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Abstract FMRFamide-gated Na channel (FaNaC) is the only known peptide-gated ion channel,
which belongs to the epithelial Na" channel/degenerin (ENaC/DEG) family. We have cloned a
putative FaNaC from the Aplysia kurodai CNS library using PCR, and examined its characteristics
in Xenopus oocytes. A. kurodai FaNaC (AkFaNaC) comprised with 653 amino acids, and the
sequence predicts two putative membrane domains and a large extracellular domain as in other
members of the ENaC/DEG family. In oocytes expressing AkFaNaC, FMRFamide evoked
amiloride-sensitive Na' current. Different from the known FaNaCs (Helix and Helisoma FaNaCs),
AkFaNaC was blocked by external Ca>" but not by Mg”". Also, desensitization of the current was
enhanced by Mg”" but not by Ca’*. The FMRFamide-gated current was depressed in both low and
high pH. These results indicate that AkFaNaC is an FaNaC of Aplysia, and that the channel has

Aplysia specific functional domains.
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Introduction

Neuropeptides are ubiquitous signaling molecules in the animal kingdom, and their structures are
quite diverse. By contrast to the diversity of neuropeptides, almost all the known receptors for
neuropeptides are G-protein coupled receptors. The FMRFamide-gated Na' channel (FaNaC)
originally identified in Helix neurons [7, 8] is a rare exception [6]. FMRFamide directly activates
Na' permeable ion channels that are blocked by amiloride [8, 14].

Molecular cloning of a cDNA encoding the FaNaC reveals that FaNaC is a member of the
epithelial sodium channel/degenerin (ENaC/DEG) family [22]. The ENaC/DEG family is a unique
class of ion channels having two transmembrane domains (M1 and M2), and the members show
quite diverse functions [3, 21]: Na" absorption across tight epithelia (ENaC), mechanosensory
transduction in nematodes (some of the degenerins), pain sensation following tissue acidosis [the
acid-sensing ion channels (ASIC)], and peptidergic neurotransmission (FaNaC). FaNaC has been
cloned from three species of molluscs (HaFaNaC from Helix aspersa [22]; HtFaNaC from Helisoma
trivolvis [19]; LsFaNaC from Lymnaea stagnalis [26]). It is shown that four FaNaC subunits make
the FaNaC [5].

Structure—function relationship of FaNaC has been studied using HaFaNaC and HtFaNaC. By
the cystein-scanning mutagenesis, Poet et al. [28] have shown that N-terminal of M1 is involved
in the conformation change for the channel opening, and that the selectivity filter is located in the
outer vestibule of the channel. Based on the facts that the FMRFamide-sensitivity of HtFaNaC is
100 times less compared to HaFaNaC, and that HtFaNaC is rather potentiated by amiloride [19],
a functional study using chimeric channels between HaFaNaC and HtFaNaC has identified a region
involved in the FMRFamide recognition and the amiloride action [9]. As the latter study shows,
the species-scanning mutagenesis can be a powerful strategy to reveal the functional domains of
homologous proteins. For this strategy, the more the homologues are identified, the better. To
better understand the structure-function relationship of FaNaC, we started to clone an Aplysia
homologue of FaNaC. Here, we show molecular cloning and an initial functional characterization

of Aplysia kurodai FaNaC (AkFaNaC) expressed in Xenopus oocytes.



Materials and methods

Molecular cloning

c¢DNA encoding a FaNaC of A. kurodai was obtained by PCR. An A. kurodai CNS cDNA library
constructed in Uni-Zap (Stratagene, La Jolla, CA, USA) or a random-primed library of 4. kurodai
CNS constructed in A-Zap (Stratagene) was used as a template for PCR. To design primers, we
first examined the alignment of published cDNA sequences of FaNaCs from H. aspersa (X92113),
Helisoma trivolvis (AF254118), and L. stagnalis (AF335548) by ClustalW [37]. Based on this
information, we designed degenerate primers for nested PCR as follows:
AAGAGRAARGTCATCTGGGC (S1), GGTCMGRAARTACCTSCAGTT (S2),
GTASGYSCKGTCRTTGTTGAG (A1), ACHGAYTTSAGGTAGGACGT (A2). The first PCR
(50 pl reaction) was carried out using the outer primer pairs (S1 and Al) and TaKaRa Taq DNA
polymerase (TAKARA BIO Inc., Ootsu, Japan). PCR was performed as follows: 94°C 1 min,
68°C 7 min, 30 cycles. 3 ul of the first PCR product was used as a template for the second PCR
by the inner primer pairs (S2 and A2). PCR cycles were identical to the first PCR. The nested PCR
amplified several cDNAs including the one close to the expected size (=960 bp). The amplified
cDNA of =960 bp was gel-purified by GENECLEAN (Qbiogene, Irvine, CA, USA) and cloned
into a T-vector, pPGEM-Teasy (Promega, Madison, WI, USA). Four clones (T5 and T8 from the
Uni-Zap library, R4 and R8 from the A-Zap library) were partially sequenced by using Sequencing
High (Toyobo, Osaka, Japan), and were confirmed to contain cDNAs corresponding to a middle
part of AkFaNaC.

