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Abstract

NALCN is a member of the family of ion channels with four homologous, repeat domains that include voltage-gated calcium
and sodium channels. NALCN is a highly conserved gene from simple, extant multicellular organisms without nervous
systems such as sponges and placozoans and mostly remains a single gene compared to the calcium and sodium channels
which diversified into twenty genes in humans. The single NALCN gene has alternatively-spliced exons at exons 15 or exon
31 that splices in novel selectivity filter residues that resemble calcium channels (EEEE) or sodium channels (EKEE or EEKE).
NALCN channels with alternative calcium, (EEEE) and sodium, (EKEE or EEKE) -selective pores are conserved in simple
bilaterally symmetrical animals like flatworms to non-chordate deuterostomes. The single NALCN gene is limited as a
sodium channel with a lysine (K)-containing pore in vertebrates, but originally NALCN was a calcium-like channel, and
evolved to operate as both a calcium channel and sodium channel for different roles in many invertebrates. Expression
patterns of NALCN-EKEE in pond snail, Lymnaea stagnalis suggest roles for NALCN in secretion, with an abundant expression
in brain, and an up-regulation in secretory organs of sexually-mature adults such as albumen gland and prostate. NALCN-
EEEE is equally abundant as NALCN-EKEE in snails, but is greater expressed in heart and other muscle tissue, and 50% less
expressed in the brain than NALCN-EKEE. Transfected snail NALCN-EEEE and NALCN-EKEE channel isoforms express in HEK-
293T cells. We were not able to distinguish potential NALCN currents from background, non-selective leak conductances in
HEK293T cells. Native leak currents without expressing NALCN genes in HEK-293T cells are NMDG+ impermeant and
blockable with 10 mM Gd3+ ions and are indistinguishable from the hallmark currents ascribed to mammalian NALCN
currents expressed in vitro by Lu et al. in Cell. 2007 Apr 20;129(2):371-83.
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Introduction

The first evidence for the existence of NALCN ion channels

came from Drosophila geneticist Hermann Muller during his

classical X-ray mutagenesis studies in the 1930s [1]. Seventy

years later, researchers identified the mutation attributed to

Muller’s ‘‘narrow abdomen’’ allele [2], as a deletion of 9 nucleotides

within the coding sequence of a unique homologue of four repeat

domain (4-domain) voltage-gated sodium (Nav) and calcium (Cav)

channels, designated as NALCN or NaVI2.1 [3–6]. NALCN is a

single-copy gene crucial for survival in mammals, where gene

knockdown is lethal in mice within 24 hours after birth due to

severely disrupted respiratory rhythms [4]. Hippocampal neurons

have resting membrane potentials ,10 mV more hyperpolarized

in NALCN2/2 mice [4], and the channel is considered to

provide a resting Na+ conductance in wild type neurons, not just in

mammals [4] but also in nematodes (C. elegans) [7–9], fruit fly

(Drosophila) [2,10] and snail (Lymnaea) [11]. Analyses of mutant

invertebrates suggest that NALCN is linked to anesthetic

sensitivity [12], locomotion [13], diurnal rhythms [2,10], gap

junction activity [7] and synaptic vesicle turnover [8]. There also

seems to be a link between NALCN and ionic balance, since

heterozygous NALCN knockout mice have significantly elevated

serum sodium levels [14]. NALCN expresses in a brain complex

which includes accessory proteins UNC-79 and UNC-80 [15,16].

A key feature attributed to NALCN is its role gating Na+ ions in

a voltage-independent manner, providing a leak conductance into

cells at rest to drive membrane excitability [4,11]. Ion selectivity of

related 4-domain Cav channels has been defined by signature

residues of the selectivity filter, contributed by a single pore-loop

(P-loop) residue from each of four repeat domains (I–IV), forming

a ring of negatively-charged glutamate residues (EEEE) in Cav1 (L-

type) and Cav2 calcium channels [17–19], or EEDD in Cav3 (T-

type) channels [20]. Traditional Nav1 sodium channels bear a

DEKA pore in the equivalent position, and mutagenesis studies

indicate that the lysine (K) residue in Domain III is both necessary

and sufficient to generate ion channels with high Na+ selectivity

over Ca2+ ions [17–20]. Equivalent sodium-selective channels in
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motile jellyfish have a DKEA pore configuration where the lysine

residue has migrated to Domain II from Domain III [21]. Jellyfish

Nav channels with DKEA pores [21] are Na+-selective [22] but

mutagenesis studies suggest that they are slightly less selective for

Na+ ions than are DEKA Nav channels [23]. Mammalian

NALCN channels have the hallmark lysine residue in Domain

III, characteristic of Nav channels with an EEKE pore [3]. As

expected from its EEKE structure, expression studies suggest that

mammalian NALCN is permeable to Na+ ions and other

monovalent cations and also moderately permeable to divalent

Ca2+ [4].

Our phylogenetic analyses indicate that NALCN may have

expanded roles outside of serving as a Na+ leak conductance

channel. The ancestral NALCN has a selectivity filter that more

resembles Ca2+ channels (EEEE), and most invertebrates have two

alternatively-spliced isoforms of NALCN, one with a standard

selectivity filter that resembles Nav channels (EEKE or EKEE),

and a second isoform that resembles Cav channels (EEEE). Both

the Ca2+ and Na+ channel isoforms of NALCN are abundantly

expressed in snails, with unique expression profiles in different

tissues. The two isoforms of Lymnaea NALCN express at detectable

protein levels with specific antibodies when transfected into HEK-

293T cells, and leak currents in NALCN-transfected cells can be

blocked by replacement of external Na+ ions with impermeant

NMDG+, or by application of 10 mm trivalent cation blocker Gd3+

as reported for rat NALCN [4]. We also find comparable leak

currents in HEK-293T cells without co-expressing NALCN

cDNAs. Leak currents in control HEK-293T cells are equally

blocked by NMDG+ and Gd3+ suggesting that these compounds

are not specific for cells expressing NALCN channels. It would

have been attractive to confirm a potential calcium-selectivity for

snail NALCN-EEEE channels and a cation selectivity of snail

NALCN-EEKE channels. NALCN proteins readily express in

HEK-293T cells with coexpressed accessory proteins (UNC-79,

UNC-80) and SRC kinase, but we are not convinced yet that

NALCN forms ion conducting channels in vitro.

Results

NALCN is an unusually conserved and short, 4-domain
ion channel

NALCN is slightly closer in sequence to a yeast calcium channel

[24] than to voltage-gated Nav and Cav channels within the 4-

domain ion channel family (Figure 1a), and has remained mostly

a single gene, compared to the evolution of 20 different Cav and

Nav channel genes in vertebrates. Exceptions so far to the single

NALCN gene in animals include sponge Amphimedon, anthozoan

cnidarian Nematostella, and nematode Caenorhabditis, all of which

have two genes. Snails, like most invertebrates, have three Cav

channel genes, two Nav genes and only one NALCN channel gene

(Figure 1a). Comparing protein sizes between snails and humans,

NALCN is almost invariant in size and smaller than most Nav and

Cav channels, with especially short amino termini and I–II linkers,

and with invariant III–IV linkers that are 53 or 54 amino acids,

common to all of these 4-domain channel types (Figure 1b).

Comparisons between snail and human sequences illustrate a

highly conserved NALCN structure across the whole protein (69%

similarity), from the N-terminus to the C-terminus. The similarity

between NALCN homologues is remarkable, given that similar

comparisons between snail and human Nav and Cav channels

reveal more marked divergence (i.e. 48.4% and 58.2% respec-

tively) (Figure 1c).

NALCN genes can have alternatively-spliced pores
In light of the relative invariance of NALCN sequences, it is

remarkable that we identified alternative splicing within a pore

domain when cloning the full length homolog from the pond snail

Lymnaea stagnalis. Alternative exons 15a and 15b span the re-

entrant pore helices and selectivity filter residues to the proximate

end of segment 6 in Domain II (Figure 2a). The obvious

difference between these exons is the key selectivity filter residue

for ion permeation, located at the most constrictive point of the

‘‘hourglass’’ pore as evidenced by the three-dimensional structure

of the prokaryotic sodium channel NavAb [25]. The resulting

selectivity filter motifs for snail NALCN are EEEE (with exon 15a)

and EKEE (with exon 15b) (Figure 2a). Mining of NALCN genes

from other invertebrate genomes revealed homologous alternative

exons 15a and 15b, with an upstream exon 15a bearing a

glutamate (E) in the selectivity filter, and a downstream exon 15b

coding for lysine (K) in this position (Figure 2a). Dual EEEE/

EKEE pores are present in the genomes of species of platyhel-

minths (flatworms), and lophotrochozoan protostomes (mollusks

and annelids), and non-chordate deuterostomes (echinoderms and

hemichordates) (See Appendix S1 for a listing of genomic
sequences spanning exon 15). Similarly, exon 31 is alterna-

tively-spliced in what is likely a completely separate evolutionary

event, coding for the pore in Domain III instead of Domain II,

with an upstream exon 31a with glutamate (E) in the selectivity

filter, and a downstream exon 31b coding for lysine (K) within the

arthropods (i.e. EEEE/EEKE), including species of Myriapod (e.g.

centipedes) and Chelicerates (mites and ticks) (Figure 2b) (See
Appendix S2 for a listing of genomic sequences spanning
exon 31). The only animal groups that don’t appear to contain

species with alternative (EEEE) and (EKEE/EEKE) pores for

NALCN, coincidentally, include the species most often used as

animal models, including nematodes (i.e. C. elegans), insects

(Drosophila) and chordates (rat and mouse).

