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Abstract

Evidence iresented thdtymnaeacontains homologues for mammalian &and NALCN 4

domain ion channels, which retaiaykamino acid sequence motifs that differentiate these channels
from other 4domain types. Molecular cloning and heterologous expression of the first invertebrate
Ca,3 channel cDNA fronLymnaeaconfirms that it indeed is a true homologue to mammaligB Ca
channelsretaining some hallmariophysical and pharmacologidehatures. Interestingly, the
LymnaeaCa,3 channel gene also exhibits alternative splicing that is conserved with mammalian

Ca 3.1 and Cg@8.2 channels, with homologous exons 8b in tHdihker (Ca,3.1) and 25c in the HI

IV linker (Ca,3.1 and CgB.2), that can selectively be included or omittexnhf the full length channel
(summary figure A). We show that the developmental and spatial expression patterns of these splice
variants are remarkably conserved, and that these splice variants produce analogous changes in

membrane localization and biophgal properties when channels are expressed in-2ET cells.

ThelLymnaeaCa,3 channel gene also undergoes alternative splicing in the domaliadpPwith
mutually exclusive exons 12A and 12B that code for a large portion ofltt@pRust upstram of the
selectivity filter (summary figure A). Such splicing is a novel discovery that is not conserved with
vertebrates or any other deuterostome animal, all of which only contain 12A homologues of exon 12.
However, protostome animals includibgmnaeastagnalis, Drosophila melanogastemdC.
elegansall have mutually exclusive 12A and 12B exons in thei8@&hannel gene&videnceis
presented that exon 12A is likely the ancestral exon for the domailedpPand that alternate exon
12B evolved latr. Furthermore, although the tlugmnaeavariants possess the same selectivity filter
motifs characteristic for G& channels (i.e. EEDD), they exhibit dramatic differences in calcium vs.
sodium selectivity, without significalifferences irbiophysicalproperties This is the first account
of alternative splicing used to modulate ion selectivity in @8Channel homologue, and given that
calcium is such an important electrogenic signaling molecule, these alterations are expected to have

profound physiadgical implications.

Amazingly,LymnaeaNALCN was also found to undergo alternative splicing in the domain Il P
loop, but in this case, the entirdd®p is replaced by mutually exclusive exons 15a and 15b such that
the selectivity filter is converteldlom the proposed neselective sodiuapermeable configuration
(15b/EKEE; EEKE in mammals, nematodes and insects), to a calcium chkemare (15a/EEEE;
summary figureB). Thorough phylogenetic analysis rewethlat NALCN is extremely



unconventionalin that alternative splicing has frequently and independently evolved to alter the

selectivity filter in domains Il or I, in multiple animal clades. Furthermore, the ancestral NALCN

channel most likelgontainedan EEEE pore. This work bringsintoquesti NALCNG6s pr opose
as a major leak sodium conductance that depolarizes neurons setitlgesting membrane

potential, since some species possess only an EEEE variant, and based on homology-to other 4

domain ion channels, this should render th@mel calciurselective. Unfortunately, heterologous

expression and electrophysiological characterization of thé.ywmaeaNALCN isoforms was

unsuccessful, corroborating with others the inability to record NALCN ionic currents in heterologous

systems
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Summary Figure. Conserved and divergent splicing okymnaeaCa,3 and NALCN channel homologuesA) Schematic illustration

depicting the protein structures influenced by conserved and divergent alternative splicigRjéha®mel homologs.LymnaeaCa,3

possesses an optional exon in thedytoplasmic linker that is analogous to exon 8b in rodepB.Qan both cases, the optional exon is

removed by wutil i zat i esiewithinexoh 8, esulting in emisSidn afdrgempmtein sequéncedndhi linker,

just downstream of the gating brakelix-loop-helix structure LCa,3 and mammalian G&.1 and C¢B.2 genes also undergo alternative

splicing in the I}V linker, with optional exon 25c that catsobe removedby an alt ernate 56 donor site withi
possess cassette exon @@&ducingthree possible configurations of +25c¢, +25¢/+2628¢/2 6 (i . e. @®)3.3latkka mmal i an Ca
optional exonsinthe Hl V. | i nker , and t hvarsntsalCa also$as dieegennspliting fromgngmmalian homologues,

