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ALCN is an intriguing, orphan ion

channel among the 4x6TM family
of related voltage-gated cation channels,
sharing a common architecture of four
homologous domains consisting of six
transmembrane helices, separated by
three cytoplasmic linkers and delimited
by N- and C-terminal ends. NALCN
is one of the shortest 4x6TM family
members, lacking much of the variation
that provides the diverse palate of gat-
ing features, and tissue specific adapta-
tions of sodium and calcium channels.
NALCN’s most distinctive feature is
that that it possesses a highly adaptable
pore with a calcium-like EEEE selectiv-
ity filter in radially symmetrical animals
and a more sodium-like EEKE or EKEE
selectivity filter in bilaterally symmetri-
cal animals including vertebrates. Two
lineages of animals evolved alternative
calcium-like EEEE and sodium-like
EEKE/EKEE pores, spliced to regulate
NALCN functions in differing cellular
environments, such as muscle (heart and
skeletal) and secretory tissue (brain and
glands), respectively. A highly adapt-
able pore in an otherwise conserved
ion channel in the 4x6TM channel
family is not consistent with a role for
NALCN in directly gating a signifi-
cant ion conductance that can be either
sodium ions or calcium ions. NALCN
was proposed to be an expressible Gd**-
sensitive, NMDG*-impermeant, non-
selective and ohmic leak conductance
in HEK-293T cells, but we were unable
to distinguish these reported currents
from leaky patch currents (I,;) in con-
trol HEK-293T cells. We suggest that
NALCN functions as a sensor for the
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much larger UNC80/UNC79 complex,
in a manner consistent with the coupling
mechanism known for other weakly or
non-conducting 4x6TM channel sen-
sor proteins such as Na_or Ca 1.1. We
propose that NALCN serves as a vari-
able sensor that responds to calcium or
sodium ion flux, depending on whether
the total cellular current density is gen-
erated more from calcium-selective or
sodium-selective channels.

A Brief History
of NALCN Research

Hermann J. Muller, in the 1930s, came
across the mutant “narrow abdomen”
or “na” allele of what has been dubbed
NALCN or sodium leak channel, non-
selective' while cataloguing phials of fruit
fly progeny derived from males subject to
relatively high doses of radiation crossed
with virgin females.” Six decades later,
Howard A. Nash rediscovered Muller’s
narrow abdomen phenotype in muta-
genized flies that were especially sluggish
in climbing up the side of the fly phial in
response to halothane anaesthetic.® The
hypersensitive fly mutants mapped to an
unusual four repeat channel, whose rat
homolog had been cloned by Dr Edward
Perez-Reyes’ lab at the University of
Virginia, a year earlier in 1999. NALCN
has been labeled also as “Voltage-
Independent  Sodium  Channel 2.17
(Na,,2.1)° and “Voltage-Gated Channel-
Like Protein 1” (VGCNLI1) in mammals,®
“Unknown- or U-type” (DmalU) in
Drosophila’ and nematode cation chan-
nel (nca-1/nca-2) in C. elegans.® NALCN
(NA Leak Channel) received its official
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designation when one research group
reported its function as a non-selective,
sodium leak conductance channel, after
countless others tried similar experiments
for more than a decade.! The features of
the reported sodium leak currents are
equally present in native HEK-293T cells
without expressing a NALCN gene and its
associated UNC79 or UNCS80 subunits or
SRC kinase.” The reported ohmic, linear
current is identical to a leak patch cur-
rent from an imperfect whole cell patch
clamp seal' that can be corrected for by
online P/N leak subtraction.!® The inward
sodium current of a leaky patch has
NALCN’s reported characteristic of dis-
appearing when NMDG* replaces exter-
nal sodium ions and blockade of NALCN
with 10 wM Gd**.? Ten micromolars Gd**
dramatically improves the membrane seals
of native HEK-293T and other patched
cells, mimicking the apparent block of
a linear, non-selective conductance.” If
10 WM Gd** targets a specific linear con-
ductance through a membrane channel
protein, it would be hard to distinguish
this current from membrane seal changes
in a whole cell patch.