Patterns of evolution of NALCN’s alternatively-spliced
pores

The simplest multicellular organisms (sponge, Trichoplax and

cnidarians) lack a Na+-like selectivity filter with a lysine residue

(EKEE or EEKE) (Figure 2, Figure 3), and thus it is likely that

the ancestral NALCN was Ca2+ channel-like with an EEEE (or

EDEE) pore. We can also suppose that the EKEE pore evolved

from an exon duplication of a NALCN Ca2+ channel (EEEE pore)

in a common ancestor to all species with an EKEE pore, including

platyhelminths (flatworm), mollusks, annelids, echinoderms and

hemichordates (acorn worm). Alternate exon 15 has variable

sequences between pore helix 2 and segment 6 that enable analysis

of a proposed evolution of exons 15a and 15b (Figure 2a). All 15b

exons cluster together, appearing monophyletic in a gene tree of

exon 15a and exon 15b sequences (Figure 4). Alternate exons 31a

and 31b are delimited to the highly conserved pore helices, and

are highly similar to one another except for the pore selective ‘E’

or ‘K’ residue, which prevents assessment of their evolutionary

history (Figure 2b). Interestingly, alternative exons 31a and 31b

are organized in genomes in a similar pattern as are exons 15a/

15b, where exon ‘a’ with pore residue ‘E’ precedes the exon ‘b’

with pore residue ‘K’. Animals with alternative EEEE and EEKE

pores likely arose once, in a common ancestor because animals

with these dual pores are clustered within a lineage of Arthropods

(Figure 3). Insects and crustaceans, and more distantly related

animals, such as nematodes, urochordates and vertebrates only

have a NALCN with an EEKE pore, which could each have

arisen independently from an ancestral EEEE isoform.

NALCN’s Alternative Ca and Na Selectivity Filters
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Figure 1. NALCN is unique amongst related 4-domain P-loop voltage-gated cation channels in it being a singleton gene in most
reported genomes, and a coding region of small size and high conservation. Comparisons in panels A, B, and C are made between
Lymnaea NALCN, LCav1, LCav2, LCav3, Nav1, Nav2 and the 21 human homologs. (A) Gene tree of aligned sequences suggest a distant relationship to
voltage-gated Cav and Nav channels, and closer to the singleton yeast calcium channel. Grey letters indicate selectivity filter residues. (B) NALCN is a
shorter than other cation channels in total size (top panel) largely because of its short amino terminus and I–II linker (bottom panel). Snail and human
NALCN are within +/23 aa of each other in sizes of individual domains and cytoplasmic linkers. (C) Running averages of similarity indicate that snail
and human NALCN are much more conserved than other cation channels, with a high level of conservation even in the generally hypervariable
cytoplasmic linkers and amino-termini.
doi:10.1371/journal.pone.0055088.g001

NALCN’s Alternative Ca and Na Selectivity Filters
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Figure 2. Representative NALCN sequences of alternative calcium- and sodium-selective pores generated by alternative exons (A)
exon 15 (EEEE/EKEE) and (B) exon 31 (EEEE/EEKE). Exons 15 and exon 31 (delimited by splice junctions shown in red), span the re-entrant P-
loop (pore helices surrounding the selectivity filter) in Domains II and III, respectively. Exon 15 also includes the proximate region of segment 6, while
exon 31 includes the distal portion of the extracellular turret. Splice junctions for exons 15 and exon 31 are conserved in the earliest metazoans
(sponge, placozoans), which are duplicated in most invertebrate phyla to produce tandem mutually-exclusive exons where the 59 exon codes for
exon ‘a’ with E in the selectivity filter (15a, 31a) and the 39 exon codes for exon ‘b’ with K in the selectivity filter (15b, 31b). Either the donor or
acceptor site of exon 15 or 31 are lost in most species outside chordates (indicated by *) that don’t have alternative-splice junctions to generate both
calcium and sodium selective pores. Exons 15a/15b have variable sequence between the pore and segment 6 for generating a gene tree (see
Figure 4).
doi:10.1371/journal.pone.0055088.g002

NALCN’s Alternative Ca and Na Selectivity Filters
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Expression patterns of alternatively-spliced NALCN pores
Polyclonal antibody raised against snail NALCN sequence

identify a NALCN-sized protein in Western blots from snail brain

homogenate (Figure 5a), and label in a dense-staining pattern

along a particular subset of snail neurons identified in brain

sections (Figure 5b) that is consistent with NALCN staining

patterns within axons of the C. elegans nervous system [9].

Additionally, we find that blots spotted with cDNA coding for

760 bp of the NALCN gene in the C-terminus, but not related

snail Cav channels genes, hybridize with a probe consisting of

cDNA generated from mRNA of isolated snail axons (Figure 5c),

suggesting localization of NALCN mRNA within axons. The

dense immuno-staining of the brain is consistent with the general

expression pattern of snail NALCN measured by quantitative RT-

PCR, which is highest in the brain, followed by secretory glands

(albumen and prostate), then heart, followed by muscle (buccal

mass and foot) (Figure 5d). Isoform-specific primers indicate that

the expression of NALCN-EKEE is 26 greater than NALCN-

EEEE in the brain, and only NALCN-EKEE upregulates from

juvenile to adult snails in the brain and in albumen and prostate

glands that mature into secretory organs (Figure 5e1,

Figure 5e2). NALCN-EEEE is 26 less abundant than NALCN-

EKEE in the brain, while NALCN-EEEE expresses more in the

heart (40 to 50% more) and also muscle, such as buccal mass (40 to

70% more) compared to NALCN-EKEE (Figure 5f1,

Figure 5f2). The differences between the tissue expression profiles

of NALCN-EEEE and NALCN-EKEE suggest that they are

associated with different functions in different cell types, which

likely depend solely on their different selectivity filters, since the

remainder of the channel protein is lacking in alternative splicing

(see Materials and Methods).

In vitro expression and electrophysiological recording of
the snail NALCN isoforms

Enhanced green fluorescent protein (EGFP)-tagged snail EEEE

and EKEE NALCN isoforms are identifiable as expressed proteins

on Western blots of transfected HEK-293T cells at the appropriate

size (EGFP = 27 kDa, snail NALCN = ,200 kDa) using anti-GFP

antibodies (Figure 6a1). Transfected, GFP-tagged snail NALCN

isoforms have a more localized staining in HEK-293T cells

(Figure 6a2), compared to the relatively generalized fluorescence

of co-expressed red fluorescent protein DsRed2. We also co-

expressed Unc-80, which serves as a key accessory subunit for

NALCN expression and function in invertebrates [8,9] and

mammals [15,16]. Positively-transfected cells expressing snail

EEEE and EKEE NALCN isoforms were identified by DsRed2

fluorescence, using NALCN cloned into bicistronic vector

pIRES2-DsRed2 (Figure 6b). DsRed2-positive, NALCN-express-

ing cells corresponded to the same cells that were EGFP-positive,

co-transfected with human Unc-80 in bicistronic vector pIRES2-

EGFP (Figure 6b). DsRed2-expressing cells did not correspond to

EGFP-positive, Unc-80 expressing cells, when pIRES2-DsRed2

was transfected without the snail NALCN cDNA in the bicistronic

vector (Figure 6b). While Unc-80 expression seems to correlate

with that of snail NALCN when co-transfected into HEK-293T

(Figure 6b), Unc-80 is not required for snail NALCN expression

in these cells (Figure 6A1, Figure 6A2).