such as an alternate exon coding for a portion of te®in domain Il, just upstream of the selectivity filter. Remarkably, the ancestral

version of this exon (12A) creates L@ahannels with high permeability to monovalent cations such as sodium thnll2B variant is

much more selective for calcium. Phylogenetic analysis retiegt exon 12B evolved in a subset of invertebrataking upthe
protostomesuperphylumB) LymnaeaNALCN also undergoes alternative splicing in the domain Il pore, with alternate exon 15a inserting a
glutamate (E) into the selectivity filter to produce an EEEE calcium chéikedaelectivity filter Exon 15b codes for a lysine (K) in the

equivalent psition, producing an EKEE selectivity filter which corresponds to the EEKE of humans and other model organisms such as
Drosophila melanogasteandC. elegansNALCN is a highly norconventional 4lomain ion channel, in that it has frequently and

independetly evolved alternativehspliced selectivity filters in domains Il and Ill in various animal species.
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Chapter 1

Introduction

1.1 The basis of metazoan electrical communication
1.1.1 Animal multicellularity and the evolution of the nervous system

The evolution towards multicellularitynusthavedependean the adaptation of cellular mechangs
already in place, whose initial purpose was to allow singleed organisms to sense and interact with
their environmenand other organismideed, nany of the molecules known today to form the
lexicon of multicellular communication likely formed loe¢, or at the very early stages of
multicellularity’®. Metazoansn particular which move through and interact with their environments
on arelatively rapid timescaldnave undergonan arms race to evolve teemelyfastand

sophisticated celio-cell signaling, manifest as tedectrechemicalcoupling between nerves and
muscle.The resultingcommunicatiorsystemgely on the rapid transfer of information across the
relatively impermeable hydrophobic cell mierane a challengdacilitatedby proteinaceous

structures that traverse the membrane and bridgagiineous intreellular environment with the
agueou®xteria, orwith the cytoplasm o&nother ell. Some of these proteins transport specific
molecules fometabolic purposes, to set up ionic gradients or for use as signaling mdledthess

act as receptors that transmit a signal into theupelh detection of a compatible liggdh8ome

proteins allow cells to adhere to each other (and the extracellular matrix), allowing for direct
interaction andommunicabn between celfs. Yet others, and perhaps the most rapid transmitters of
information, evolved to exploit ionic gradientghere they can selectively or negalectively conduct
ionized atoms along concentatiand charggradients at extremely high rate$he lattegroup

known collectively as ion channels and ion channel receptors, are indispensable for the rapid
transmission of electrical informatidretween ad along nervesin some cases connet

microscopic cells ocell groupswithin one morphologicdbcation of an animal totherslocated

meters away.
1.1.2 lons and excitability

There are twdundamental processthat allow for electrical communicatiomhe first is setting up
ionic concentration and electric potential gradients across the cell membrane, whereby the inside is
more negatively charged théhe outside, and where sodium and calcium ions are more abundant

outside while potassiuand inorganic anits aremore abundant insideA large amount of energy is
1



invested by cells to maintain homeostatic ionic gradients and electric potential across the membrane,

and ths is primarily achieved by ATFhydrolyzng ion pumps in combination with ion exchangers.

The second process involves the controlled release of this storetitalestd chemical energy by
ion-permeable channels areteptors, whiclhecome activated undspecificconditions.Seminal
work by Hodgkin, Huxley, and others revealed ttneg &ction potential, an electrical impulse that
moves rapidly along axons, involves fiestinflux of sodium through voltaggated sodium channels
which depolarizes thaxon followed byanefflux of potassim throughvoltagegatedpotassium
channels that in turn restores the negative potential Msid€his dynamic system relies dine
orchestrated diwation of voltagegated sodium and potassium channels. Sodium chaartalate
after slight depolarization from the resting membrane potential, where they open very quickly.
Incoming sodium ions create an additional depolarization that traversesderddggions and
activates yet other sodium chann@iopagating the signal. Sodium channels also quickly shut off or
inactivate, and the slower to respond potassium channels take over allowing for potassium to leave
the cell,restoring the net negativlarge on the inside surface of the cell memhrbmportantly,
although he bulk of electrical excitability in neurons and other excitable nwist ofterdepends on
sodium and potassium, other iarsd ion channelare impotant, including chlorideandother

inorganic aniondarge organic aniongyotors, and calcium.
1.1.3 Calcium as an electrogenic biochemical effector