To obtain 5" and 3’ ends of AkFaNaC, we designed gene specific primers of AkFaNaC based
on the sequence information of the four clones described above. We first made two gene specific
primers, ApFC-A2 (ACGGGTACTCCACGGGCATG) and ApFC-S2
(TCCGGACTGGAAGGATATAC). These primers were paired with the vector primers: uzp-S1
(ACCATGATTACGCCAAG) and T7-S (GTAATACGACTCACTATAGGGC). 5’ and 3’ rapid
amplification of cDNA ends (RACE) were carried out using the primer pair uzp-s1//ApFC-A2
and the pair ApFC-S2//T7-S, respectively. The Uni-Zap library was used as a template. PCR,
subcloning, and sequencing were done as described above. We obtained three clones containing
3" end of AkFaNaC (#31,32,35), but 5' RACE was not successful because of nonspecific
amplification. To obtain 5’ end of AkFaNaC, we designed another gene specific primer downstream

to ApFC-A2 (ApFC-A3, TGTTGCAGATGGTCACGGAC) and a vector primer downstream to



uzp-S1 (uzp-S2, AATTAACCCTCACTAAAQG) for a nested PCR. The first PCR (25 ul reaction)
for 5' RACE was carried out using uzp-S1 and ApFC-A3. PCR was as follows: 94°C 1 min, 60°C
1 min, 72°C 1 min, 25 cycles. The second PCR was done using uzp-S2 and ApFC-A2. 0.5 ul of
the first PCR product was used as a template, and the same PCR cycles were used. The second
PCR products were subcloned as described. We obtained four clones containing 5" end of AkFaNaC
(#2-5). Multiple clones obtained by 5’ and 3" RACE were sequenced, and a contig was compiled.
Sequence information of AkFaNaC was deposited into GENBANK/EMBL/DDBJ database

(Accession no. XXXXX)

Plasmid construction for cRNA synthesis

The coding region of AkFaNaC was amplified by two-step PCR. First, 5" and 3' regions that overlap
each other were amplified using following primer pairs (sense//antisense): uzp-S1//ApFC-Al
(GCGGTCGTTGTTGAGCTGCT), ApFC-S1 (GGAAGTACCTGCAGTTCCAG)//T7-S. The
Uni-Zap library was used as a template, and a high fidelity DNA polymerase, KOD DNA
polymerase (Toyobo, Osaka, Japan), was used for amplification. PCR was as follows: 94°C 40 s,
60°C 40 s, 72°C 1.5 min, 25 cycles. PCR products were purified by GENECLEAN and dissolved
into 30 pl TE. 0.5 ul of each PCR product was then mixed and used as a template for second PCR.
The second PCR (50 pl reaction) was performed using ApFMRF-5S1
(CCTATGTTGGGTAGGGGTGAAAG) and ApFMRF-3A1 (CAGTCGTCATACGGGCGACTC).
PCR cycles were the same to the first PCR. The amplified cDNAs were gel-purified, and cloned
into a Smal site of pBluescript II SK(+) (Stratagene). We sequenced both strands of two clones
(#11, 17), and their sequences were confirmed to be identical to AkFaNaC. The EcoRI-Xbal
fragments of the clones (#11, 17) were blunted, and cloned into the EcoRYV site of pSD64TR, a
modified vector originating from pSP64 (Promega, USA), to make pSD64TR-AkFaNaC.
pSD64TR-AkFaNaC was linearized by Xbal, and cRNA was made by MEGAscript (Ambion,
Austin, TX, USA).

Preparation of oocytes

Preparation of Xenopus oocytes and cRNA injection were essentially as described previously [27].
Briefly, a part of ovary was dissected out from an anesthetized frog in 0.15% tricaine. The ovary
was treated with 2% collagenase (Type IA, Sigma, St Louis, MO, USA) dissolved in OR-2 medium
(in mM: NaCl 82.5, KCI 2, MgCl, 1, HEPES 5, pH 7.5) at room temperature for 60~90 min.