We can measure leak conductance currents in HEK-293T cells

when EEEE- and NALCN-EKEE isoforms are co-expressed with

auxiliary subunits of NALCN (Unc-80 and a constitutively active

SRC kinase), that are expected to enhance NALCN expression in

vitro [15,16] (Figure 7, Figure 8). However, we also record the

same Na+ leak currents in our HEK-293T cells, impermeant to

NMDG+ ions, when we transfect Unc-80 and SRC without

transfecting NALCN constructs at all (Figure 7). Notably, HEK-

293T cells do not express endogenous NALCN channels [6] but

have native leak conductances that are indistinguishable from

those reported for NALCN [4]. We tested trivalent cation blocker

gadolinium (Gd3+), reported to be a specific blocker of NALCN

currents in HEK-293T cells [4]. 10 mM Gd3+ equally blocks leak

currents in our transfected cells without NALCN expression

(53.463.7%) in the same manner as cells transfected with Lymnaea

NALCN constructs (Figure 8a, Figure 8b), with Gd3+ blockade

for NALCN-EKEE of 52.262.6% and 62.361.0% block for

NALCN-EEEE (Figure 8d, Figure 8e). We replicate the profile

of drug block in control cells with Gd3+ blockade which eclipses

Figure 3. Gene tree illustrates that the NALCN gene is
conserved in reported metazoan genomes with alternative
selectivity filters that generate a choice of calcium-selective
and sodium-selective pore configurations in invertebrates.
NALCN first appears with a selectivity filter resembling a calcium-
selective pore (EDEE or EEEE) in the earliest metazoans (sponges and
placozoans) with a simple body plan. A duplication of Exon 15 coding
for the selectivity filter residue in Domain II creates alternative calcium-
selective (EEEE) and sodium-selective (EKEE) pores in the early nervous
systems of Bilateria, including platyhelminthes, the planarian (Schmid-
tea) and protostomes of the lophotrochozoan lineage (mollusks and
annelids), and non-chordate deuterostomes (echinoderms and hemi-
chordates). A duplication event in Exon 31 of the Ecdysozoan lineage
creates different alternative calcium-selective (EEEE) and sodium-
selective (EEKE) pores that are retained in myriapods (includes
centipedes, millipedes) and chelicerates (includes Arachnids like mites
and ticks). The cephalochordate genome (Branchiostomia, amphioxus)
only has a calcium-selective pore (EEEE), and chordates (urochordates,
vertebrates) are the only lineage to lack a calcium-selective pore having
only sodium-selective pores (EEKE). Dashed lines indicate a likely loss of
an alternative exon 15 or 31.
doi:10.1371/journal.pone.0055088.g003

NALCN’s Alternative Ca and Na Selectivity Filters
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80% block within seconds after onset of drug perfusion

(Figure 8c). Washing out Gd3+ is slow and difficult. Despite our

best efforts, we were unable to ascribe selectivity differences

between the unique pore isoforms of expressible Lymnaea NALCN

transcripts, corroborating with others the difficulties in assessing

leak currents from transfected NALCN genes in mammalian cells

[3,6,9]. Alternative splicing of Lymnaea NALCN, that alters the

selectivity filter residues and is thus expected to dramatically

influence ion selectivity, will be evaluated in future studies, but

outside of mammalian cell lines such as HEK-293T which possess

native sodium leak currents that are indistinguishable from those

reported from NALCN-transfected cells [4].

Discussion

NALCN has been described as a Na+ leak conductance channel

which contributes to membrane excitability and rhythmic

behaviors [2,4,9,11]. Here we report that the snail NALCN

homolog has alternatively-spliced isoforms that generate a

selectivity filter that resembles a Ca2+-selective channel as well as

a non-specific or Na+-selective channel. The selectivity filter is

exquisitely structured to define the selectivity of ions that interact

with and permeate though the pore, and as such, alterations by

alternative splicing, are expected to alter the relative affinity for the

two major inward-permeating ions, Ca2+ and Na+. Both NALCN

isoforms are abundantly expressed in snail tissues, and the

Figure 4. Gene tree of exons 15a/15b indicates that tandem exon 15b, coding for Lys (K) in the selectivity filter, is monophyletic.
Exon 15b likely duplicated from exon 15a that codes for Glu (E) in the selectivity filter from an ancestor of early metazoans with a single exon 15a
(sponge, Trichoplax, cnidarian), creating an exon 15b with Lys (K). The common root of exon 15b suggests that the dual, mutually-exclusive exons 15a
(E) and 15b (K) originated in early metazoans (represented in planarian Schmidtea, a Platyhelminth), evolving once to be subsequently retained in
lophotrochozoans (annelids, mollusks) and hemichordates, before being lost in chordates. There was a secondary loss of exon 15a in some
invertebrates such as platyhelminth (Schistosoma) and annelid (Helobdella). No NALCN gene codes for EKKA, so exon 31b (with a K) likely evolved
from exon 31a in an arthropod ancestor with an EEEE selectivity filter common to myriapods and chelicerates, with exon 31a being secondarily lost in
insects and crustaceans. Exon 31 is shorter and more highly conserved than exon 15, only spanning some of the extracellular turret and the
downstream selectivity filter. Exon 31a and 31b barely differ outside of the single E and K residue in the selectivity filter suggesting that exon 31b (K)
could have had a separate evolution from an EEEE ancestor in nematodes and chordates.
doi:10.1371/journal.pone.0055088.g004

NALCN’s Alternative Ca and Na Selectivity Filters
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Figure 5. NALCN mRNA expression in Lymnaea pond snail measured by quantitative PCR reveals unique expression profiles of
sodium-selective pore (EKEE) and calcium-selective pore (EEEE) variants. (A) Lymnaea NALCN antibody identifies appropriately-sized
,200 kDa NALCN protein in Lymnaea brain homogenate of a Western blot. (B) Antibody staining of Lymnaea brain using polyclonal antibodies

NALCN’s Alternative Ca and Na Selectivity Filters
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alternative Ca2+ channel-like and Na+ channel-like pores of

NALCN channels, evolved at least twice within completely

different lineages of invertebrates, via alterations in Domains II

and III. We look at 466TM channels across the animal kingdom

to gain insights into the origin and function of NALCN channels

with putative Ca2+ and Na+ selective pores.

Evolution of 466TM channels
Four domain (466TM) ion channels likely evolved from single

domain (166TM) ancestors such as those in prokaryotes, through

duplication of domains and divergence of these domains. All

46TM channels in animals have an invariant III–IV linker size

that is 53 or 54 amino acids, a region in Nav channels serving in a

fast inactivation gating mechanism [26]. Nav and Cav channels

have more in common with each other than NALCN, and a

shared genomic heritage with locations of shared intron splice

sites, including rare AT-AC, U12-splice sites [27].

Structure of 466TM channel pores
A defining feature of each 466TM channels is its pore

selectivity, largely governed by the P-loop which ascends to a

most constrictive point of the ‘‘hourglass’’ pore where side chains

of a critical residue contributed by each domain face into the pore

(which is either E, D, K or A) between two highly conserved, pore

helices (ten aa in length), demonstrated in the three-dimensional

structure of the single domain, prokaryotic Nav channel [25]. The

symmetrical pore of this prokaryotic homomultimeric one domain

channel has a glutamate (E) in this critical position, forming a Na+-

selective channel. Mutagenesis of 466TM channels reveals that

each re-entrant pore is not equal in its contribution as in

homomultimeric channels, but instead, each side chain of the

signature residues lies asymmetrically with respect to the plane of

the conducting pore. The three lineages of 466TM channels (Cav,

Nav and NALCN) appear to follow universal rules, almost without

exception, in eight established pore configurations, including

Ca2+-selective channels with negatively-charged glutamates and

aspartates (EEEE, EDEE, EEDD, DEEA) and Na+-selective

channels with a positively-charged lysine (K) in either the 2nd or

3rd domain (EKEE, EEKE, DKEA, DEKA) (Figure 9).

Evolution of 466TM channel pores
The lineage of Cav channels have an EEEE pore for highest

calcium selectivity, but Ds can replace Es; NALCN and Nav

channels have DxxA and ExxE pores, respectively, where xx = EE

or EK or KE. Simplest organisms (choanoflagellates, sponges,

placozoans and anthozoan cnidarians (coral, sea anemone) lack

Na+-dependent action potentials and have pore configurations

lacking an internal K residue (e.g. DEEA, EEEE) when cation

channel genes are present in these organisms (Figure 9). The first

appearance of animals with a nervous system and a pelagic adult

lifestyle are the hydrozoan [21] and scyphozoan [28] jellyfish

which are also the simplest organisms to have a lysine residue (K)

in their Nav channel (DKEA) (Figure 9). Within invertebrate

groups, Nav (DEEA/DKEA/DEKA) and NALCN (EEEE/

EDEE/EKEE/EEKE) channels adopt multiple pore configura-

tions with alternative selectivity for Ca2+ and Na+ ions, when K

can appear in lieu of an internal E in Domains II or III. The dual

Ca2+ or Na+ selectivity filters are lost in vertebrate NALCN and

Nav channels, and are restricted to EEKE and DEKA configu-

rations, respectively which has the lysine residue in Domain III,

positioned where it is expected to have the highest selectivity for

Na ions, compared to the less selective EKEE and DKEA pores

where the lysine residue is in Domain II instead, found in some

invertebrates (Figure 9). The overall pattern of evolution suggest

a primordial world of four domain channels gating Ca2+ ions, an

experimentation and diversity of mixed Ca2+ and Na+ signalling in

invertebrates, to a lack of Ca2+ signalling in vertebrate Nav

channels and NALCN (Figure 9).

Parallel evolution of NALCN and Nav channel pores
The co-appearance of NALCN and Nav channels with a lysine

residue in the pore is consistent with the evolution of Na+ ions to

generate membrane excitability in nervous systems, circumventing

the toxicity that intracellular Ca2+ ions have as agents for

membrane depolarization [29]. There may also be a link between

NALCN and Nav channels to Na+ homeostasis, since many

vertebrates with the lysine residue-containing pore are terrestrial

vertebrates where Na+ retention and Na+ transport is especially

critical. The presence of Ca2+-selective pores of NALCN and Nav

channels in invertebrates may relate to a more flexible signaling

using Ca2+ and/or Na+ ions, and perhaps serving as an adaptation

for invertebrates for the more variable Ca2+ levels in the aquatic

environment and to service additional Ca2+ requirements in many

invertebrates.