Calcium, and proteins that conduct or handle calcium, have received particular atigntion
researcherdVhat separatesalciumfrom other biologically relevanionsis its ability to strongly
interact with other molades, including proteinyia oxygencontaining carbonyl and carboxyl
groups? This featurecombined with the fact that all living cells tend to remove or chelate calcium
from the cytoplasndue to toxicity(i.e. ~20,000fold gradient}**2 make cytosolic daium influx an
ideal mechanisrfor translaing electricalinformationinto biochemicalnformation Exampleswhere
suchconversiostake placénclude the synapse, where depolarization from an incoming action
potential activates voltaggated calcium channels to triggeiciumdependentusion ofpresynaptic
vesicles and neurotransmitter release; muscle cells, where nerve input and depolarization trigger
release of calcium from interndbses to flood the cytosol arattivate contractile filaments; and
excitationtranscription coupling, where valjegatedcalciumchannekignalingcomplexesouple

é4,15,16

excitation at the cell sorta changes in transcription in timeicleu (for review see Senatore

and Spafford 2007). The function of calciunis highly diverse localized and contexal, where due

2



to strong cytosolic chelatioh'? calciumsensitivesignalingcompexes areften positioned irtlose
proximity to the cytoplasmicsurfaceof calciumconducting proteirté. Calciumactivatedsignaling
proteinscan perpetuate signdisrtherthan is permitted for chelatealcium ionsleading to the

conceptthatcalcium onducti ng chalbujetts dGtom&l l paal |y
1.2 The 4-domain P-loop ion channel superfamily
1.2.1 Evolutionary origins of channel structures

Most metazoarion channeldhat conduct sodium, potassium, and calcium are derivedrirotdular
structures that evolved long befareilticellularity, in prokaryotegi.e. bacteria and archaedhese
modules include the ion conduagi pore and the voltage sensor (discussed below; iduaed 2, as
well as various other structures that serveetpulatethe porencludingthe calcium sens8t which
mediates channel openingon exposuréo calcium; and the cycliaucleotide binding domaih??
which activates channels upon interaction with cytosolic cAMP and/or cGkiihnelsontaining
these modulemclude inwardrectifying potassium chantsgtwo-pore potassium channelgltage
gated potassium channeignsient receptor potential channelsiciumactivated potassium
channels, cyclimucleotide gatedhannelshyperpolarizatioractivatedcyclic-nucleotide gated
channels, glutamatgatedchannels, voltaggatedsodium and calciurnhannelsinvertebratespecific
SCl1lvoltagegatedcalcium channelgndNALCN channe$?*2*#>2°?{figure 2).

Unlike prokaryotic and eukaryotigotassium charats, voltagegatedsodium and calcium channel
pores are made up @inly one polypeptide chain of four homologous repeat don{sénsed
domains | to IV;DI to DIV), with each domainesembling a singleoltagegated potassium channel
subunit (figure2). The 4domain single peptide structure is thought to be a eukaryotic adaptation
involving first atandemduplication ofa singletetramericsubunit gene into two adjacent subunits,

followed by a second duplication of the two tandem subunitsaifdor doman structuré®?®

(figure

2). In accordance with this hypothediandem domains (i.e. I and Il, lll and 1V), are more similar to
their respective counterpaih the other half of the channel thtrey areio eah other(i.e. |is more
similar tolll, I is more similar tdV)*?. Also, gants®* as well ashhuman& % contain2-domain
channebkubunitswith two tandem repeat domaitisat dimerize to fornfunctional channel§.e.

TPCl in plants TPCN1 and 2n humansfigure 2), and human TPCN channels are more closely
related to metazoandbmain channels than voltagated ptassium channef$®. To date, 4dlomain

channels have not been identified in prokaryotes or plants, however they are faurgi (ne.



