milliseconds between the start of the stimulation and the peak current recorded for each test pulse. (E) Time constants of current
decay. The protocol in A was used to generate transient sodium currents at different voltages. The decay of the transient current
was fitted with a single exponential. The time constant of the fitted function was plotted as a function of the voltage imposed. Data

are expressed as means + SEM.

Based on conserved domain searches and multiple
sequence alignments, AmCay4 displays the main fea-
tures of traditional 24-TM channels. It is composed of
four homologous domains, each containing six TM
segments (Fig. 1). The fourth segment (S4) of each
domain contains several positively charged residues
that are conserved in numerous ion channels of differ-
ent organisms. AmCay4 also features a 56—amino acid
motif with MFLT (Met-Phe-Leu-Thr) as the inactiva-
tion particle in the cytoplasmic loop between the third
and fourth domain. Such a motif is usually found in

JGP Vol. 148, No. 2

Nay channels and corresponds to the hydrophobic in-
activation gate. Most calcium channels feature a cal-
cium channel f subunit interaction site. This
a-interacting domain was not present in AmCay4.
AmCay4 possesses the D-E-E-A selectivity sequence
found in several bilaterian organisms, but not in mam-
mals. Although different from the Na'selective D-E-
K-A and D-K-E-A sequences, this D-E-E-A selectivity
sequence would have been a feature of the proposed
ancestral bilaterian Na' channel when it branched
from Ca?" channels (Liebeskind et al., 2011). The
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Table 3. AmCay4 biophysical parameters

Parameter Value
Activation

Vi/e (mV) —22+1 (24)
k (mV) -4.5+0.7 (24)
Inactivation

Vi (mV) —62.3+0.6 (12)
k (mV) 6.2+0.2 (12)
Recovery from inactivation

Thast (MS) 50 +5 (5)
Tyjow (MS) 4,700 = 500 (5)
Agst (%) 67 +2 (5)
Adow (%) 3312 (5)

AmCay4 sequence yielded a better bit-score when com-
pared with an HMM model built from an alignment of
known DSCI homologues than it did for HMM models
based on sequence alignments of Nayl or Cay chan-
nels (bit scores of 2,759.5, 1,547.7, and 836, respec-
tively). Thus, it is not surprising that according to the
phylogenetic tree, AmCay4 was member of the Nay2
subfamily proposed by Liebeskind et al. (2011); Fig.
S1). Therefore, AmCay4 most likely belongs to the
DSCI homologues family.

Tissue expression

RT-PCR experiments showed that the RNA transcripts
corresponding to the AmCay4 channel are found in sev-
eral tissues (Fig. 2). RNA expression levels seem higher
in the brain and antennas, whereas RNA expression lev-
els appeared much lower in the gut (Fig. 2). Actininl
was used as positive control.

Functional expression of AmCay4

When injected with sense mRNA corresponding to the
full-length AmCay4, oocytes elicited robust inward cur-
rents upon depolarizations. The nature of the selectivity
filter sequence prompted us to assess the biophysical
properties of the channel in solutions where the only
permeant ion was Ca*". The oocytes expressing AmCay4
displayed robust inward Ca* currents characterized by
their slow kinetics (Fig. 3 A).