NALCN is attractive as a sodium
leak conductance because structurally
NALCN appears as a cation channel,
which is voltage-independent and has the
appearance of a non-selective type pore
that is in between sodium and calcium
channels. Furthermore, a missing sodium
conductance is the simplest explanation for
the hyperpolarized plasma membranes in
animal mutants that lack NALCN chan-
nels such as C. elegans,*'"'* Drosophila,>"
snails'® and mammals.! Many publications
now have ascribed 10 puM Gd?**-sensitive
sodium leak currents as confirmation of
the presence of NALCN, on the assump-
tion that 10 wM Gd** is a blocker of a
NALCN conductance. We propose an
alternative possibility, that NALCN is a
weakly conducting or non-conducting
channel. We glean clues as to the func-
tion of NALCN from the structural and
evolutionary history of this intriguing ion
channel and also collate all the common
observations of NALCN mutants in C.
elegans, Drosophila and mice. We come to
a conclusion that NALCN might function
as a variable calcium and sodium sensor
protein.
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Structural Features
of NALCN, Calcium Channels
and Sodium Channels

The origin of 4x6TM channels. The
orphan NALCN and the 20 calcium
and sodium channel mammalian genes
belong to a structurally related superfam-
ily of voltage-gated cation channels with
24 membrane spanning o helices. Each
cation channel is a large single polypep-
tide of ~1,700 to ~2,900 amino acids of
four homologous domains (DI, DII, DIII,
DIV) chained together by cytoplasmic
linkers, with each domain containing six
transmembrane helices (4x6TM) (Fig. 1)
that is typified to a subunit of a “Shaker”-
type voltage-gated potassium channel
gene (1x6TM), which forms tetramers
of four different expressed subunits. The
close kinship of Domains II and Domains
IV, and Domains I and III, is evidence
that all members of the 4x6TM fam-
ily emerge from a likely common single
domain ancestor, followed by a period
of divergence of the domains and fol-
lowed by another repeated duplication
and period of divergence before speciation
into the 21 4x6TM channels consisting of
NALCN, sodium and calcium channels.™
4x6TM cation channels are found in pho-
tosynthetic green algae,” and there is also
a single calcium transporter in yeast'® but
not found in bacteria, suggesting that the
4x6TM family may have arose in basal
eukaryotes, perhaps more than once.
Single-celled organisms can possess both
an L-type channel and a sodium chan-
nel,” but the earliest NALCN is found in
multicellular organisms without a tissue
level organization like sponges.'®

The voltage sensor. The 6TM domain
contributes to one quadrant of the 4x6TM
cation channel pore and consists of two
interdependent but separate modules, a
voltage-sensor domain (transmembrane
segments S1 to S4) and a pore domain
(segments S5 and S6). The voltage-sens-
ing S4 helix has repeating positive charges
(of Lys* and Arg" amino acid residues) and
an amphipathic S4-S5 linker that couples
the S4 helix to gating (opening/closing) of
the pore domain in response to membrane
voltage changes.” All NALCN channels
from simple multicellular organisms with-
out a tissue level organization (sponge)
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to humans have a similar distribution of
charges in S4 helices, albeit reduced com-
pared with most sodium and calcium
channels. The fewer positive changes in
the S4 helix of NALCN resemble non-
voltage gated channels such as yeast
calcium transporter Cchlp'® and the non-
conducting salt sensor, Na '® (Fig. SI).
It should be noted that not all S4 helices
of all four domains contribute equally to
voltage-sensitive activation gating, and the
consequences to gating depends on both
the domain and position of the missing
charges in the S4 helices. NALCN also
has conserved counter-charges in S2 and
S3 segments of the voltage-sensor domain,
and an amphipathic S4-S5 linker which
is critical for the mobility of the voltage-
sensor of calcium and sodium chan-
nels (Fig. S1). NALCN and salt sensor
Na_ may have altered voltage-sensitivity,
but the level of conservation of cationic
charges and countercharges in the voltage
sensor domain suggest that NALCN and
Na_possess a mobile $4 helix like conven-
tional voltage-gated sodium and calcium
channels. Overexpression of a gain-of-
function NALCN mutation causes over-
excitability, with the mutation located in
a hotspot location for gain-of-function
alleles associated with altered gating of
voltage-gated channels, such as slowing of
inactivation.®'"? The NALCN gain-of-
function mutation is in the proximal I-II
linker adjacent to the IS6 transmembrane
domain (Domain I, segment 6), where
gating modifiers such as B subunits of
Ca 1 and Ca 2 calcium channels are cou-
pled to a rigid post 1S6 helix,?" and where
a “gating brake” of Ca 3 calcium channels
is located.?? The existence of this NALCN
mutation within a hotspot region associ-
ated with gating behavior, which produces
an over-excitability phenotype, leads us to
speculate that NALCN may have a mobile
voltage-sensor to mediate its functional
activation.