Dissociated oocytes were incubated at 18°C in ND96 (in mM: NaCl 96, KCI 2, CaCl, 1.8, MgCl,



1, HEPES 5, pH 7.5) for 4~6 h before injection of cRNA. Oocytes of stage V-VI were selected
and injected with 50 nl of cRNA containing solution. Injected oocytes were incubated for 2~4 days
in ND96 supplemented with peniciline and streptomycine at 18°C before electrophysiological

recording.

Electrophysiological recordings

Electrophysiological recording and data acquisition were essentially as described previously [36].
An oocyte was placed at the bottom of an experimental chamber (=100 pl) and continuously
perfused with ND96 (=1 ml/min). The oocyte was impaled with two microelectrodes filled with
amixture of 3 M potassium acetate and 0.1 M potassium chloride (2—5 MS?), and voltage-clamped
by the oocyte clamp (Warner Instruments LLC., Hamden, CT, USA). Data were acquired by the
Digidata 1200 and the Clampex (Ver. 6, Axon Instruments, Union City, CA, USA) and stored on
the harddisk of an IBM-PC clone. In most experiments, a quashi-steady state membrane current
was measured using a slow ramp command (=90 mV/s). FMRFamide and drugs were applied via
a small inlet tube placed close to the oocyte. Multiple reservers containing different solutions were
connected to the inlet using fine tubings, and the solution was changed manually by switching a
three-way valve connected at the bottom of each reserver. All the experiments were carried out at

room temperature (20~25°C).

Data analysis

Digitized data were analyzed later by Clampfit (Axon Instruments) or Origin (Ver. 6, OriginLab
Corporation, Northampton, MA, USA). Results of grouped data were expressed as means + SE.

The concentration—response relationship of the FMRFamide action was approximated by an

equation,
An
1= Ima_xi
ECE + A (1)

I and I,,,,x are the amplitude of the FMRFamide-gated current and the expected maximum amplitude
of the current, respectively. ECs is the concentration of FMRFamide which evokes the half

maximum response, [A] is a concentration of FMRFamide, and n is the Hill-coefficient. The Eq. 1
was also used to estimate parameters for the concentration-dependent blocking action of amiloride

at micromolar range.



Amiloride block of AkFaNaC at micromolar range was found to be voltage-dependent, and the
voltage-dependent dissociation constant (Kp, (7)) was calculated assuming a one-to-one binding

by a following equation,

]amiloride (V) _ KD (V>
I(:(nm‘ol(v) KD<V> + [B} (2)

Lmitorige(V) and Leonoi(V) are the FMRFamide-gated currents in the presence and the absence of
amiloride, respectively. Kp(V) is the voltage-dependent dissociation constant, and [B] is the
concentration of amiloride.

The relationship between Kp and the membrane potential was fitted to an equation [40],

Ko (V) = Kp(0)esp (Z‘WF)

RT 3)

Kn(0) is the dissociation constant at 0 mV, z is a valence of amiloride, and 9 is a fraction of the

electric field which is sensed by amiloride. F, R, and T have their usual meaning.

Solution and chemicals

Standard external solution was ND96 described above. Most chemicals were obtained from
Katayama Chemical (Osaka, Japan). FMRFamide was purchased from Peptide Institute (Osaka,
Japan). We also tested other known molluscan peptides or their analog peptides which contain
—RFamide in their C-terminal structures. The tested peptides were FVRFamide (an analog of
FMRFamide), LFRFamide (a truncated analog of the FRF peptides [10]), SDPFLRFamide [11],
pQDPFLRFamide [29], and AALGDHFFRFamide [12]. The peptides were generous gift from Dr.
Fujisawa. The peptide was dissolved in ND96 as a concentrated stock (10~ or 10> M), and kept
in a freezer. The stock solution was diluted with appropriate experimental solution just before use.
Reversal potentials of the FMRFamide-gated current were measured in 100 Na solution (in mM:
NaCl 100, CaCl, 1.8, MgCl, 1, HEPES 5, pH 7.5) and 50 Na solution (in mM: NaCl 50,
N-methyl-D-glucamine 50, CaCl, 1.8, MgCl, 1, HEPES 5, pH 7.5). To examine the effects of high
divalent ions, 10 Ca solution (in mM: NaCl 85, CaCl, 10, HEPES 5) and 10 Mg solution (in mM:
NaCl 85, MgCl, 10, HEPES 5) were used. Because NaCl was reduced in these high divalent
solutions to keep the osmotic pressure, a control solution for such experiments was also modified
as follows (in mM): NaCl 85, CaCl, 1.8, MgCl, 1, sucrose 21.6, HEPES 5. In some experiments,

CaCl, in ND96 was replaced with MgCl, (2.8 Mg solution). To examine the effects of external



pH, pH of ND96 was changed to 8 or 6. When the acidic ND96 was made, HEPES in ND96 was
replaced with MES. To test the blocking action of amiloride, amiloride (Sigma) was co-applied

with FMRFamide. Amiloride containing solution was prepared just before use.