The nature of the current investigated here
prompted us to confirm that our measurements were
not contaminated by endogenous Ca*-activated C1”
currents. Indeed, in recordings where no chelating
solution was used, two distinct kinetics could be re-
corded (Fig. S2 A). Furthermore, we tested intracel-
lular injection of 50 nl of chelating agents (either
10 mM EGTA, 10 mM EDTA, or I mM BAPTA) be-
fore the experiment to inhibit Ca** activation of CI”
channels. When chelating solutions were used, only
one kinetic could be recorded (Fig. S2 B). Moreover,
the voltage dependence of activation fit parameters
was not dependent on the chelator used (either
EGTA, EDTA, or BAPTA; Fig. S2, C and D). This in-
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Figure 4. Voltage dependence of the inactivation and re-
covery from inactivation of AmCay4. (A) Representative
current trace recorded in response to the test pulse of the in-
activation protocol given in the inset. (B, top) Voltage depen-
dence of inactivation recorded from plotting the peak current
measured with the test pulse as a function of the voltage im-
posed with the conditioning pulse. The current was normalized
to the maximum peak current measured for each oocyte (n =
12). The voltage dependence of the inactivation of AmCay4
fits a Boltzmann equation with the following parameters: Vi,
=—-62.3 0.6 mVand k = 6.2 + 0.2 mV. The relatively poor fit
between —40 and —20 mV was caused by a leak recorded in
the absence of transient current was not subtracted. (Bottom)
Kinetics of the recovery from inactivation of AmCay4. The peak
current measured with the test pulse normalized to the peak
current measured with the conditioning pulse was plotted as a
function of the time between the pulses. The data points were
fitted to a two-exponential function with the following param-
eters: relative weight of the fast exponential = 67 = 2%, time
constant of the fast exponential = 50 + 5 ms, and time con-
stant of the slow exponential = 4.7 = 00.5 s. Data are expressed
as means = SEM.
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Figure 5. lonic selectivity of the wild-type AmCay4 channel.
(A) Representative current traces recorded in response to a
—10-mV test pulse in extracellular solutions containing divalent
ions. (B) Representative current traces recorded in response to
a —10 mV test pulse in the extracellular solutions containing
monovalent ions. (C) The relative permeability of the ions was
calculated by dividing the peak current in a given solution by
the peak current in the Ca?* solution (n = 3). The asterisks des-
ignate values that were deemed statistically different from the
relative permeation of Ca?* determined using a one-way ANO
VA (*, P < 0.05; ***, P < 0.001). The number signs designate
means that were deemed statistically different from 0 (no mea-
surable current) determined using a t test (#, P < 0.05; ###, P <
0.001). All oocytes included in these series of experiments were
injected with 50 nl EGTA chelating solution prior recordings.
Error bars represent SEM.

dicates that endogenous Cl™ current contamination
was abolished by the use of any of these chelators.
Because the use of EDTA and BAPTA seemed to yield
slightly more leaky oocytes, we choose to perform all
subsequent experiments using EGTA as a Ca®
chelating agent.
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Figure 6. The AmCay4 channel does not display the anom-
alous mole fraction effect. (A) Representative current traces
recorded with oocytes expressing AmCay4 in solutions with
varying concentrations of free Ca?*. (B) Normalized peak cur-
rent recorded as a function of free Ca®" in the extracellular
solution. For each measurement, the peak current in a given
solution was divided by the peak current measured in the 2 mM
Ca?" (n = 8-10). All solutions contained 100 mM Na*. The free
Ca?" in each solution was calculated using the MaxChelator pro-
gram. The composition of the solutions is available in Table S3.
Error bars represent SEM.

A current—voltage (I-V) curve was generated by plot-
ting the maximal Ca®* current recorded as a function of
the voltage imposed (Fig. 3 B) from which a G-V plot
could be constructed by correcting for the ionic driving
force (Fig. 3 C). The voltage dependence of AmCay4
could be fitted to a Boltzmann equation with a V; 9 of
—22mV + 1 mV (n=24) and a k of —=4.5 mV + 0.7 mV
(n = 24). The voltage dependence of activation param-
eters was compatible with both Nayl and Cayl-2 sub-
families. However, the kinetics of the currents were very
slow (Fig. 3, D and E; and Table 3).

The voltage dependence of inactivation curve ob-
tained by plotting the maximal current measured after
a 6-s conditioning pulse could be fitted to a Boltzmann
equation with a Vy o of -62.3 £ 0.6 mV (n=12) and a k
0of 6.2+ 0.2mV (n=12; Fig. 4, A and B). Recovery from
inactivation also followed slow kinetics. The peak cur-
rent recorded as a function of time between depolar-
izations could be fitted to a two-exponential function
in which the fast component represented the majority
of the fit (Tpg =50 =5 ms and Ag, = 67 + 2%). The slow
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Figure 7. lonic selectivity of the mutated AmCay4/E1797K
channel (DEKA selectivity filter). (A) Representative current
traces recorded with oocytes expressing AmCay4/E1797K in
Ringer’s and modified Ringer’s solutions. (B) Mean change in
the normalized peak current after removal of a permeable ion.
For each oocyte, the peak current in a given solution was di-
vided by the peak current measured in the Ringer’s solution
and subtracted by 100% (n = 5). Data are expressed as means
+ SEM. Statistical differences with peak currents measured
in Ringer’s solution are identified with asterisks (**, P < 0.01;
*** P < 0.001). Outward currents were measured in the ab-
sence of sodium, whereas inward currents were measured in
Ringer’s solution.

component made up the remainder of the fit (Ayo, =
33 + 2%) and had a very slow kinetic (Tgoy =4.7 £ 0.5 s;
Table 3).