Models for pore selectivity. The pore
domain is formed by re-entrant cyto-
plasmic loops spanning the S5 and S6
membrane helices of all four domains,
containing a signature selectivity filter
that dictates the relative permeability
to sodium, calcium or potassium ions.
Contributing S6 helices of each domain
line the inner pore below the selectivity
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Figure 1. Alternative splicing in NALCN generates selectivity filters that resemble a calcium channel pore (EEEE) or sodium channel pore (EKEE/EEKE),
by alternative splicing of either exon 15 or exon 31 in different animal lineages.

filter and form a C-terminal helical bundle
that meet like an inverted teepee serving
as a channel gate to occlude ion passage at
their cytoplasmic ends.?

X-ray from  Roderick
Mackinnon elegantly illustrate the con-
cept of potassium channel permeation.?
The potassium selectivity filter is made
up of four rigid amino acid backbones
that together mimic the hydration shell
oxygen atoms surrounding potassium ions
in solution.”* Optimized arrangement of
surrogate oxygen groups lining the pore
selectivity filter provides passage that is
only energetically favorable for dehydrated
potassium ions to permeate.? The selec-
tivity of sodium and calcium channels and
NALCN is much more ambiguous because
it is governed by protruding and flexible,
amino acid side chains of selectivity filter
residues in the pore, which produce a wider
and shorter pore than the potassium chan-
nel, according to the X-ray structures of
Na Ab, a 1x6TM bacterial sodium chan-
nel crystalized by Bill Catterall and col-
leagues.” Also notably different from the
potassium permeation through potassium

structures

channels is that sodium ions are expected
to permeate the pore of sodium channels
in a semi-hydrated® or hydrated state.”

62

Selectivity filter residues of calcium
and sodium pores. The selectivity filter
residues for ion permeation are located at
the most constrictive point of the “hour-
glass” re-entrant (Pore-) P-loops between
segments 5 and segments 6 of all four
domains (Fig. 1). The three lineages of
4x6TM channels (Ca, Na and NALCN)
appear to follow universal rules, almost
without exception, in eight established
pore configurations, including Ca*-
selective channels with negatively-charged
glutamates and aspartates (EEEE, EDEE,
EEDD, DEEA) and Na*-selective chan-
nels with a positively-charged lysine (K)
in either the 2" or 3 domain (EKEE,
EEKE, DKEA, DEKA) (Fig. 2). While
these four residues play critical roles in
governing sodium and calcium selectivity
of 4x6TM channels, each re-entrant pore
is not equal in its contribution as in sym-
metrical (homo-multimeric) potassium
channels, and furthermore the divergent
residues of the re-entrant P-loops outside
of the selectivity filter residues also can
influence ion selectivity.??

The selectivity filter consists of dipole
pairs of characteristic negatively charged
glutamate residues projecting into pore,
providing an EEEE selectivity filter

Channels

generating the highly calcium-selective
filter ubiquitously featured in all Ca 1 and
Ca 2 calcium channels.”®* Invertebrates
express a unique, calcium-selective Na 2
channel with a DEEA pore.*® A more
sodium selective channel is generated
by replacing the negatively charged glu-
tamate residue with a lysine residue in
either Domain II or Domain II1.>' The
lysine residue governs the highly sodium
selective, DEKA configuration of the
classical Na 1 sodium channels that gen-
erates the upstroke of the action poten-
tial,”®*! and what is considered a slightly
less sodium-selective, DKEA configu-
ration found in Na1 channels of basal
cnidarians.?® NALCN has indeterminate
pores that can both resemble calcium
channels or sodium channels, or both.’
Basal NALCN channels in radially sym-

metrical animals (sponge/Trichoplax/
Cnidaria) all have calcium-like EEEE
pores.”'®