CCH?*) and protistgi.e. CAV2**% (figure 2), indicating that thigjeneraltructure arose before the

metazoan divergence c.a. 1.6 billion years*4o
1.2.2 lon permeation and selectivity

Pehaps the moddefiningion channemodule the ionrconducting porefjirst appeared iprokaryotic
potassium channgf***° These aréetrameric complexgsvith poresmade up of four similar or
identical subuits, eachwith two transmembrane alpha heliceparated bgnextracellular loop
(figure 2). Eight porealpha helices come togethirrandnverted teepdistructure lined with
hydrophilic amino acids along the second hefieach subuniio createanagueouson permeation
pathway gated at the apex by tlkéstal {.e. C-terminal) ends of theecond heties®*° (figure 1A).
Channel opening involves carfnationalchanges in the pore structure, culminatinthie distancing
between apex helices to create a transient permeation paffiwayrhe extracellular loopsom
each of the four subunjtermedpore- or P-loops togetherform the Gselectivity filteib(figure 1A), a
structurethatdefinesion selectivitythroughspecificinteractions between particular amino agids

the Rloop, permeating ions andatef*? 3843443940

Themost conclusivenolecular detiéss underlying ion permeation and selectivity througlo&p-
containing ion channels i)iacome fromX-ray crystallographictudiesof potassium
channel$2°*%*” Amino acid sequences of potassium chase&ttivity filters are remarkably
conservedwhat theX-ray studies have shown is thadkbone carbonyl oxygens framese
conservedesiduegrojectinto the poreo form a rigid structure thahimics hydration shelbxygen
atomsthat normally surround pataium ions in solutiofl. Thisarrangemenmakesit energetically
feasiblefor surrogatecarbonyloxygen groups tdisplacehydratingwater moleculeaspotassium
ionspass througlthe pore due to specificity in hydration shell propertibydrated sodium or
calcium ionscannot effectively permeaand thus selectivitfor potassiunis achievedThis
fundamental pore structure was subsequently adapted to select for sodium and®@ithohi>33*

evolutionaryevents which took plade prokaryots before multicellularity

Until very recentlya crystal structure of any sodium or calcium channel hasueemilable, and

the mechanisms @bn permeatiothrough these channdisve beenmostlyinferred from mutational

855657 34244

studie and structural modeling using potassium chasasieferencescaffol
Phylogenetic studies suggest thatomainsodium channels evolved from calcium chantiéls
before the evolution of the nervous systemaery primitive animalé®. In accordancesodium and

calcium permeabilities appear to be closely refdt@dandonly slightalterationsn key Rloop
4



residues can shift selectivity in favor afethese two catioraver the othér>°2*>! Calcium
channels tend to havesgatively chargedcidic amino acids (i.e. glutamate or aspartategpich of
thefour P-loopsthat together forna selectivityfilt er &ing§ with thesignaturemotifs of EEEE or
EEDD (DI-DIV; figure 3A and Q. Carboxylate oxygens from these residaasexpectetde
somewhat flexibleandare proposed tohelatecalcium ionsas they pass throughe poré®,
Permeation igacilitatedby repulsive forces frormcomingcalcium ionsattracted tdhe extracellular
surface of the pof& and selectivity for calcium over sodiumdependent on an optimized interplay
between théalanéng of negativdy chargedcarboxyl oxygensn the poreby permeant cationand
geometricatonstraintghat defnewherethesecations can resid&* In contrast to calcium channels,
sodium channels tend to have a mixture of acidic, neutral, and positively charged rasttiees
selectivity filter ring such as DEKAaspartatg glutamatg lysin€’, and alaningrespectively)n
animals with bilateral symmeti§igure 3 A and G and DKEA/DEEA in more primitive animafs