Results

Comparison of a primary structure of AkFaNaC with other
molluscan FaNaCs

An open reading frame of AkFaNaC was 1959 base pairs and codes for a protein of 653 amino
acids. As in other members of the ENaC/DEG family, two transmembrane regions (M1 and M2)
and a large external domain were predicted by TMAP [31]. Figure 1 shows an alignment of amino
acid sequences of AkFaNaC and other known molluscan FaNaCs. About 60% of amino acids are
identical among different FaNaCs. Especially, two predicted transmembrane domains as well as
their surrounding are well conserved. Because both M1 and M2 of the ENaC/DEG family are
involved in the construction of the channel pore [4, 20, 28, 33, 35], almost identical sequences
around M1 and M2 among FaNaCs suggest that FaNaCs have similar pore properties. The region
between two transmembrane domains of AkFaNaC are cystein rich, and the number of cystein
residues and their positions are almost completely identical in FaNaCs as noted by others [19, 22,
26], suggesting that the disulfide bonds in the external region are essential to determine the
architecture of FaNaC. There are three putative PKC phosphorylation sites at N-terminal cytoplasmic
domain, and two of them near M1 are well conserved in FaNaCs. Four out of eight putative N-linked

glycocylation sites of AkFaNaC are also conserved in FaNaCs.
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Fig. 1 Alignment of the FMRFamide-gated Na' channels. Two hypothetical transmembrane domains (M1

and M2) are predicted by TMAP. Asterisk shows conserved cysteins between M1 and M2. N indicates the

hypothtical N-linked glycosylation sites. Plus indicates putative PKC phosphorylation sites. Although the

N-terminal sequence of HtFaNaC may be longer as suggested by Perry et al. [26], we used the origical

sequence by Jeziorski et al. [19] in this figure

Functional expression of AkFaNaC in Xenopus oocytes

We examined electrophysiological properties of AkFaNaC in Xenopus oocytes under the

two-electrode voltage-clamp. We first determined the concentration-response relationship for

FMRFamide. Oocytes were voltage-clamped at —50 mV, and a known concentration of FMRFamide

was applied by bath perfusion (30 s). FMRFamide evoked an inward current that shows modest

desensitization (Fig. 2a). Even at the highest concentration tested (310 M), the current only



decayed to 74.6+2.1% of the peak current at the end of 30 s application of FMRFamide (N=9).
Figure 2b is an example of the concentration-response relationship from a single oocyte. Peak
amplitude of the FMRFamide-gated current was plotted against the concentration of FMRFamide,
and the relation was approximated by the Eq. 1. ECs, and the Hill coefficient (n) in this oocyte
were 3.7x10 ° M and 1.5, respectively. Mean ECs, and n of the concentration—response were
3.8+0.2x10°° M and 1.60+0.05, respectively (N=5). The Hill coefficient of more than one is also

reported in HaFaNaC [22, 41], and suggests a co-operativity for the channel opening [41].
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Fig. 2a-b AkFaNaC expresses the FMRFamide-gated Na' channels in Xenopuse oocytes. a The
FMRFamide-gated currents in an oocyte. Holding potential was —50 mV. FMRFamide was applied by
perfusion as indicated by bars. b The concentration—response relationship of the FMRFamide-gated current.
Peak amplitude of the FMRFamide-gated current is plotted against the concentration of FMRFamide. The
data was obtained from the same oocyte as shown in a. A smooth line is the best fit of the Eq. 1. ECs, and

nare 3.7x10° M and 1.5, respectively

There are numerous peptides having some similarity to FMRFamide in both invertebrate and
vertebrate nervous systems. To check the specificity of FMRFamide to AkFaNaC, we examined
some peptides having —RFamide in their C-terminal structures (see Materials and methods). Among
them, only FVRFamide had substantial action (Fig. 3). At the concentration of 10™* M, the
FVRFamide-evoked current was 54.7+1.9% of the current evoked by 3x10 ® M FMRFamide
(N=6). Thus, the agonistic action of FVRFamide is nearly 100 times less potent than that of
FMRFamide. Other peptides did not evoke measurable current at 10™* M (N=6). These results are
consistent with the results obtained in HaFaNaC [6, 22], and suggest that FMRFamide is a specific
ligand for AkFaNaC.
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Fig. 3 Effect of some peptides having —RFamide in their C-terminal structure on AkFaNaC. Peptides were

applied as indicated. Holding potential was =50 mV

We next determined the current—voltage (I-V) relationship of AkFaNaC. To this end, we used
a slow voltage ramp because the FMRFamide-gated current shows little desensitization especially
at lower FMRFamide concentration. A voltage ramp from —100 to +80 mV (=90 mV/s) was applied
every 10 s and 3x10° M FMRFamide was applied (Fig. 4a). Endogenous membrane currents in
response to the voltage ramp (Fig. 4b1) were subtracted from the currents in the presence of
FMRFamide (Fig. 4b2) to obtained the FMRFamide-gated current (Fig. 4c). The current between
—100 and +80 mV in Fig. 4c corresponds to the /-V relationship of AkFaNaC. The /-V relationship

of the FMRFamide-gated current showed clear inward rectification.