Variability in calcium and sodium
pores of 4x6TM channels. Different
invertebrates groups appear to have
independently evolved NALCN chan-
nels with alternative calcium-like EEEE
and sodium-like EKEE or EEKE pores.’
Alternative EEEE and EKEE pores
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Evolution of calcium and sodium pores in the 4x6TM family
CALCIUM PORE SODIUM PORE
Na,1.1 Na,
Cal.1 Na,21.2 DENA
Ca2.1 Cal2 Ca3it Na,21.5 Na,2.3
Ca2.2 Cal3 Cag3.2 Na21.8 Na/dl.6
Deuterostomes ;73 ca1.4 Cag3.3 NALCN Na,1.9 Na/a1.7 Na,1.4
(vertebrates)  gppr  EEEE  EEDD EEKE DEKA  DEKA DEKA
(non-vertebrates) ~ EEEE  EEEE  EEDD EEEE or EEKE DEKA DEEA
Protostomes Ca2 Cal | Caj3 -I ) I_ NALCN Na,1 Na 2
(lophotrochozoans) ~ EEEE  EEEE | EEDD | Calcium | ggge / EKEE DEKA  DEEA
I | and / or I I |
sodium
Protostomes Ca2 Cal | Cajs pore NALCN Na,1 Na 2
(ecdysozoans) EEEE EEEE EEDD J I_ EEEE / EEKE DEKA DEEA
Basal metazoans Ca2 Cal GCag3 NALCN Na,1
(cnidarians) ~ EEEE  EEEE  EEDD EEEE DKEA
Parazoans Ca,1 NALCN Nav1
(sponges) EEEE EEEE DEEA
Protozoans Cal Navl
(unicellular) EEEE \ Ax6TM / DEEA
ancestor

Figure 2. NALCN's adaptable pore mimics the pores that differentiate the classes of calcium- and sodium-selective channels. NALCN is calcium (EEEE)
pore when Ca and Na, channels are calcium-selective and adapts a sodium pore in animals that have acquired a classical Na 1 DEKA pore. Protostome
invertebrates have promiscuous calcium (EEEE, DEEA, EEDD) and sodium (DEKA, EEKE, EKEE, EEDD) pores for all 4x6TM classes, the Ca , Na, and NALCN
channels. NALCN is limited to a sodium (EEKE) pore in nematodes, insects and vertebrates but is a calcium (EEEE) pore, or can splice in alternative
calcium (EEEE) or sodium (EKEE/EEKE) pore in other animals.

are generated by splicing of mutually-
exclusive, exon 15a/exon 15b isoforms in
lophotrochozoans (mollusks/annelids)
and non-chordate deuterostomes (echi-
noderms/hemichordates) (Fig. 1).” In a
separate evolutionary event within partic-
ular arthropods (myriapods/chelicerates),
alternative splicing of mutually-exclusive,

www.landesbioscience.com

exon 3la/exon 31b, generates alterative
EEEE and EEKE pores for NALCN
(Fig. 1)> NALCN channels are exclu-
sively the sodium-selective EEKE vari-
ant in vertebrates, as well, evidently in
typical invertebrate model organisms, like
Drosophila  (insects) and C.

(nematodes).’

elegans
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Notable NALCN Features

NALCN evolved with the advent of
multicellularity in animals. A NALCN
gene is a required gene in mammals'
and present in every known animal spe-
cies, beginning with the simplest multi-
cellular organisms, such as sponge and
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the placozoan Trichoplax.® Single-celled
organisms closely related to animals lack
NALCN, such as the ciliate paramecium,
which has an EEEE L-type calcium chan-
nel that functions in turning movements,*
and protozoans that have a DEEA Na 1
type sodium channel.” NALCN is in
between sodium and calcium channels
in overall structure and may have evolved
from an ancestral channel resembling the
4x6TM calcium transporter Cchl found
in the sister group to the animals, the
fungi.!”’®

NALCN is linked to the intercon-
nectivity between cells in multicellular
animals. The emergence of NALCN in
primitive multicellular organisms with-
out organized tissues and not single-
celled organisms may relate to a role for
NALCN in the interconnectivity of cells.
Interestingly, NALCN in invertebrates at
least is functionally linked to a gap junc-
tion hemichannel, innexin (UNC7).!

NALCN evolved in a parallel lineage
from ancestral multicellular organisms
and did not emerge from a specialized
branch of sodium channels or calcium
channels. NALCN first appears in extant
relatives of the most basal multicellu-