The known auxiliary subunits do not modulate AmCa4
The TipE (temperature-induced paralysis locus E) sub-
unit was the first Nayl regulatory subunit to be identi-
fied in insects (Feng et al., 1995). Since then, four
homologues of that protein (TEH1-4) have been re-
ported to modulate the Nayl channel in Drosophila
and A. mellifera (Derst et al., 2006; Gosselin-Badarou-
dine et al., 2015). We assessed the impact of the honey-
bee’s TipE and TEH4 regulatory subunits on the
biophysical properties of AmCay4. We have also as-
sessed the impact of the recently cloned honeybee
CayPb (Cens etal., 2015). Co-injection of AmCay4 with
any of those subunits had no effect on the expression
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levels, voltage dependence of activation and inactiva-
tion, activation and inactivation kinetics, or recovery
from inactivation of AmCay4 (Fig. S3 and Tables
S1, 82, and S3).

AmCay4 ionic selectivity

It has been postulated that the D-E-E-A motif lies midway
between that of canonical Nay and Cay channels (Lieb-
eskind et al., 2011). To investigate this possibility, we
used extracellular solutions where only one ion was per-
meant. Normal osmolarity was maintained using NMDG.

Oocytes expressing AmCay4 displayed robust cur-
rents in the presence of Ca*" and smaller currents in the
presence of Ba®". No currents were detected in the pres-
ence of Mg* (Fig. 5 A). Currents in the presence of
monovalent ions displayed very small amplitudes, al-
though they were measured in high concentration solu-
tions (Table 1). Even at these higher concentrations,
Li" generated barely detectable currents (Fig. 5 B), and
no currents were detected in Na'-containing solutions,
indicating that AmCay4 is highly selective for Ca* ions.
This indicated that AmCay4 would not display the
anomalous mole fraction effect characteristic of other
Cay channels. This effect would result in less current in
the presence of both Ca** and Na' than with each ion
separately. Here, in the background of 100 mM Na,
reducing and removing Ca®' from the extracellular
solution resulted in decreased current amplitude until
no current was detectable (Fig. 6). This confirmed that
in the total absence of Ca®, Na' did not permeate
through AmCa4.

However, an AmCay4 mutant channel with the D-E-
K-A motif obtained by substituting the E1797 for a K was
highly selective for Na*ions (Fig. 7). Currents recorded
in Ringer’s and modified Ringer’s solutions (Table 2)
were the result of Na" permeation, because decreasing
the extracellular concentrations of other ions did not
cause a decrease in current amplitude. Removing Ca*"
and Mg*" ions only resulted in a slight increase in cur-
rent amplitudes, indicating that the E1797K mutated
channel can be blocked by divalent cations despite their
very low affinity (in the millimolar range). Currents re-
corded in the absence of K' were equivalent to those
measured in normal Ringer’s solution, indicating that
K' neither blocks nor permeates the pore of the mu-
tated channel. Removing extracellular Na' led to out-
ward currents, indicating that Na' is the main
component determining the current amplitude in the
AmCay4/E1797K mutant channel.

Accelerated kinetics in the absence of Ca?* permeation
The current kinetics were accelerated in two configura-
tions: (1) in the AmCay4/E1797K mutation (Fig. 7 A)
and (2) when Ba®* was the permeant ion (Fig. 5 A). Cur-
rents elicited in response to depolarizing pulses with
either Ca” or Ba*" as permeant ion had different kinet-
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Figure 8. AmCay4 kinetics are modified in the Ba®* solution. (A) Representative current traces recorded with oocytes expressing
AmCay4 in the Ca®* (left) and Ba?* (right) solutions in response to the activation protocol. (B) Voltage dependence of the activation
and inactivation of AmCay4 in the Ca®* and Ba?* solutions (n = 7-24 for activation, n = 712 for inactivation). All voltage dependence
experiments were fitted with Boltzmann equations. The parameters of the fits are given in Tables S1 and S2. (C) The time to peak
was significantly accelerated in the barium solution. No measurements are available for voltage steps from 5 to 15 mV because of
the small current amplitudes. (D) The current decay was significantly accelerated in the barium solution. Data are expressed as means
+ SEM. All oocytes included in these series of experiments were injected with 50 nl EGTA chelating solution before recordings.

*** P <0.001.

ics of activation and inactivation (Fig. 8 A). Although
the voltage dependence of activation and voltage de-
pendence of inactivation were unchanged when Ca*
ions were removed from the extracellular medium
(Fig. 8 B), the time constants characterizing the time to
full activation and the delay required for inactivation of
the channel were markedly altered (Fig. 8, C and D).