|o.2 A 0.2 uA

c

Fig. 4 Voltage-dependency of the FMRFamide-gated current. a The current evoked by 3x10™° M FMRFamide

(bar). Vertical deflections are the membrane currents evoked by ramp commands (from —100 to +80 mV,
every 10 s). Holding potential was =50 mV. Vertical bar indicates 0.2 pA. b The membrane current in
response to the ramp command in the absence (b1) or the presence (b2) of 3x10"° M FMRFamide. The
duration of the ramp was 1.92 s. The currents in b1 and b2 were obtained before and during the application
of FMRFamide as shown in a. A horizontal straight line indicates the zero current level. ¢ The
FMRFamide-gated current isolated by subtraction. The current in the absence of FMRFamide (b1) was

subtracted from the current obtained in the presence of FMRFamide (b2)
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Figure 5 shows the I-V relationship of AkFaNaC in the solution containing either 100 mM (100
Na) or 50 mM (50 Na) NaCl. In 100 Na solution, the reversal potential (£..,) of the
FMRFamide-gated current was well beyond +50 mV. When external NaCl was reduced to 50 mM
(50 Na), the E,., was shifted to hyperpolarizing direction. Mean E,., in 100 Na and 50 Na solutions
were 64.3+2.0 mV and 45.84£2.1 mV, respectively (N=5). E,., in 100 Na is well within the published
values of the equilibrium potential of Na' in Xenopus oocytes [39]. In addition, the shift of E., is
almost identical to the one expected from a perfect Na" electrode. Taken together, the results

suggest that the AkFaNaC pore is selective to Na'.

(uA) T 02

S50Na
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Fig. 5 Reversal potential of the FMRFamide-gated current. The FMRFamide-gated currents were obtained
as described in Fig. 4 in 100 Na and 50 Na solutions, and presented as the current—voltage (I-V) relationship.
The inset shows the higher magnification of the I-V relationships close to the reversal potentials. Smoothing

of the currents was done by neighborhood averaging

Effect of amiloride on AkFaNaC

The channels in the ENaC/DEG family are usually blocked by amiloride [3, 21]. Amiloride blocks
the FMRFamide-gated currents of HaFaNaC and LsFaNaC as well [8, 22, 26]. In contrast to a
simple blockade of the current, the FMRFamide-gated currents of HtFaNaC were enhanced
following the application of amiloride or related drugs [19]. In the single channel recording, the
opening probability of HtFaNaC is shown to be increased by amiloride although the amplitude of
single channel currents is depressed [19]. Therefor, in HtFaNaC, a balance between the potentiating
and depressing actions of amiloride is shifted to the potentiation, resulting in the increase of the

FMRFamide-gated current by amiloride [19].
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In AkFaNaC, amiloride was seemed to block the channel simply as observed in most other
members of the ENaC/DEG family at first sight. The concentration-response relationship, however,
revealed some complex actions of amiloride. Figure 6 shows the actions of different concentrations
of amiloride on AkFaNaC. Amiloride was co-applied with FMRFamide in this series of experiments.
Even at 10~* M, amiloride blocked substantial component of the FMRFamide-gated current (Fig. 6a).
However, the blocking action of amiloride was clearly reduced at 10" and 10™° M (see also Fig. 6¢).
The blocking action became stronger again at higher concentrations. Thus, there seems to be some
potentiating action of amiloride on AkFaNaC that may be relevant to the result in HtFaNaC. The
-V relationship of AkFaNaC in 10~ M amiloride indicated that the amiloride block at this
concentration was voltage-dependent as often documented in ENaCs (Fig. 6b). Figure 6¢ shows
the concentration-response relationships of the amiloride action in different membrane potentials.
In 10 °~10"" M, the voltage-dependency was rarely seen and the blocking action of amiloride was
reduced by increasing the concentration of amiloride. At higher concentrations, clear voltage- and
concentration-dependent blocking became obvious. When the concentration—response relationship
in a higher concentration range (10 °~10"* M) was fitted with the equation (1), the absolute value
of n was close to 1 (0.9~1.1) if the membrane potential was <—30 mV (not shown), suggesting
that amiloride blocks AkFaNaC by a one-to-one binding. At higher membrane potentials, n became
much larger than 1. The reason is not immediately clear but it might be due to the relative increase
of the potentiating action of amiloride.
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Fig. 6 Actions of amiloride on the FMRFamide-gated current. a Examples of the amiloride action on the
FMRFamide-gated current. The FMRFamide-gated currents were evoked by 3x10 ° M FMRFamide (bars).
Amiloride (the concentration is shown above each trace) was co-applied with 3x10° M FMRFamide. b The
-V relationships of the FMRFamide-gated current in the absence (control) or the presence (10~ or 10~° M)
of amiloride. ¢ The concentration—response relationships of the amiloride actions obtained at different
membrane potentials. The currents at different membrane potentials were obtained from the I-V relationship
as shown in B, and the current in the presence of amiloride was divided by the control current. The mean +
SE of the relative current (N=3) is plotted against the concentration of amiloride. Note the
concentration—response relationship is N-shape, indicating the mixed action of amiloride (inhibition and
potentiation). d Voltage-dependency of the dissociation constant (Kp) of amiloride. Kp was estimated by
the Eq. 2 using the data obtained in 10™* M amiloride, and plotted against the membrane potential. Smooth