18,25 and

lar organisms without organs,
thus, evolved differently from the highly-
specialized vertebrate-specific genes like
the non-conducting Na  salt sensor for
the subfornical (a brain circumventricu-
lar) organ® and weakly conducting Ca 1.1
channel for muscle’* Na_ and Cal.l
adapted as sensor proteins for functions
in vertebrates, losing a primary purpose in
ion conduction that was present in their
forbearers that were likely both voltage-
gated and ion conducting, Na 1 and Ca 1
channels in basal organisms respectively.
NALCN is highly conserved in the simple
multicellular organisms which lack organs,
so its fundamental role likely is not associ-
ated within specialized intracellular signal-
ing associated with the organ function.
NALCN has resisted gene duplication
compared with other members of the
4x6TM family and is uniquely, a single
copy gene in most animals. Although
NALCN is required in all multicellu-
lar organisms, and it is noteworthy that
NALCN is mostly a single copy gene
in every animal, with exceptions such
as sponge (Amphimedon), anthozoan
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cnidarian (Nematostella) and nematode
(Caenorbabditis), which
mostly redundant NALCN gene cop-
ies.” While NALCN has largely resisted

increases in gene numbers, sodium and

contain two

calcium channels expanded from five
genes in invertebrates to 20 different
mammalian genes. Many of the mam-
malian sodium and calcium channels are
selectively expressed for different func-
tions in different cells such as skeletal
muscle (Ca 1.1, Na 1.4), neurons (Ca 2.1
and Ca2.2, Nal.l, Nal.z2, Nal.J3,
Na 1.6, Na 1.7, Na 1.8, and Na 1.9), ret-
ina and leukocytes (Ca 1.4), heart muscle
(Na, 1.5), inner hair cells (Ca 1.3) and sub-
fornical organ (Na ).*%
NALCN is a highly

ion channel between animal groups.

conserved

NALCN is more highly conserved across
the whole protein from end to end from
sponges to humans than are other 4x6TM
channels.” Conversely, sodium and cal-
cium channels have undergone an accel-
erated rate of evolution, associated with
the rising complexity of cellular signaling
in higher invertebrates and vertebrates.
NALCN's lack of variability suggests its
general functions have little changed from
its origins in simple multicellular organ-
isms without significant tissue level orga-
nization such as sponge or the placozoan,
Trichoplax.

NALCN protein is short and lacking
of the typical variation in cytoplasmic
regions common in other 4x6TM chan-
nels. 4x6TM channels differ from the tet-
rameric 1x6TM channels in having, single
N- and C-termini and inter-Domain I-II
and II-IIT cytoplasmic linkers serving as
protein interaction platforms adapted
for different intracellular environments.
NALCN is the second shortest 4x6TM
channel in total size (1738 amino acids)
because of the shortness of its cytoplasmic
N- and C-terminal ends and the I-II and
I-IIT linkers.” The shortest full-length
4x6TM channel (1682 amino acids) is
the highly specialized, non-conducting
sodium channel Na_thatservesasasodium
sensor in glial cells and couples to the a
subunit of the Na*/K*-ATPase, to trans-
duce a signal that regulates salt appetite
in the subfornical organ.* The difference
between the largest (LCaV?), 2,886 amino
acids”’) and smallest (Na_* or NALCN’)
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4x6TM channels is an extra ~70% of the
whole channel length. The shortness and
lack of variability in NALCN channel,
specifically in the cytoplasmic regions,
may suggest that NALCN has a more lim-
ited function like the sensor protein Na .

Large UNCS80/UNC79 proteins
coupled to NALCN are unconventional
compared with the small accessory pro-
teins of most voltage-gated channels.
Most of the 4x6TM channels outside of
Ca 3 T-type channels are known to be
associated with accessory subunits. These
subunits in vertebrate calcium channels
(a3, B, ¥)** and sodium channels (B1,
B2, B3, B4)* are smaller than the con-
ducting channel o subunits. These acces-
sory subunits are promiscuous in being
able to bind to several different, related
cation channel types. They serve to facili-
tate membrane expression (and can pre-
vent protein degradation®’) and affect the
biophysical features of the ion conducting
channels in a manner similar to 1x6TM
potassium channel B subunits.? NALCN
channels require accessory subunits for
function too, but these are unlike the
sodium and calcium channel accessory
subunits. NALCN (1738 aa) is associated
with cytoplasmic protein, UNC80, which
is twice its size (3258 aa).>*> UNCSO0 itself
is coupled to UNC79, which is also larger
than NALCN (2635 aa).”” NALCN,
UNCS80 and UNC79 are contiguous
proteins, and the mutant phenotypes of
these three proteins overlap.®%® NALCN
constitutes less than 1/4 of the size of the
NALCN/UNC80/UNC79 complex. The
majority or 3/4 of the size of the NALCN
complex embodies large interconnected,
cytoplasmic  proteins UNC/80 and
UNC?709. A typical sodium channel 3 sub-
unit in comparison is a miniscule, 1/10 of
the size of a voltage-gated sodium channel.
It seems more probable that NALCN is
the external calcium or sodium ion sensor
for the intracellular signaling mechanism
performed by the much larger UNC80/
UNC79 complex, than to conceive of a
model where NALCN functions mostly as
an independently conducting and signal-
ing unit.