The calcium-like EEEE NALCN pore with the configuration
tends to be selectively lost in some species

The calcium-like NALCN-EEEE pore appears to be less

essential because it is often selectively lost in individual species

within phylogenetic groups containing the alternative EEEE and

lysine containing EKEE or EEKE NALCN pore. Polychaete

worms (Capitella) within the annelids retain both EEEE and EKEE

forms of NALCN, but leech (Helobdella) retains only the EKEE

isoform. Likewise, ectoparasitic tick (Ixodes) and spider mite

(Tetranychus) have both NALCN-EEEE and NALCN-EEKE

isoforms, but ectoparasitic mite (Varroa) retains only the EEKE

isoform. Furthermore, EEEE and EEKE forms of NALCN and

Nav channels are present in non-parasitic flatworms such as the

free-living planarian (Schmidtea), but the EEEE isoform of NALCN

and Nav channels are lost in closely-related trematodes, Schistosoma

and Clonorchis. Endoparasitic flatworms cycle between living in the

regulated environment within snails and vertebrates, perhaps

where there is less need for Ca2+ and Na+ ion homeostasis, and

requirements for rapid action potentials carried by Na+ ions and

the retention of an EEEE form of NALCN and Nav channels.

reveals that NALCN protein is enriched in neurites (nr) protruding from cell bodies (cb). (C) Reverse-northern blotting reveals that the Lymnaea
NALCN mRNAs specifically accumulate in neurites/axons. (D) NALCN is more abundantly expressed in secretory organs (brain, albumen gland and
prostate) than muscle (heart, buccal mass and foot). (E1) Expression of EKEE-NALCN is twice as abundant in the brain than EEEE-NALCN, and EKEE
specifically rises in reproductive organs (albumen gland and prostate) during sexual maturation of juveniles to adult animals. (E2) The substantially
higher expression of EKEE-NALCN versus EEEE-NALCN in the brain and reproductive organs of sexual mature snails, suggest that the EKEE-NALCN
isoform is associated with secretion. (F1) NALCN expression falls in heart, buccal mass and foot from juvenile to adult. (F2) There are greater
expression levels of EEEE-NALCN in heart, buccal mass and foot compared to EKEE-NALCN, suggesting that EEEE-NALCN has greater functions
associated with muscle (heart, buccal mass, foot).
doi:10.1371/journal.pone.0055088.g005
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Figure 6. Lymnaea EKEE-NALCN and EEEE-NALCN isoforms express in the endomembrane system of HEK-293T cells, and co-express
with key auxiliary subunit human Unc-80. (A1) EGFP-coupled Lymnaea NALCN cDNAs express in HEK-293T cells as appropriately-sized proteins
(EGFP = 27 kDa, Lymnaea NALCNs = 200 kDa) on Western blots detected by GFP antibody (Amsbio, Lake Forest, CA, USA). Western blot banding
pattern of transfected EGFP alone is shown for comparison. (A2) EGFP-coupled Lymnaea NALCN isoforms appear as membrane-delimited staining
(inset) compared to more generalized staining resulting from co-transfected DsRed2. (B) Lymnaea NALCN and human Unc-80 co-transfected in
bicistronic pIRES2 vectors indicate that the abundance of NALCN isoform expression (DsRed2 label) correlates with the abundance of expressed
hUnc-80 (EGFP label). Human Unc-80 expression does not co-relate with DsRed2 expression lacking NALCN cDNAs on the pIRES2 vector.
doi:10.1371/journal.pone.0055088.g006
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All selectivity filter sequences of 46TM channels fall into
either Na+ or Ca2+-selective categories

The configuration of selectivity filter residues of every NALCN

gene in more than a dozen animal phyla, abide by a set of rules

that can be categorically identified as calcium-selective channels,

with a calcium-like EDEE/EEEE pore, resembling the invariant

EEEE calcium-selective filter of Cav channels and the DEEA

configuration of calcium-permeable, invertebrate Nav2 channels.

Or, categorically, the NALCN pore is consistent with a sodium-

selective pore with an EKEE or EEKE configuration, resembling

the DEKA or DKEA pores of Nav1 channels. NALCN pores

parallel the pores of Nav channels in evolution, with NALCN and

Nav2 channels bearing primordial EEEE/DEEA calcium channel-

like pores that become more sodium selective in invertebrates.

While the phylogenetic data is highly consistent with NALCN

pores with calcium (EDEE/EEEE) or sodium (EKEE/EEKE)

selectivity, we were unable to confirm this by in vitro expression.

NALCN is highly invariant and mostly a single gene in
most species

Plasma membrane-associated ion channels are noted for an

almost universal explosion in the duplication of genes, which for

466TM channels increase in number from five channel genes

(three Cav, two Nav, and one NALCN) in invertebrates to 21

vertebrate channel genes (ten Cav, ten Nav, and one NALCN).

Increasing gene numbers in Cav and Nav channels endows novel

adaptations in different tissue environments such as brain, heart,

or skeletal muscle [30]. Other membrane-associated ion channels

also have large numbers of genes such as Trp channels (27 genes)

[31] or two pore, K+ leak channels (11 genes) [32]. NALCN is

unusual in remaining a single gene, expressing a relatively short

and highly conserved protein end to end, outside of the variability

in the pore. NALCN has resisted expansion of gene numbers from

multicellular organisms like sponges which lack highly-specialized

cells, to humans, associated with complex tissue evolution, such as

the brain, where NALCN is most abundant [33].

Figure 7. Leak currents from snail NALCN-expressing HEK-293T cells were indistinguishable from those in control cells lacking
NALCN. (A) Sample traces showing the block of inward current when replacing 150 mM external sodium (black bars) with NMDG+ (hatched). HEK-
293T cells were co-transfected with either 1 mg of Lymnaea NALCN pore variants (EKEE or EEEE) in bicistronic pIRES2-DsRed2, or empty pIRES2-
DsRed2 vector for control, plus 1 mg of human Unc-80 in pIRES2-EGFP (enhanced green fluorescent protein), and 1 mg of a constitutively active SRC
kinase (Y529F) in a pUSEamp vector. Leak currents, recorded under whole-cell voltage clamp using a ramp protocol (inset), were observed under all
conditions. (B) A similar reduction in both inward and outward currents (i.e. at -100 mV and +100 mV respectively) was observed when 150 mM
external sodium was replaced with impermeant cation NMDG+ via perfusion (control n = 5; EKEE n = 7; EEEE n = 4).
doi:10.1371/journal.pone.0055088.g007

NALCN’s Alternative Ca and Na Selectivity Filters

PLOS ONE | www.plosone.org 10 January 2013 | Volume 8 | Issue 1 | e55088



Figure 8. Non-specific leak ion currents are as sensitive to trivalent blocker Gd3+in HEK-293T cells as control cells lacking expressed
NALCN gene. (A,B) Representative traces of steady state leak currents cells (A) expressing NALCN-EKEE or (B) control cells before (black) and after
(red) application of 10 mM Gd3+ elicited by the ramp protocol shown and recorded using whole cell patch clamp of HEK-293T cells. (C) Plot showing
the rapid Gd3+ block of leak current at 2100 mV in a control cell. Wash-out was slow and in some cases the Gd3+ block persisted after washout.(D)
Average ionic current size at 2100 mV of HEK293T cells expressing the two isoforms of Lymnaea NALCN (EKEE, n = 13 or EEEE, n = 12). NALCN
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NALCN as a calcium and/or sodium sensor
A perceived interchangeability of Ca2+ and Na+ selectivity in

NALCN channels of this otherwise exceptionally conserved gene,

is hard to reconcile given the very different roles that these ions

play in excitability, where the relatively inert Na+ is much more

abundant than Ca2+ and serves mostly in an electrogenic role,

while Ca2+ is maintained at very low levels in cells due to

cytotoxicity, and serves as an exquisitely-sensitive signalling

molecule [29]. It is conceivable that NALCN is a specialized

expressing cells are indistinguishable from currents of control cells transfected with empty vector pIRES2-DsRed2 (n = 16, black bars; all cells were co-
transfected with 8 mg of channel/control vector, 8 mg of human Unc-80 in pIRES2-EGFP vector, and 0.5 mg of vector expressing a constitutively active
SRC kinase). External perfusion of 10 mM Gd3+ led to a similar reduction in leak currents in all conditions (hatched bars). (E) Fold reduction in inward
current at 2100 mV upon application of 10 mM external Gd3+ for the same cells in A.
doi:10.1371/journal.pone.0055088.g008

Figure 9. Conservation patterns suggest greater flexibility in calcium and sodium selectivity in 4-domain cation channels before
vertebrate evolution. All 4-domain cation channels first existed with calcium-selective pores (i.e. Cav (EEEE), Nav (DEEA) and NALCN (EEEE)). The
first sodium-selective pores (DKEA) arose in extant relatives of the simplest animals with pelagic lifestyles and nervous systems (e.g. hydrozoan
jellyfish) that produce sodium-dependent action potentials. Dual sodium- and calcium-selectivity evolved for all 4-domain channel types (excluding
Cav1 and Cav2 channels) by different means. Traditional Nav channels, such as the 10 vertebrate Nav genes, have mostly DEKA selectivity filter pores
(i.e. Nav1), with closely-related but more calcium-selective Nav2 channel genes with DEEA pores. Dual sodium- and calcium-selectivity also arose for
NALCN and T-type channels, via alternative splicing of channel pores. In general, vertebrate ion channels becomes more exclusively sodium- or
calcium-selective, with loss of a calcium-selective Nav2 gene, and loss of a NALCN splice isoform with the calcium selectivity filter (EEEE) and loss of T-
type calcium channels with a capacity for sodium permeation.
doi:10.1371/journal.pone.0055088.g009
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receptor for calcium or sodium ions, but not always permeable as a

typical membrane-associated channel, such as the Cav1.1 channel

that has specialized in vertebrates as a calcium-sensor for muscle

contraction [34], or NaX, the sodium channel that serves as a salt

level sensor in the subfornical organ [35].