line was fitted by the Eq. 3. Kp(0) and & were estimated to be 4.3x10° M and 0.53, respectively

We analyzed the voltage-dependent block of AkFaNaC by amiloride in the higher concentration
range using the Woodhull model [15, 40]. We assumed a one-to-one binding of amiloride with
AkFaNaC. Based on the data obtained for 10~* M amiloride, the dissociation constants (Kp) of the
blocking action in different membrane potentials were calculated using the equation (2). Estimated
Kp(V) was plotted against the membrane potential, and fitted with the equation (3) (Fig. 6d). z of
amiloride was assumed to be one [17, 23, 24, 34]. Kp(0) and & were estimated to be 4.3x10° M
and 0.53, respectively. The results suggest that amiloride occludes the ion permeation pathway of

AkFaNaC by binding a site sensing about 50% of the electric field from the outside.

Effect of divalent ions on AkFaNaC

In HaFaNaC and HtFaNaC, external Ca’* and Mg are known to block the channels at their
physiological concentration range (less than a few mM). As in other marine invertebrates, the
ionic composition of Aplysia hemolymph is supposed to be close to that of the sea water which
contains ~10 mM Ca’" and 50-60 mM Mg"". Indeed, it is reported that the hemolymph of some
Aplysia contains 13.3 mM Ca’" and 49 mM Mg’ [30]. So, we next examined the effect of high
Ca’* or Mg™" containing solution on AkFaNaC. When external solution was changed to the one
containing 10 mM Ca’" and no Mg”" (10 Ca), the FMRFamide-gated current was much reduced
(Fig. 7al, b). As seen in Fig. 7al, the Ca’’ block was mostly voltage-independent. By contrast to
the blocking action of Ca>", the FMRFamide-gated current was greatly enhanced if the external
solution contains 10 mM Mg*" and no Ca** (10 Mg). Apparent potentiating action of Mg”" is

presumably due to the removal of the Ca’* block because still larger current was observed in a
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nominally Ca”" free solution (2.8 Mg, Fig. 7b). These results suggest that external Ca>" but not
Mg’ has a potent blocking action on AkFaNaC. Mg”* seems to have much weaker blocking action

(compare the result in 10 Mg and 2.8 Mg in Fig. 7b).
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Fig. 7 Effects of external Ca’* and Mg”* on the FMRFamide-gated current. a The I-V relationship in 10
Ca (al) and 10 Mg (a2). The I-V relationships were obtained as described in Fig. 4. The control -V was
obtained in 85 Na solution containing 1.8 mM Ca’" and 1 mM Mg"" (see Materials and methods). al and
a2 were obtained from the same oocyte. b Comparison of the amplitude of the FMRFamide-gated currents
in different divalent conditions. The relative currents at =80 mV were calculated by dividing the currents
in high divalent conditions with the control currents. Histogram shows the mean value of the relative currents,

and the error bar indicates SE of the mean (N=5)

As noted earlier, AkFaNaC shows little desensitization in response to uM range of FMRFamide
in ND96. The desensitization was found to be modified by external divalent ions. Figure 8 compares
FMRFamide-gated currents at —50 mV in response to one minute application of 3x10° M
FMRFamide in different ionic conditions. In the control solution containing 1.8 mM Ca’" and
1 mM Mg™", a little desensitization was observed (Fig. 8a). In 10 Ca, no desensitization was
observed but a sluggish increase of the current was seen (Fig. 8b). By a sharp contrast, marked

desensitization became apparent in 10 Mg. The results were confirmed in three other oocytes.
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Fig. 8 External divalent ions affect the desensitization of the FMRFamide-gated current. a The