NALCN coupling to intracellular
UNC80/UNC79 complex is reminiscent
of known ion sensor proteins, Cavl.l

and Nax. The small NALCN channel
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intimately coupled to a larger UNCS80-
UNCY79 intracellular protein complex is
reminiscent to calcium channel Ca 1.1, for
example, which is adapted as a specialized
voltage-sensing receptor of the T-tubule
junction membrane.®* Cal.1 (1873 aa)
is bi-directionally coupled to a much
larger intracellular sarcoplasmic reticu-
lum’s ryanodine receptor subunit (-5,000
aa).* The calcium entry through Ca 1.1 is
minor, and the channel’s primary purpose
is signaling voltage changes to the massive
web of ryanodine receptor-gated, intracel-
lular calcium, surrounding muscle fibers.**
Of all the 4x6TM channels, NALCN
appears to have more in common with
the non-conducting Na_salt sensor in its
small size, lack of variability and reduced

3 and also similar to the

voltage sensor,
highly specialized and weakly-conducting
voltage sensor protein, Ca 1.1 whose func-
tion is inseparable from the much larger
calcium conducting ryanodine receptor
subunit.>

UNCB80 and UNC79 have not pro-
vided insights into how NALCN works.
So far, no functions are ascribed to
NALCN’s partners UNC80 and UNC79.
UNC80 and UNC79 are highly disor-
dered proteins that likely bear flexible
docking sites for multiple protein interac-
tions. Neither UNC80 nor UNC79 are
classified within known protein families.

A variable sodium and calcium pore
is not consistent with NALCN being
an ion conducting channel. The argu-
ment for NALCN gating a significant ion
conductance on its own (i.e., ionotropic
effect) is difficult to reconcile, when it has
a variable pore for ion selectivity that can
be calcium-selective or sodium-selective in
different animal species.” NALCN can-
not be a ubiquitous sodium leak chan-
nel, when NALCN likely evolved in basal
animals with a calcium-selective EEEE
pore. These simple animals do not possess
a NALCN pore that resembles a sodium
channel EKEE or EEKE. While both
sodium and calcium ions can depolarize
membranes, these are not interchange-
able conductances, where the impact of
the relatively inert and highly abundant
Na* jon serves mostly an electrogenic
role, while Ca?* influx at the same levels
is highly toxic to cells, and serves as an
exquisitely-sensitive signaling molecule.

www.landesbioscience.com

Instead, variability in the pore suggests
that ion permeation is somewhat inconse-
quential for NALCN, which has permit-
ted unprecedented levels of variability in
the selectivity filter without dramatically
impacting the physiology of cells.
NALCN lacks the abundant alterna-
tive-splicing associated with most other
4x6TM channels. Each 4x6TM channel
usually possesses significant (sometimes
> 100 different) alternatively-spliced iso-

forms,°

and many of these are designed
to fine-tune the ion channel gating and
expression characteristics. Sodium and
calcium channels are limited to specified
voltage ranges, which shape their sig-
nal specificity. NALCN lacks the exten-
sive alternative-splicing of other 4x6TM
channels.

A key feature of NALCN is its vari-
able and adaptive pore. Invertebrate
NALCN from snail Lymnaea stagnalis
possess no significant gene splicing other
than the alternative exon that splices in a
novel pore to change ion selectivity.” The
variable and adaptive pore is the distinc-
tive feature of NALCN, as is the variable-
splicing that generates channel gating
changes in voltage-sensitive 4x6TM chan-
nels. Mutually-exclusive splicing to gener-
ate alternative EEEE calcium and EEKE
or EKEE sodium pores evolved twice
independently within the two major
lineages of invertebrates, the lophotro-
chozoans-deuterostomes (mollusks/anne-
lids;
the ecdysozoa (centipedes, arachnids)
(Fig. 1) Evolutionary pressure was pres-
ent to duplicate exons for generating alter-
natively-spliced pores but to also retain
both alternatives pores in many animal
groups including deuterostomes.