The ion selectivity of NALCN is clearly important for its

function since the wild-type EEKE NALCN but not a mutated

calcium-like EEEE isoform rescues the NALCN mutant pheno-

type in Drosophila [10]. How NALCN with its EKEE pore plays a

role in rescuing the fly mutant phenotype doesn’t appear simply as

a replacement of a missing sodium leak conductance though. The

fly NALCN mutant is associated with an increased outward

potassium current, without altering an inward cation current [10].

There was significant evolutionary pressure to retain the ancestral

state with a Ca2+ channel-like, NALCN-EEEE pore in many

invertebrates, which could serve as a potential calcium leak

conductance current reported in invertebrates [36], and at least

one chordate (amphioxus) appears to possess a NALCN channel

with only an EEEE pore, which may not generate Na+ leak

currents at all, according to current physiological models.

Gd3+ is not a specific blocker of NALCN currents
10 mm Gd3+ has been ascribed as a specific blocker of NALCN

currents [4], but this cation also rapidly improves membrane seals,

and readily prevents non-specific leak conductances during whole

cell recordings of control HEK-293T cells, that in our hands, is

indistinguishable from what we observe when we record NALCN

channels transfected in HEK-293T cells. 1 mM verapamil, 1 mM

Cd2+ and 1 mM Co2+ also block the Gd3+ - sensitive, non-specific

leak currents in control HEK-293T cells that have been reported

to be characteristics of NALCN expressed currents [4]. NALCN is

not natively expressed in HEK-293T cells, and can be detected as

expressed protein after standard transient transfection of NALCN

containing plasmids in HEK-293T cells. However, we cannot

affirm NALCN characterized as a non-specific, voltage-indepen-

dent, cationic leak conductance in vitro [4].

Future models of NALCN physiology will have to explain
NALCN’s variable selectivity filters

Mammals lacking NALCN have a disrupted respiratory rhythm

[4] and NALCN is also required in rhythmically-active neurons in

invertebrates, Drosophila and C. elegans [9–11,13]. A reliable

consequence of NALCN knockdown is a membrane hyperpolar-

ization [4,11,37]. Invertebrates have increased sensitivity to

volatile anesthetics [38,39] and defects in exocytosis [[7–10], that

could relate to NALCN’s influence on membrane potential serving

to regulate secretion in neurons that require fast or continuous

vesicle turnover. Future models will have to justify the highly

intriguing and counter-intuitive finding, that the solitary NALCN

gene can have a highly variable selectivity filter which resembles a

calcium channel (NALCN-EEEE) or a sodium channel (EKEE/

NALCN-EEKE). Many invertebrates have alternative selectivity

filters, with unique expression patterns in different tissues that

appear to suggest that the two different spliced variants of

NALCNs are associated with different physiological roles.

Materials and Methods

Source of animals
Giant pond snails, Lymnaea stagnalis were raised in-house in a

snail vivarium and breeding facility in B1-177, Department of

Biology, University of Waterloo.

Sequencing the Lymnaea NALCN cDNA
Two preliminary non-overlapping sequences, spanning a large

portion of the NALCN channel coding sequence, had previously

been deposited into GenBank (Accession numbers AF484086 and

AF484085) [40]. 59 RACE was used to determine the missing N-

terminal coding sequence. Briefly, total RNA was extracted from

isolated central nervous system ganglia (CNS) and whole animals

using Tri-reagent (Sigma) [41], and reverse transcription was

carried out using 1 mg of each RNA extract diluted to 9 mL in

water, plus the following reagents: 5 mL of 56 Moloney Murine

Leukemia Virus (M-MLV) reverse transcriptase (RTase) buffer

(Promega), 2 mL of 10 mM dNTP mix (Fermentas), 0.4 mL of

100 mM LNALCN NT primer (Sigma-Genosys) (Table S1), 1 mL

of RiboLock RNase inhibitor (Fermentas), 2.6 mL of water, and

1 mL of M-MLV RTase enzyme. cDNA synthesis was carried out

at 37uC for 1 hour, and products were co-precipitated with 2 mL

of 20 mg/mL glycogen (Fermentas) in ethanol, washed with 70%

ethanol, and resuspended with 10 mL of water. 59 poly-A tailing of

cDNAs was achieved by adding the following reagents to the

cDNA samples (all from Fermentas): 4 mL of 56 Terminal

Deoxynucleotidyl Transferase (TdT) buffer, 4 mL of 1 mM dATP,

1 mL of water, and 1 mL of TdT enzyme. Reactions were carried

out at 37uC for 15 minutes then heat-inactivated at 80uC for

3 minutes. Nested PCR was performed to amplify the NT coding

sequence and UTR of Lymnaea NALCN from poly-A tailed CNS

and whole animal cDNA, using nested primer pairs RACE-For1

plus LNALCN-Rev1, and RACE-For2 plus LNALCN-Rev2

(Sigma-Genosys) (Table S1). For PCRs, used 2.5 mL of 106
High Fidelity PCR Buffer (Fermentas), 1.5 mL of 25 mM MgCl2
(Fermentas), 0.5 mL of 10 mM dNTP mix (Fermentas), 1.25 mL of

each primer, 17.38 mL of water, 0.13 mL of High Fidelity PCR

Enzyme Mix (Fermentas), and 0.5 mL of tailed cDNA (for 1u PCR

reaction) or 1u PCR (for 2u PCR). RACE-amplified DNA from

CNS and whole animal cDNAs was cloned into pGEM-T Easy

(Promega) and sequenced; both were found to contain the snail

NALCN start codon and N-terminal sequence, as well as the

59UTR. To determine the unknown sequence between the

previously deposited AF484086 and AF484085 GenBank sequenc-

es, nested PCR spanning the gap was carried out using Lymnaea l-

ZAP cDNA libraries made from CNS as template, and primer

pairs LNALCN gap 591 plus LNALCN gap 391 and LNALCN

gap 592 plus LNALCN gap 392 (Table S1) as previously described

[42]. DNA fragments from PCRs were gel-purified, cloned into

pGEM-T Easy, and sequenced as indicated above.

Phylogenetic analyses of NALCN
NALCN orthologs were gathered by BLAST data-mining of

available genomic databases NCBI (Bethesda, MD), Joint Genome

Institute, Department of Energy and University of California

(DOE-JGI), Washington University in St. Louis (Genome Institute

at WUSTL), Baylor College (HGSC), Broad Institute of MIT and

Harvard. Sequences were aligned using MUSCLE and evolution-

ary trees were inferred by maximum parsimony (PAUP 4.0,

Swofford) and maximum likelihood (PAML4, Yang).

Consensus sequencing of Lymnaea NALCN cDNAs
Primers were designed to PCR-amplify the snail NALCN

coding sequence in 5 separate, overlapping fragments, using the

following nested primer pairs (listed in order from most N-terminal

to most C-terminal along the cDNA sequence): LNALCN R1,

LNALCN R2, LNALCN R3, LNALCN R4, and LNALCN R5

(Table S1). All PCR were carried out as indicated above for the

screening of l-ZAP cDNA libraries, using as templates either the

l-ZAP cDNA library fractions, a CNS cDNA library prepared
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using a random hexamer primer (Table S1), or cDNA libraries

generated with NALCN-specific primers. All PCR products were

cloned into pGEM-T Easy as indicated above for sequencing, and

a minimum of three independent sequences for each position

along the transcript were used to build the consensus for both

domain II pore isoforms of Lymnaea NALCN NALCN-EKEE

(GenBank: GJQ806355) and NALCN-EEEE (GenBank:

JQ806356). Sequencing of snail NALCN cDNAs confirmed the

existence of two mutually exclusive splice variants with variable

coding sequences for domain II pore regions of the putative

channels.