Single-channel conductance of AmCay4

Single-channel currents were recorded for AmCay4
from oocytes in cell-attached patches. The openings oc-
curred in bursts (Fig. 9 A). Two-Gaussian fits on all-
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points histograms derived from current traces used for
the amplitude measurements at —40 mV were coherent
with the mean current amplitudes recorded for this
voltage (Fig. 9 B). The mean current amplitudes and
the standard error on these measures were then used to
plot the current—voltage curve. Linear fit of those data

points then yielded a single-channel conductance of
10.42 = 0.09 pS (n=4; Fig. 9 C).

Pharmacological properties of the AmCay4 channel

TTX block is a characteristic shared by several Nay
channels. The application of TTX at concentrations as
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Figure 9. AmCay4 single-channel conductance. (A) Single-channel traces from the cell-attached oocyte patch are illustrated for
—20 and —40 mV. The arrow indicatea the onset of patch depolarization from less than —100 mV to the indicated voltage for 1 s. (B)
All-points histogram of the single-channel current amplitudes at —40 mV. The smooth curve is a Gaussian fit with amplitude peaks
at 0.77 pA. (C) Plot of the current-voltage relationship (n = 10-16). The straight line is a linear regression yielding a single-channel
conductance of 10.42 + 0.09 pS. Data are presented as mean + SEM.

high as 10 pM did not block AmCay4 (block = 0.3 +
0.3%; n = 3; Fig. 10 A). Pharmacological agents known
to block Cayl-3, such as mibefradil and nifedipine, did
not block AmCay4 (Fig. 10 B). Furthermore, AmCay4
was not affected by amiloride, Bay K8644, or PN 200-
110 (Fig. 10 B). However, it was blocked by micromolar
concentrations of Cd?!, a divalent ion known to block
both Cay and TTX-resistant Nay channels (Dascal et al.,
1986; Carbonneau et al., 2002). AmCay4 was also
blocked by micromolar concentrations of 7n?*, a diva-
lent cation known to block Cay channels (Fig. 10, C and
D; Busselberg et al., 1994).

DISCUSSION

The aim of the present study was to investigate the bio-
physical and pharmacological properties of the AmCay4
channel. Like other 24-TM channels, AmCay4 has four
domains, each containing six TM segments. It features
a D-E-E-A selectivity filter and an MFLT inactivation par-
ticle in the DIII-DIV linker. AmCay4 does not feature
the o-interacting domain conserved in most Cay chan-
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nels. This domain is known to interact with the Cay
subunits. Indeed, co-injection of AmCay4 and AmCayp,
an auxiliary subunit that we have previously cloned and
shown to regulate A. mellifera calcium currents (Cens et
al., 2015), had no effect on the expression levels, voltage
dependence of activation, or voltage-dependent inacti-
vation (Fig. S3). This indicates that AmCay4 may not
interact with the same regulatory subunits as the other
Cay channels. The biophysical properties of AmCay4 in
response to activation, inactivation, and recovery from
inactivation protocols were determined. No modulations
were observed when either TipE or TEH4 were coex-
pressed with AmCay4 (Fig. S3). The application of 10 pM
TTX or 10 pM permethrin (unpublished data), which
are known modulators of the Nayl channel family, did
not affect the function of the AmCay4 channel (Fig. 10).

In addition, we determined that Ca* is the main per-
meant ion in physiological conditions. Similar results
were obtained during investigations on the DSC1 chan-
nel and its homologues found in B. germanica and
Nematostella vectensis (Zhou et al., 2004; Zhang et al.,
2011; Gur Barzilai et al., 2012). However, unlike channels
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Figure 10. Pharmacology of AmCay4. (A) Representative current traces recorded with an oocyte expressing AmCay4 in response
to a shortened activation protocol. AmCay4 current was not inhibited by 10 uM TTX. (B) Known blockers and agonists of Cay
channels had no effect on AmCay4. (C) Representative current traces recorded with an oocyte expressing AmCay4 in response to
a shortened activation protocol in the Ca?* solution. After recording the original current level, the oocyte chamber was perfused
with the Ca?* solution supplemented with 100 uM cadmium and then with the Ca?* solution supplemented with 100 pM zinc. (D)
Average block of AmCay4 after the addition of different concentrations of cadmium and zinc to the extracellular solution (n = 3).
The cumulative dose-response experiments were conducted separately for cadmium and zinc. Data are expressed as means + SEM.