FMRFamide-gated current in control (al), 10 Ca (a2), or 10 Mg (a3). Holding potential was —50 mV.
3x10"° M FMRFamide was applied for one minute as indicated by bars. b Comparison of the time course
of the FMRFamide-gated currents. The currents shown in a are superimposed after adjusting their amplitudes

appropriately

Effect of external pH on AkFaNaC

Perry et al. [26] investigated the FMRFamide-gated current in a L. stagnalis neuron which expresses
LsFaNaC. They found that the FMRFamide-gated current is blocked at both acidic and alkaline
pH. Moreover, the endogenous FMRFamide-gated current in the Lymnaea neuron shows less
desensitization in acidic solution. We therefor examined the effects of acidic and alkaline ND96
on AkFaNaC (Fig. 9). pH of the control ND96 was 7.3 in this experiment. In the tested pH range
(pH 6-8), the membrane currents in response to a voltage ramp (—100 to +80 mV) was little affected
in the absence of FMRFamide. The FMRFamide-gated current was depressed in both acidic (pH 6)
and alkaline (pH 8) ND96 as observed in the Lymnaea neuron (Fig. 9). In either case, little
voltage-dependency is found for the blocking actions. Depression of the FMRFamide-gated current
in pH 6 (<20% of the control) was much larger compared to FMRFamide-gated current in the
Lymnaea neuron at the same pH (~74% of the control [26]). As noted above, the desensitization
of AkFaNaC is modest in the normal ND96. We did not observe noticeable change of the

desensitization of AkFaNaC in either acidic or alkaline ND96 examined in the present study.
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Fig. 9 Effects of external pH on the FMRFamide-gated current. a The I-V relationships of the
FMRFamide-gated currents in different pH. The -V relationships were obtained as described in Fig. 4. b
Blockade of the FMRFamide-gated currents in acidic and alkaline pH. The relative currents at =80 mV in
pH 6.0 or pH 8.0 were calculated by dividing the corresponding currents with the current in pH 7.3. Histogram
shows the mean value of the relative currents, and the error bar indicates SE of the mean (V=7 for pH 6.0,

N=6 for pH 8.0)

Discussion

We have cloned an 4. kurodai homologue of the FMRFamide-gated Na" channel (AkFaNaC).
AkFaNaC comprises with 653 amino acids and about 60% identical to other known molluscan
FaNaC (HaFaNaC, HtFaNaC, and LsFaNaC). Application of FMRFamide to Xenopus oocytes
expressing AkFaNaC evoked the amiloride-sensitive Na current. The ECs and the Hill coefficient
were around 4x10™° M and 1.6, respectively. These values are close to the ones reported in HaFaNaC
[22]. Although FMRFamide is known to activate the Na" currents in some Aplysia neurons [2,
32], the molecular entities of the channels are not yet established. Present study shows that Aplysia
also express FaNaC in its nervous system, and suggests that FMRFamide-activated Na" currents
documented in some Aplysia neurons are flowing through the channels constructed with Aplysia
FaNaC. The FMRFamide-activated Na' currents in Aplysia shows much faster desensitization
compared to the FMRFamide-gated Na" current of AkFaNaC in oocytes. Similar functional
difference of the FMRFamide-gated currents between cloned and endogenous channels is also
reported in Helix and Helisoma channels [6, 19]. Because high Mg”" was found to enhance the
desensitization of AkFaNaC, some of the difference between the Aplysia neuronal
FMRFamide-gated current and the AkFaNaC current in oocytes may be due to the different
composition of the physiological saline (the artificial sea water for Aplysia neurons vs ND96 for

frog oocytes).
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FaNaC is a member of the ENaC/DEG family [3, 21]. The ENaC/DEG family channels contain
two transmembrane domains (M1 and M2) and a large external domain that is cystein-rich. The
position of many cystein residues is well conserved, suggesting that intramolecular disulfide bonds
are necessary to make three dimensional structure of the external domain [21]. Mutagenesis studies
in ENaC [33] have identified the selectivity filter and the binding site of a pore blocker, amiloride,
in the pre-M2 and N-terminal of M2 (the pore region). The substituted cystein-accessibility study
in the pore region suggest that the region also participates in the gating of ENaC [35]. The M1
region is also involved in the channel gating [38] and the ion conduction pathway [28]. Because
the region is well conserved among the family members [21], the pore structure of the ENaC/DEG
family channels is supposed to be similar.