Cloning of the Lymnaea NALCN cDNAs into mammalian
expression vector pIRES2-DsRed2

Lymnaea NALCN splice variants (i.e. EKEE and EEEE) were

each cloned into the bicistronic vector pIRES2-DsRed2 (Clontech)

in three PCR-amplified fragments. Briefly, two cDNA fragments

that were previously cloned into pGEM-T Easy for consensus

sequencing of snail NALCN (see above), were combined into a

large 2925 bp fragment corresponding to the invariable C-

terminal coding sequence of snail NALCN. These were joined

by inserting a HindIII-SacI-digested insert DNA fragment of the

LNALCN R5 subclone into the same restriction enzyme sites in

the LNALCN R4 subclone. This assembled DNA was then cloned

into the pIRES2- DsRed2 vector via BamHI sites flanking the

insert. Large N-terminal portions of the two NALCN splice

variants (,3500 bp) were then PCR-amplified from adult CNS

made using a NALCN-specific primer (LNALCN-RT 39) (Table
S1). Nested PCR pairs (LNALCN S1 59 1 plus LNALCN S1 39,

and LNALCN S1 59 2 plus LNALCN S1 39) (Table S1) allowed

for direct cloning of the PCR product into the pIRES2-DsRed2

harbouring the C-terminal portion of the channel via XhoI and SalI

restriction enzyme sites. Clones were fully sequenced to confirm

the presence of both domain II splice variants and lack of

mutations, and these were transfected into HEK-293T cells to

confirm expression of DsRed2 from the internal ribosome entry

site located downstream of but on the same transcript as the

NALCN insert cDNAs. For N-terminal fusions with EGFP, cloned

LNALCN cDNAs were excised from the corresponding pIRES2

vectors and inserted into the pEGFP-C1 vector (Clontech) via XhoI

and ApaI.

After our initial cloning of the Lymnaea NALCN variants, we

identified a potential missense polymorphism in the cloned cDNAs

in a region common to both EKEE- and NALCN-EEEE

(R1189Q in EKEE; guanosine to adenine substitution). To

produce both the R and Q variants of the Lymnaea NALCN

isoforms, we performed site-directed mutagenesis using the

QuikChange protocol (Agilent Technologies) with primers

LNALCN QC MF 59 and LNALCN QC MF 39 (Table S1), as

per manufacturer’s instructions. The EKEE- and NALCN-EEEE

clones containing an arginine (R) at position 1189 were used for

Figure 7, and the clones with a glutamine (Q) in this position

were used for Figure 8.

Cloning of human Unc-80
Primers pairs were designed to amplify the entire coding region

of the human Unc-80 cDNA in 4 partial fragments designated

PCR-H1 to PCR-H4 (Table S1). Reverse transcription was

performed using 5 mg of total RNA from human brain (Clontech)

with Superscript III reverse transcriptase (Invitrogen) and

50 pmoles of random hexamers (Invitrogen), according to the

manufacturer. PCR was performed using a mix of 2.5 Units of

Taq DNA Polymerase (Invitrogen) and 2.5 Units of Pfu Turbo

DNA Polymerase (Stratagene) with 50 pmoles of each primer,

2 mL of the reverse transcription product, 0.2 mM of equimolar

dNTP mix, buffer (20 mM Tris-HCl pH 8.4, 50 mM KCl), in a

final volume of 50 mL. The PCR fragments were cloned in the

cloning vector pCR2.1 using the TA cloning kit (Invitrogen) and

several clones were sequenced on both strands. The Unc-80

cDNA was constructed using unique restriction sites and

subsequently subcloned into the mammalian expression vector

pIRES2-EGFP (Clontech).

Transfections and electrophysiological recordings of snail
NALCN

Mammalian cells (HEK-293T) were cultured as previously

described [43]. For transfection of snail NALCN, fully confluent

cells in a 6 mL vented flask were detached using warm Trypsin

(Sigma-Aldrich) and split 1:4 into 35 mm culture dishes containing

Dulbecco’s Modified Eagle’s Medium (DMEM) supplemented

with 10% fetal bovine serum (FBS; Sigma) and 100 mM sodium

pyruvate (Sigma-Aldrich). After over-night incubation at 37uC to

permit cell adhesion and recovery, transfections were prepared by

combining 10 mL of Lipofectamine 2000 (Invitrogen), 1 mg of

either SNAIL NALCN in pIRES2-DsRed2 or pIRES2-DsRed2 as

control (Promega), 1 mg of human Unc-80 in pIRES2-EGFP, and

1 mg of constitutively active SRC kinase SRC Y529F in a

pUSEamp vector (kindly provided by Dr. Dejian Ren) in

1.5 mL of OptiMEM (Sigma-Aldrich). Reagents were then

incubated for 20 minutes, applied to the cells dropwise, and cells

were incubated at 37uC for 4–6 hours, washed 16 with warm

supplemented DMEM lacking antibiotics, and incubated over-

night at 37uC in the same media used for the wash. The next day,

the media was replaced with the same but also containing

penicillin/streptomycin (Sigma-Aldrich; as per manufacturer), and

cells were transferred to 28uC. After 1–2 days, transfected cells

were detached by trypsinization (as above) and plated onto 2 mL

round culture dishes containing 2 mL of supplemented DMEM

and incubated at 37uC for 1–3 hours to allow cells to attach to the

substrate and recover prior to electrophysiological recording.

Whole-cell patch clamp technique was performed as reported

previously [26,42–45] using as external bath solution (in mM; all

chemicals from Sigma): 150 NaCl, 3.5 KCl, 1 MgCl2, 1.2 CaCl2,

20 glucose, and 10 HEPES (pH 7.4 with NaOH) with a measured

osmolarity of ,320 mOsm/L. For replacement of external

sodium, 150 mM NaCl was replaced with 150 mM NMDG+,

where the pH was adjusted with HCl and the osmolarity was also

measured at ,320 mOsm/L. Gadolinium (Gd3+) was freshly

diluted to 10 mM in 150 mM sodium external just prior all

experiments. The internal solution contained (in mM): 150 Cs+,

120 MES, 10 NaCl, 10 EGTA, 4 CaCl2, 0.3 Na2GTP, 2 Mg-ATP,

and 10 HEPES pH 7.4 with CsOH (,300 mOsm/L). Recordings

were done at room temperature, with patch pipettes bearing

resistances between 2 to 5 MV, and patches had typical access

resistances between 4 to 6 MV. Series resistance was compensated

to 70% (prediction and correction; 10-ms time lag).

Western Blotting
EGFP-LNALCN and pEGFP-C1 transfected HEK-293T cells

were directly lysed in 26 sample buffer (10% glycerol (v/v), 1%

SDS, 50 mM DTT and 62.5 mM Tris pH 6.8), and 25 mL

aliquots of each protein sample were separated on 7.5% SDS-

PAGE gels. Proteins were transferred to a 0.45 mm PROTRANH
nitrocellulose membrane (WhatmanH) and blocked in Tween-20

Tris-buffered saline (TTBS) containing 5% skim milk powder (w/

v). The membrane was then incubated with a-GFP antibody

(Amsbio; 1:2000 in TTBS with 5% milk) overnight a 4uC, washed

the next day 2615 minutes with TTBS, then incubated with
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1:1500 goat a-rabbit HRP (Jackson ImmunoResearch Laborato-

ries, Inc.) at room temperature for 3 hours. Membrane was

subsequently washed 3615 min with TTBS, HRP-activated

chemiluminescence was detected using the Super Signal West

Pico Chemiluminescent system (Pierce Chemical).

Immunocytochemistry of sections of the Lymnaea
central nervous system

The snail NALCN polyclonal antibody was generated using

15mer SYRSVDIRKSLQLEE C-terminal peptide sequence of

NALCN coupled to KLH, and raised in rabbits. Central nervous

systems from snails were dissected and fixed in 1% paraformal-

dehyde and 1% acetic acid, and embedded in paraffin. Seven mm

sections were immunocytochemically stained with LNALCN

antiserum with a procedure described previously [46].

qPCR of Lymnaea tissues
Developmental schedules of Lymnaea, as well as the methods

used for both qPCR and semi-quantitative RT-PCR have been

described previously in detail [26,42]. Briefly, mRNA for qPCR

analyses was extracted from 50–75% and 100% embryos, grouped

according to morphological features of embryonic animals within

egg capsules [47], and shell length of juvenile vs. adult snails (1–

1.5 cm and 2–2.5 cm respectively) [48]. Lymnaea transcripts were

amplified by quantitative RT-PCR (qPCR) with primers designed

against an invariable portion of the snail NALCN cDNA (i.e.