Dual alternative NALCN calcium
and sodium pores are adapted for dif-
fering tissue functions in invertebrates.
Expression patterns of the EKEE sodium
pore and the EEEE calcium pore are
equally abundantly-expressed overall
in the snail Lymnaea stagnalis® Snail
NALCN with a sodium pore is most
abundant in secretory brain and glan-
dular tissue, which correlate with cells
containing Na 1 channels and sodium-
dependent membrane fluxes generating

echinoderms/hemichordates) and

action potentials.” Snail calcium pore
is associated with contractile heart and
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skeletal muscle, where there are greater
requirements for general calcium-sens-
ing” The heart of snails, for example,
completely lack sodium-dependent action
potentials and expression of Na 1 sodium
channels.”” NALCN is thus likely work-
ing mostly as a calcium sensor in muscle,
to sense the ion fluxes during contraction
that are mostly carried by calcium ions.

NALCN could still be a regulated
channel even if it were non-conducting
or  weakly-conducting.  Structurally,
NALCN has reduced S4 charges in the
voltage-sensor relative to standard voltage-
gated sodium and calcium channels, but
this is as true for NALCN from the sim-
plest basal animals, such as sponge, as it
is for human NALCN. An overall level of
conservation of cationic charges and coun-
tercharges in the voltage sensor domain,
and conservation of an amphipathic $4-S5
linker (Fig. S1) suggests that NALCN is
like other 4x6TM channels in containing
mobile elements that are triggered upon
activation.

Other known leak conductance chan-
nels are regulated leak channels. It is hard
to imagine NALCN, the singleton sodium
leak channel, as the depolarizing counter-
part to the two-pore, KCNK potassium
leak conductance channels. There are
more than 50 different KCNK genes in
animals, and at least 18 human KCNK
genes.”” KCNK leak conductance chan-
nels are governed by fundamental cellu-
lar conditions such as membrane stretch,
external pH and temperature, are vari-
able in their conductances and are often
rectifying channels.” NALCN was first
described as a linear, non-selective, ohmic
conductance at all voltage ranges,' but it
has also been asserted that NALCN can
be receptor-operated.’>% A lack of gating
mechanism would mean in essence, that
NALCN is more like an unregulated hole
in the membrane when open, draining
membrane gradients at high metabolic
cost to ATP driven pumps and dampen-
ing activity through shunting inhibition
because of the membrane’s lowered input
resistance.

NALCN with a calcium or sodium
pore correlates with animals that rely
on calcium or sodium ion flux, respec-
tively. It appears that NALCN’s change-
able calcium and sodium pores correlate
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with the changing roles of calcium and
sodium ions as signaling molecules in ani-
mal evolution (Fig. 2). The first appear-
ance of a 4x6TM channel with a lysine in
the pore (DKEA), is in cnidarians, which
are the most primitive animal group with
a nervous system that contains sodium-
dependent action potentials.” Prior to the
cnidarians, all calcium channels, sodium
channels and NALCN have calcium pores
(EEEE or DEEA). Invertebrate 4xTM
channels then evolved both calcium pores
(EEEE/EEDD/DEEA) and  sodium
pores  (DEKA/EKEE/DKEA/EEKE).
Invertebrates have greater promiscuity
between sodium and calcium selectiv-
ity within the major 4x6TM channels.
They have both sodium-selective Na 1
(DEKA)® and an invertebrate-specific
calcium-selective sodium channel gene
Na 2 (DEEA).** Ca 3 T-type channels in
invertebrates have a differing sodium and
calcium ion permeability through alterna-
tive splicing, which is not present in the
more exclusively calcium-selective Ca 3
channels in vertebrates.”” The greater flex-
ibility in ion selectivity may relate to the
presence of ~4x fewer numbers of 4x6TM
channels to draw upon in invertebrate
genomes for structural and functional
diversification.

Many animal species have lost
NALCN with a calcium pore. The cal-
cium pore is lost in insects and nema-
todes as well as many parasitic species
of flatworms, arachnids and annelids.
Free-living forms, closely related to the
parasites that have lost the calcium pore,
maintain dual calcium and sodium pores.
The loss of selective ion sensing in endo-
parasites may reflect that they live within
the regulated environment of their host
with a more limited requirement for
NALCN sensing.’ In higher vertebrates,
NALCN is mostly a brain protein but is
also can be found in heart tissues (par-
ticularly atria) and glandular tissues,
including the thyroid gland, the adrenal
gland and the pancreas."*® Vertebrates
lost the more muscle-specific, NALCN
spliced calcium-sensing pore, which may
relate to the decreasing reliance of plasma
membrane calcium flux through L-type
calcium channels in the progressive evo-
lution of muscle excitation-contraction
coupling.
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Mammalian NALCN with the
sodium pore has been linked to sodium
ion sensing. Interestingly, NALCN mice
mutants have altered serum sodium lev-
els, which is consistent with a sodium-
sensing role for mammalian NALCN.>
A more adaptable calcium or sodium sen-
sor in invertebrates may reflect the cel-
lular content of regulated calcium and
sodium fluxes derived from voltage-gated
sodium and calcium channels. It seems
more than coincidence that a NALCN
sodium-sensing lysine pore co-evolved
in similar animals that also contained
the first sodium-conducting channels,
and that the radially-symmetrical ani-
mals with only calcium sensing NALCN
pores are devoid of Na 1 sodium currents
across their cell membranes and limited
mostly to calcium conductances through
their sodium and calcium channels
(Fig. 2).