As in other members in the ENaC/DEG family, AkFaNaC was blocked by amiloride but the
amiloride action was found to be complex. Although the concentration lower than 10 * M was not
tested in the present study, AkFaNaC is apparently blocked by a nanomolar range of amiloride
(see Fig. 6). The blocking action at such lower concentration range was not noticeably
voltage-dependent, but the blocking action at micromolar range was clearly voltage-dependent.
These results are explainable if we assume at least two distinct binding sites for amiloride in
AkFaNaC. In ENaC, two positions in the primary structure are identified to be involved in the
binding of amiloride: the one is in the external loop and the other is in the ion permeation pathway
[18, 33]. These two sites may not necessarily be distant from each other in the three dimensional
structure [ 18]. The binding site in the permeation pathway is consistent with a voltage-dependency
of the amiloride block in ENaC [17, 23, 24, 34]. Published values of & for the amiloride block of
ENaCs are mostly in a range of 0.1~0.2 (but see [34]). Based on the voltage-dependent K, for the
amiloride block in the micromolar range, 6 was estimated to be ~0.5 in AkFaNaC, suggesting that
amiloride occludes the ion permeation pathway of FaNaC. Our result is consistent with the result
of single channel recording of HtFaNaC [19], in which amiloride depresses the amplitude of the
single channel current, suggesting a fast open channel blockade by amiloride [15]. Although our
estimation of Kp(¥) is likely to be contaminated by multiple actions of amiloride, estimated 6 is
much larger than the estimated values in ENaCs, suggesting that the pore structure of FaNaC may
be substantially different from that of ENaC.

In the present study, a reduction of the amiloride block was clearly observed in some
concentration range, suggesting that amiloride can also modify the channel function in addition
to the pore block. In HtFaNaC, the overall action of amiloride is the potentiation of the

FMRFamide-gated current because of its enhancing action of the channel open probability [19].
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Similar enhancement of the open probability has been described recently in the neuronal
FMRFamide-gated channels of Helix [13]. These observations suggest that the amiloride binding
at not yet identified site(s) of FaNaC may allosterically modify the channel gating. Although
amiloride is usually categorized as a blocker of the ENaC/DEG family channels, a potentiating
action of amiloride and related drugs may not be unique to FaNaC. In some mutant of BNC1 (also
called MDEG or BNaCl1) which is a member of the ENaC/DEG family, amiloride can activate
the current through the channel [1].

Based on the single channel recording, both HaFaNaC and HtFaNaCs as well as the endogenous
FMRFamide-gated channels of the Helix and Helisoma neurons are shown to be blocked by
submillimolar Ca*" or Mg”* [13, 19]. These divalent ions induce a flickering block of the open
FaNaC at similar concentration, which apparently reduces the amplitude of single channel currents
[13, 19]. Although the flickering block and the reduced single channel current suggest the fast
open channel blockade [15], the divalent ion block in Helix neuronal FMRFamide-gated channels
lacks a clear voltage-dependency [13]. In AkFaNaC, Ca™ but not Mg”" can reduce the
FMRFamide-gated current, suggesting that the binding site is more specific compared to the
divalent blocking site suggested in other FaNaCs. Because the Ca”* block in AkFaNaC was not
voltage-dependent, the binding site is presumably outside of the membrane electric field. Thus,
AkFaNaC seems to have a divalent blocking site that is functionally different from HaFaNaC or
HtFaNaC. The voltage-independent Ca”* block in AkFaNaC as well as in other FaNaCs might be
related to a weakly voltage-dependent Ca”* block in ASIC (6=0.054 in ASIC1b, [25]). ASIC is an
acid-sensing channel that is activated by H". Recently, Immke and McCleskey [16] have suggested
that the opening of ASIC by H' is actually a relief of the Ca>* block by multiple H' binding. Moiety
for the Ca*" block in FaNaC would be, however, different from that of ASIC, because external H'
rather blocked the FMRFamide-gated current of AkFaNaC (this study) as well as the neuronal
FMRFamide-gated current of Lymnaea [26]. Modification of pH in either direction reduces the
FMRFamide-gated current in AkFaNaC and the Lymnaea channel [26], indicating a complex
action of H'. Further experiments are required to elucidate the action of external H' on the channel
function.

In the present study, we have characterized an Aplysia homologue of FaNaC. Functional
expression of AkFaNaC confirms that the channel is a peptide-gated Na" channel. Although the
FaNaCs are well conserved, there are some species specific portions especially in the large

extracellular domain (see Fig. 1), probably related to some functional differences. Future
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mutagenesis studies utilizing the structural differences among them will therefor give insights for

the structure-function relationship of FaNaC including the puzzling actions of amiloride.
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