LNALCN qPCR UNV 59 and LNALCN qPCR UNV 39) (Table
S1), as well as primers specific for each of the domain II splice

isoform (LNALCN DIIK 59 plus LNALCN DIIK 39, and

LNALCN DIIE 59 plus LNALCN DIIE 39 (Table S1). qPCR

transcripts were normalized against standards, actin, SDHA and

HPRT1 (Table S1). Cycle threshold (CT) values for the HPRT1

gene produced the lowest stability value (i.e. 0.098) using

NormFinder software [49], indicating its suitability as a reference

gene. Expression levels of genes/isoforms were normalized relative

to HPRT1 using the ratio [50]: (Etarget gene)
DCTtarget gene/

(EHPRT1)DCTHPRT1. Amplicons ranged from 102 to 145 bp,

producing single products (as determined by melting curve

analysis and visualization of electrophoresed qPCR products on

ethidium bromide-stained agarose gels), with PCR efficiencies (E)

ranging from 89.9 to 100.6% (Table S1), using 1:5 serial dilutions

of pooled cDNA from all RNA extracts as template. qPCR

reactions were carried out in quadruplicate, and standardized

between 96 well plate samples with primers against HPRT1.

Reverse Northern blotting
For reverse Northern blot analyses, soma-ablated axons

adhered to culture dishes were rinsed three times in sterile saline

before cultured axons were bathed and lifted from the adhesive

substrate by trituration in Trizol reagent (Invitrogen). Subsequent

to Trizol extraction, total RNA (200 ng) was amplified by

SMART cDNA synthesis (Clontech). 32P-labeled/PCR-amplified

cDNA inserts were served as probes on blots spotted with DNA

plasmids (200 ng) on a Hybond-N nylon membrane (Amersham

Biosciences) coding for DNA fragments of Lymnaea calcium

channel and NALCN clones (GenBank accession number,

corresponding to the amino acid sequences, LCav1 (AF484079

[GenBank], 373–670) [45,51,52], LCav2 (AF484082 [GenBank] ,

302–621) [44,53], LCav3 (AF484084 [GenBank], 848–1111)

[26,42], LNALCN (JQ806355 [GenBank], 4525–5285) [40] and

subsequently imaged via a PhosphorImager (Bio-Rad).

Supporting Information

Appendix S1 Annotated genomic sequences of exons
flanking Exon 15 in NALCN channels. NALCN orthologs

spanning exon 15 from different Phyla (Porifera, Placozoa,

Cnidaria, Platyhelminthes, Nematoda, Arthropoda, Mollusca,

Annelida, Hemichordata, Chordata) were gathered by BLAST

data-mining of available genomic databases NCBI (Bethesda,

MD), Joint Genome Institute, Department of Energy and

University of California (DOE-JGI), Washington University in

St. Louis (Genome Institute at WUSTL), Baylor College (HGSC),

Broad Institute of MIT and Harvard.

(DOCX)

Appendix S2 Annotated genomic sequences of exons
flanking Exon 31 in NALCN channels. NALCN orthologs

spanning exon 31 from different Phyla (Porifera, Placozoa,

Cnidaria, Platyhelminthes, Nematoda, Arthropoda, Mollusca,

Annelida, Hemichordata, Chordata)were gathered by BLAST

data-mining of available genomic databases NCBI (Bethesda,

MD), Joint Genome Institute, Department of Energy and

University of California (DOE-JGI), Washington University in

St. Louis (Genome Institute at WUSTL), Baylor College (HGSC),

Broad Institute of MIT and Harvard.

(DOCX)

Table S1 DNA primers sequences for Lymnaea NALCN
and human UNC-80 used in cDNA synthesis, DNA
sequencing and mRNA quantitation (qPCR).

(DOCX)

Author Contributions

Conceived and designed the experiments: AS AM JvM JDS. Performed the

experiments: AS AM JvM JDS. Analyzed the data: AS AM JvM JDS.

Contributed reagents/materials/analysis tools: AM JvM ABS JDS. Wrote

the paper: AS AM JvM ABS JDS.

References

1. Miller HM (1934) Sex-linked mutant characters induced by X-ray dosage of

5000 r-u. Drosophila Information Service 2: 9.

2. Nash HA, Scott RL, Lear BC, Allada R (2002) An unusual cation channel

mediates photic control of locomotion in Drosophila. Curr Biol 12: 2152–2158.

S0960982202013581 [pii].

3. Lee JH, Cribbs LL, Perez-Reyes E (1999) Cloning of a novel four repeat protein

related to voltage-gated sodium and calcium channels. FEBS Lett 445: 231–236.

S0014-5793(99)00082-4 [pii].

4. Lu B, Su Y, Das S, Liu J, Xia J, et al. (2007) The neuronal channel NALCN

contributes resting sodium permeability and is required for normal respiratory

rhythm. Cell 129: 371–383. S0092-8674(07)00327-3 [pii];10.1016/

j.cell.2007.02.041 [doi].

5. Snutch TP, Monteil A (2007) The sodium ‘‘leak’’ has finally been plugged.

Neuron 54: 505–507. S0896-6273(07)00339-X [pii];10.1016/j.neu-

ron.2007.05.005 [doi].

6. Swayne LA, Mezghrani A, Varrault A, Chemin J, Bertrand G, et al. (2009) The

NALCN ion channel is activated by M3 muscarinic receptors in a pancreatic

beta-cell line. EMBO Rep 10: 873–880. embor2009125 [pii];10.1038/

embor.2009.125 [doi].

7. Bouhours M, Po MD, Gao S, Hung W, Li H, et al. (2011) A co-operative

regulation of neuronal excitability by UNC-7 innexin and NCA/NALCN leak

channel. Mol Brain 4: 16. 1756-6606-4-16 [pii];10.1186/1756-6606-4-16 [doi].

8. Jospin M, Watanabe S, Joshi D, Young S, Hamming K, et al. (2007) UNC-80

and the NCA ion channels contribute to endocytosis defects in synaptojanin

mutants. Curr Biol 17: 1595–1600. S0960-9822(07)01853-2 [pii];10.1016/

j.cub.2007.08.036 [doi].

9. Yeh E, Ng S, Zhang M, Bouhours M, Wang Y, et al. (2008) A putative cation

channel, NCA-1, and a novel protein, UNC-80, transmit neuronal activity in C.

elegans. PLoS Biol 6: e55. doi:10.1371/journal.pbio.0060055. 07-PLBI-RA-

2885 [pii];10.1371/journal.pbio.0060055 [doi].

NALCN’s Alternative Ca and Na Selectivity Filters

PLOS ONE | www.plosone.org 15 January 2013 | Volume 8 | Issue 1 | e55088



10. Lear BC, Lin JM, Keath JR, McGill JJ, Raman IM, et al. (2005) The ion

channel narrow abdomen is critical for neural output of the Drosophila
circadian pacemaker. Neuron 48: 965–976. S0896-6273(05)00941-4

[pii];10.1016/j.neuron.2005.10.030 [doi].

11. Lu TZ, Feng ZP (2011) A sodium leak current regulates pacemaker activity of
adult central pattern generator neurons in Lymnaea stagnalis. PLoS One 6:

e18745. doi:10.1371/journal.pone.0018745. 10.1371/journal.pone.0018745
[doi].

12. Humphrey JA, Hamming KS, Thacker CM, Scott RL, Sedensky MM, et al.

(2007) A putative cation channel and its novel regulator: cross-species
conservation of effects on general anesthesia. Curr Biol 17: 624–629. S0960-

9822(07)01014-7 [pii];10.1016/j.cub.2007.02.037 [doi].
13. Pierce-Shimomura JT, Chen BL, Mun JJ, Ho R, Sarkis R, et al. (2008) Genetic

analysis of crawling and swimming locomotory patterns in C. elegans. Proc Natl
Acad Sci U S A 105: 20982–20987. 0810359105 [pii];10.1073/

pnas.0810359105 [doi].

14. Sinke AP, Caputo C, Tsaih SW, Yuan R, Ren D, et al. (2011) Genetic analysis of
mouse strains with variable serum sodium concentrations identifies the Nalcn

sodium channel as a novel player in osmoregulation. Physiol Genomics 43: 265–
270. physiolgenomics.00188.2010 [pii];10.1152/physiolgenomics.00188.2010

[doi].

15. Lu B, Su Y, Das S, Wang H, Wang Y, et al. (2009) Peptide neurotransmitters
activate a cation channel complex of NALCN and UNC-80. Nature 457: 741–

744. nature07579 [pii];10.1038/nature07579 [doi].
16. Lu B, Zhang Q, Wang H, Wang Y, Nakayama M, et al. (2010) Extracellular

calcium controls background current and neuronal excitability via an UNC79-
UNC80-NALCN cation channel complex. Neuron 68: 488–499. S0896-

6273(10)00756-7 [pii];10.1016/j.neuron.2010.09.014 [doi].

17. Heinemann SH, Terlau H, Stuhmer W, Imoto K, Numa S (1992) Calcium
channel characteristics conferred on the sodium channel by single mutations.

Nature 356: 441–443. 10.1038/356441a0 [doi].
18. Lipkind GM, Fozzard HA (2008) Voltage-gated Na channel selectivity: the role

of the conserved domain III lysine residue. J Gen Physiol 131: 523–529.

jgp.200809991 [pii];10.1085/jgp.200809991 [doi].
19. Tikhonov DB, Zhorov BS (2011) Possible roles of exceptionally conserved

residues around the selectivity filters of sodium and calcium channels. J Biol
Chem 286: 2998–3006. M110.175406 [pii];10.1074/jbc.M110.175406 [doi].