such as DSCI and homologue channels found in B. ger-
manicaand N. vectensis, AmCay4 is not permeable to Na*.
Our investigation also revealed that Ba* and Li" per-
meated AmCay4, whereas Mg2+ did not. The mutation
of the selectivity sequence from D-E-E-A to D-E-K-A had
a dramatic effect on channel selectivity. As expected,
Na' was the main permeant ion of the AmCay4/E1797K
mutated channel, whereas K" had little effect on chan-
nel currents. Ca®* and Mg* blocked the channel in the
millimolar range, indicating that a single amino acid
residue confers Ca* selectivity in AmCay4.
Interestingly, the current decay kinetics of AmCay4
appeared to be modulated by Ca*" because they were
much slower in the presence of Ca* (T_jg v = 372 + 24
ms; n = 24) than in the presence of Ba** (t_jov =116 +
2ms; n="7) or Li* (T_j9 .y = 154 £ 9 ms; n = 3; Figs. 5 and
8). Similar observations on enhanced inactivation Kki-
netics in the presence of Ba** have been reported in
cockroach neuron (Grolleau and Lapied, 1996). Thus,
the effect of Ca* on AmCay4 appeared to be opposite

JGP Vol. 148, No. 2

to the effect on other Cay channels, because Ca* typi-
cally enhances the inactivation process via a Ca**-depen-
dent inactivation mechanism (Budde et al., 2002).
Furthermore, the AmCay4/E1797K mutated channel
also displayed fast kinetics (T_jg v = 185 = 12 ms; n = 5)
of inactivation (Fig. 7). This indicates that slow inactiva-
tion kinetics may be coupled to Ca*" permeation, as in-
activation kinetics for the AmCay4/E1797K mutated
channel were recorded in the presence of extra-
cellular Ca*,

Here, we report higher permeability of Ca*" than
Ba®". Previous studies on DSCI and its B. germanica
orthologue report the opposite (Zhou et al., 2004;
Zhang et al., 2011). Differences in the kinetics re-
corded with Ba*" and Ca* solutions may explain this
discrepancy. Indeed, both Zhou et al. (2004) and
Zhang et al. (2011) reported higher permeability for
Ba*" than Ca®" using 15-40-ms pulses to study the prop-
erties of the channel. Because we report faster kinetics
in the presence of Ba%, it is possible that Zhou et al.
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(2004) and Zhang et al. (2011) underestimated the
maximum amplitude of the Ca* current. In our hands,
time to full activation at —10 mV in the presence of Ba*"
was 26 + 1 ms (n=7), whereas it was 82 + 4 ms (n = 24)
in Ca*". The Ba* permeability represented 53 + 15% (n
= 3) of calcium permeability.

Furthermore, the single-channel conductance of
AmCay4 was determined. A single-channel conduc-
tance measured of 10.4 pS is close to the values re-
ported for the members of the Cay3 subfamily, which
range from 7.3 to 11 pS (Catterall et al., 2005b). On
the other hand, the single-channel conductance re-
ported for Nay family members is in the 20-25 pS range
(Catterall et al., 2005a).

AmCay4 was not responsive to TTX, a selective
blocker of Nay channels. It was also not responsive to
blockers of Cay (mibefradil and nifedipine) or to ago-
nists of Cay (Bay K8644 and PN 200-110). AmCay4 was,
however, blocked by micromolar concentrations of 7n?
and Cd*. Those divalent ions are known to block both
Cay and Nay channels.

Taken together, our results provide a clear basis for
classifying AmCay4 as a member of the Cay family.
Therefore, it would also support renaming the family
comprising DSCI and its homologue to Cay4. Indeed,
based on the consensus regarding ion channel nomen-
clature conventions, the name of an individual channel
(a) comsists of the chemical symbol of the principal
permeating ion; (b) the principal physiological regula-
tor should be indicated as a subscript; and (c) the num-
ber after the subscript indicates the gene subfamily
(Catterall et al., 2005a,b). According to these conven-
tions, the present study, and other published results,
we propose that the subfamily of 24-TM channels iden-
tified as DSCI homologues or Nay2 should be renamed
Cay4 (Zhou et al., 2004; Zhang et al., 2011; Gur Barzilai
et al., 2012). Cay4 channels that feature the DKEA se-
lectivity sequence would be a special case, as they are
mainly Na* selective (Gur Barzilai et al., 2012). How-
ever, one should keep in mind that such channels are a
subgroup of the much larger protein subfamily that
does converge toward Ca* selectivity. This first thor-
ough characterization of a Cay4 may help in determin-
ing their physiological role.
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