NALCN is concentrated in cells
with rapid ion flux rates. NALCN loss
of function phenotypes are prominently
associated with defective pacemaking in
rhythmically oscillating neurons,!$121344
and there are defects evident in secretion
especially in cells with fast or continuous
vesicle turnover.®""®* A potential adapt-
able sodium and calcium sensing pore of
NALCN may play a role in particular cells
with rapid ion fluxes such as pacemaker
tissue, where there would be the greatest
need to monitor and respond to changing
calcium and sodium concentrations across
cell membrane and between cells through
gap junctions.

There are links between NALCN and
energy metabolism. NALCN/UNC80/
UNC79 knockouts do not result in drastic
developmental defects in the embryo,”*
suggesting that the NALCN complex
does not have a critical role in develop-
ment. NALCN appears to have an associa-
tion with metabolism and mitochondrial
function. Defects in the NALCN com-
plex produce animals that are smaller,>®
consume more energy” and are more
hypersensitive to alcohol and volatile anes-
thetics.” It is tempting to speculate that
NALCN coupled to UNC80/UNC79
relates to a defect in mitochondrial signal-
ing, linking a sensing of rapid turnover of
membrane cation flux with energy usage
and generation.

Channels

Conclusions

Many different channel conductances
active at low membrane potentials near
rest are known to contribute to pacemak-
ing (e.g., T-type channels and HCN chan-
nels), but these are highly-regulated and
diverse and do not resemble a non-specific,
linear, ohmic leak conductance. NALCN-
UNCS80 complexes influence membrane
conductances, suggesting a potential leak
channel role,’*>” but the difficulties and
elusiveness of locating expressed NALCN
currents are more suggestive that its major
function might not be its ion conduc-
tance. Rather, NALCN’s distinctiveness
is in its changeable pore, which mimics
the pores that differentiates the classes of
calcium- and sodium-selective channels.
Appropriately, NALCN is in between
sodium and calcium channels in overall
structure and evolved after them in likely
ancestors of extant multicellular organ-
isms. NALCN’s adaptable pore switches
with the changing dominance of calcium
and sodium fluxes in primitive to more
advanced animals and evolves a dual
pore in two different lineages of animals
to serve differing proportions of calcium
and sodium fluxes required in different
tissues of many animals. NALCN is a
ubiquitous and likely critical gene in all
multicellular animals, but it has resisted
changes in gene numbers and diversity of
form that is the hallmark of voltage-gated
sodium and calcium channels. NALCN,
with a similar overall structure as other
4x6TM channels, evolved from a calcium
sensor in primitive, radially symmetrical
animals, to dual calcium and sodium sen-
sor in different tissues of more advanced
bilaterally symmetrical animals’ to mostly
serving as a sodium sensor in the mam-
malian brain.! The animal knockdown
of NALCN is perinatal lethal, not embry-
onic lethal in mammals, which may relate
directly to a reduced electrical activity in
spinal nerves innervating the diaphragm.
A future model of NALCN function
will have to tie all the known attributes
of NALCN together. NALCN possess
an adaptable calcium and sodium sensing
pore and is enriched in pacemaking cells
with rapid ion fluxes. NALCN’s activa-
tion likely involves a mobile voltage-sensor
domain that is coupled through a large,
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cytoplasmic  UNC80/UNC79 complex
to possible functions, which may include
a homeostatic regulation of sodium or cal-
cium ions, and energy utilization. Overall,
there is no definitive proof that NALCN
is an ion sensor, but at least one should
consider this as an alternative possibility
to the prevailing viewpoint that NALCN
is a non-selective, ohmic leak conductance
channel resembling the Gd?*-sensitive,
leaky patch current (I ,) observable in
control HEK-293T cells.
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