20. Talavera K, Nilius B (2006) Biophysics and structure-function relationship of T-
type Ca2+ channels. Cell calcium 40: 97–114. S0143-4160(06)00080-7

[pii];10.1016/j.ceca.2006.04.013 [doi].

21. Spafford JD, Spencer AN, Gallin WJ (1998) A putative voltage-gated sodium
channel alpha subunit (PpSCN1) from the hydrozoan jellyfish, Polyorchis

penicillatus: structural comparisons and evolutionary considerations. Biochem
Biophys Res Commun 244: 772–780. S0006-291X(98)98332-2 [pii];10.1006/

bbrc.1998.8332 [doi].

22. Grigoriev NG, Spafford JD, Przysiezniak J, Spencer AN (1996) A cardiac-like
sodium current in motor neurons of a jellyfish. J Neurophysiol 76: 2240–2249.

23. Schlief T, Schonherr R, Imoto K, Heinemann SH (1996) Pore properties of rat
brain II sodium channels mutated in the selectivity filter domain. Eur Biophys J

25: 75–91.
24. Locke EG, Bonilla M, Liang L, Takita Y, Cunningham KW (2000) A homolog

of voltage-gated Ca2+ channels stimulated by depletion of secretory Ca2+ in

yeast. Mol Cell Biol 20: 6686–6694.
25. Payandeh J, Scheuer T, Zheng N, Catterall WA (2011) The crystal structure of a

voltage-gated sodium channel. Nature 475: 353–358. nature10238
[pii];10.1038/nature10238 [doi].

26. Senatore A, Spafford JD (2012) Gene transcription and splicing of T-Type

channels are evolutionarily conserved strategies for regulating channel
expression and gating. PLoS One 7: e37409. doi:10.1371/journal.pone.

0037409.
27. Spafford JD, Spencer AN, Gallin WJ (1999) Genomic organization of a voltage-

gated Na+ channel in a hydrozoan jellyfish: insights into the evolution of voltage-

gated Na+ channel genes. Receptors Channels 6: 493–506.
28. Anderson PA, Holman MA, Greenberg RM (1993) Deduced amino acid

sequence of a putative sodium channel from the scyphozoan jellyfish Cyanea
capillata. Proc Natl Acad Sci U S A 90: 7419–7423.

29. Hille B (2001) Ion channels of excitable membranes. Sinauer Associates.
30. Catterall WA (2010) Signaling complexes of voltage-gated sodium and calcium

channels. Neurosci Lett 486: 107–116. S0304-3940(10)01177-8 [pii];10.1016/

j.neulet.2010.08.085 [doi].
31. Ramsey IS, Delling M, Clapham DE (2006) An introduction to TRP channels.

Annu Rev Physiol 68: 619–647. 10.1146/annurev.physiol.68.040204.100431
[doi].

32. Enyedi P, Czirjak G (2010) Molecular background of leak K+ currents: two-pore

domain potassium channels. Physiol Rev 90: 559–605. 90/2/559 [pii];10.1152/
physrev.00029.2009 [doi].

33. Cai X (2008) Unicellular Ca2+ signaling ‘toolkit’ at the origin of metazoa. Mol

Biol Evol 25: 1357–1361. msn077 [pii];10.1093/molbev/msn077 [doi].

34. Bannister RA, Papadopoulos S, Haarmann CS, Beam KG (2009) Effects of

inserting fluorescent proteins into the alpha1S II-III loop: insights into

excitation-contraction coupling. J Gen Physiol 134: 35–51. jgp.200910241

[pii];10.1085/jgp.200910241 [doi].

35. Hiyama TY, Watanabe E, Okado H, Noda M (2004) The subfornical organ is

the primary locus of sodium-level sensing by Na(x) sodium channels for the

control of salt-intake behavior. J Neurosci 24: 9276–9281. 24/42/9276

[pii];10.1523/JNEUROSCI.2795-04.2004 [doi].

36. Wicher D, Messutat S, Lavialle C, Lapied B (2004) A new regulation of non-

capacitative calcium entry in insect pacemaker neurosecretory neurons.

Involvement of arachidonic acid, no-guanylyl cyclase/cGMP, and cAMP.

J Biol Chem 279: 50410–50419. 10.1074/jbc.M405800200 [doi];M405800200

[pii].

37. Singaram VK, Somerlot BH, Falk SA, Falk MJ, Sedensky MM, et al. (2011)

Optical reversal of halothane-induced immobility in C. elegans. Curr Biol 21:

2070–2076. S0960-9822(11)01203-6 [pii];10.1016/j.cub.2011.10.042 [doi].

38. Campbell DB, Nash HA (1994) Use of Drosophila mutants to distinguish among

volatile general anesthetics. Proc Natl Acad Sci U S A 91: 2135–2139.

39. Morgan PG, Kayser EB, Sedensky MM (2007) C. elegans and volatile

anesthetics. WormBook 1–11. 10.1895/wormbook.1.140.1 [doi].

40. Spafford JD, Munno DW, van NP, Feng ZP, Jarvis SE, et al. (2003) Calcium

channel structural determinants of synaptic transmission between identified

invertebrate neurons. J Biol Chem 278: 4258–4267. 10.1074/jbc.M211076200

[doi];M211076200 [pii].

41. Chomczynski P, Sacchi N (1987) Single-step method of RNA isolation by acid

guanidinium thiocyanate-phenol-chloroform extraction. Anal Biochem 162:

156–159. 10.1006/abio.1987.9999 [doi];0003-2697(87)90021-2 [pii].

42. Senatore A, Spafford JD (2010) Transient and big are key features of an

invertebrate T-type channel (LCav3) from the central nervous system of

Lymnaea stagnalis. J Biol Chem 285: 7447–7458. M109.090753 [pii];10.1074/

jbc.M109.090753 [doi].

43. Senatore A, Boone AN, Spafford JD (2011) Optimized transfection strategy for

expression and electrophysiological recording of recombinant voltage-gated ion

channels in HEK-293T cells. J Vis Exp 47: pii: 2314. doi: 10.3791/2314. 2314

[pii];10.3791/2314 [doi].

44. Huang X, Senatore A, Dawson TF, Quan Q, Spafford JD (2010) G-proteins

modulate invertebrate synaptic calcium channel (LCa(v)2) differently from the

classical voltage-dependent regulation of mammalian Ca(v)2.1 and Ca(v)2.2

channels. J Exp Biol 213: 2094–2103. 213/12/2094 [pii];10.1242/jeb.042242

[doi].

45. Senatore A, Boone A, Lam S, Dawson TF, Zhorov B, et al. (2011) Mapping of

dihydropyridine binding residues in a less sensitive invertebrate L-type calcium

channel (LCav1). Channels (Austin) 5: 173–187. 15141 [pii];10.4161/

chan.5.2.15141 [doi].

46. De Lange RP, van Golen FA, van Minnen J (1997) Diversity in cell specific co-

expression of four neuropeptide genes involved in control of male copulation

behaviour in Lymnaea stagnalis. Neuroscience 78: 289–299. S0306452296005763

[pii].

47. Marois R, Croll RP (1992) Development of serotoninlike immunoreactivity in

the embryonic nervous system of the snail Lymnaea stagnalis. J Comp Neurol 322:

255–265.

48. McComb C, Varshney N, Lukowiak K (2005) Juvenile Lymnaea ventilate, learn

and remember differently than do adult Lymnaea. J Exp Biol 208: 1459–1467.

208/8/1459 [pii];10.1242/jeb.01544 [doi].

49. Andersen CL, Jensen JL, Orntoft TF (2004) Normalization of Real-Time

Quantitative Reverse Transcription-PCR Data: A Model-Based Variance

Estimation Approach to Identify Genes Suited for Normalization, Applied to

Bladder and Colon Cancer Data Sets. Cancer research 64: 5245–5250.

50. Pfaffl MW (2001) A new mathematical model for relative quantification in real-

time RT-PCR. Nucleic acids research 29: e45.

51. Spafford JD, Munno DW, van NP, Feng ZP, Jarvis SE, et al. (2003) Calcium

channel structural determinants of synaptic transmission between identified

invertebrate neurons. J Biol Chem 278: 4258–4267. 10.1074/jbc.M211076200

[doi];M211076200 [pii].

52. Spafford JD, Dunn T, Smit AB, Syed NI, Zamponi GW (2006) In vitro

characterization of L-type calcium channels and their contribution to firing

behavior in invertebrate respiratory neurons. J Neurophysiol 95: 42–52.

00658.2005 [pii];10.1152/jn.00658.2005 [doi].

53. Spafford JD, Chen L, Feng ZP, Smit AB, Zamponi GW (2003) Expression and

modulation of an invertebrate presynaptic calcium channel alpha1 subunit

homolog. J Biol Chem 278: 21178–21187. 10.1074/jbc.M302212200

[doi];M302212200 [pii].

NALCN’s Alternative Ca and Na Selectivity Filters

PLOS ONE | www.plosone.org 16 January 2013 | Volume 8 | Issue 1 | e55088