A recentlandmarkpublication documenting the firdt-ray structure of a prokaryotic sodium
channeltermed NaAb*? has preided someinsight into the molecular mechanisms underlying
sodium selectivityThe NaAb pore is wider thapotassiunchannel poresandunlike permeation
throughpotassium channelsodium passes in a hydrated state, wistter molecules foring bridges
between negatively charged glutamate residues ipdteandresidentcaions. Sodium is selected
over potassium because the larger diameter of the potassium ion decreases the stability of water

glutamate bridgés
1.2.3 Voltage-sensitivity

Thecontribution that the various ion channebdulesin particular the voltage sensor, have made
towardsnervous system evolutiamannot be understated. Indetitk ability of voltagegatedsodium
and potassium channetssense slight changes in membrane potentiatrandientlyopen their gates
is critical for theformation and propagation attion potenals, andneurotransmission that permits
electrachemical communication between ceklifies on voltagegated calcium channel§he \ltage
sensorstructure tetheredo the Nterminal side of théwo pore helcesof the primitive potassium
channelis comprised of 4 transmembrane alpha heligesducing @-helix structurewith helices
namedsegments 1 to 6 (i.e. S1 to;3gures 1 and J. Thefourth helix is key for voltage sensitivity
of channel gatingas itcontains repeating, positivebhargel arginineor lysineresiduesupon
membrane depolarizatipthese charges impose an outivdisplacement of S4 helices and

conformational changan the voltage sensonodulethat transfer to the pore helicaisd the
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activation gatevia a S4S5linker’”***(figures 1A and R). ltiswell establise d t hat 60n6 gat
currents can be observed just prior to channel activation, presumably due to an outward displacement

of positive S4 charges across the plane of the menffraned Of f 6 gat ocougaftar ur r ent s
membraneaepolarization, due to an inward movement of the same chargesajectoryof

positively charged SHelicesupon membrane depolarizatianstill quite controversiaBased largely

on these gating currents, twompeting modelemeagedsuggeshg that S4 chageseither

completely translocate froonesurfaceof the plasmamembrane to thether(i.e. the membrane

translocation model), or the voltage sensor merely undergoes cohtmah@&hanges that exposes

themto either side of & membrane (i.e. the local field modélyhetwo models have been

somewhat consolidatedto thedliding-helix mode| whichis gainingfavor as the most likely

mechanism for voltageensor activatiarHere, upon membrane depolarizatigositively chargd S4

helices rotat®r corkscrewoutwardswhile retainingtheir transmembranecalization;a process

made energetically feasibfleroughsequentialonic-pairingbetweercationic S4 residuesnd

negativelycharged counterparts present withinS3 helices of the voltaggensomodule

(particularly two negative charges found in %2)



Voltage-sensor module Pore module

B Permeating ions

DI

Dl

Figure 1. lllustration of the pore and voltagesensor modules of tetrameric and 4lomain voltagegated ion channelsA) The dannel
pore is made up of four subunits or domains, each contributing two transmembrane alpha helices (labeled as helic&Ssegiféhts
and a pordoop (Rloop; shown in purple) structure that defines ion selectivity. Descending helices elbibgarefollowed by a loop that
forms the narrowest part of the pore filter, and contains key amino acids that help define selectivity (known colletiralylestivity
filter). Sodium channels (and likely calcium channels), have a second ascendirigllogling the selectivity filte?”. The gate is formed at
the apex of the four S6 helices, which form an inverted teepee structure that projects into the cytoplasm and restrictstam pn the
closed stte. Only two of four subunits/domains are illustrated for clarity (i.e. DI and [Bidl).voltagegated channelsaeh
subunit/domain also contains a voltage sensor module, made up of four alpha helices, with the foatththiglirgpositively charge
arginine and lysine residues critical for voltage sensitivity (shown in red). Conformational changes in theseokagare thought to
transfer to the pore moduiga an S4S5 linker (L45) allowing the apical S6 helices to transiently create an iangmion pathwayB)
Rough llustration of the coming together of four subunits/domains) to form a tetrameric ion conducting pore in voltagsted
channelgS4 helices in redPermeation can occur in both directions dependingptinge andonic gadients, however, mechanisms that
establish preferential inward or outward currents are comproducinginward or outward rectifying channelsrespectively
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Figure 2. Proposed evolutionary lineagsof various ion channel types fromancestral prokaryotic homotetrameric potassium
channels The basic prokaryotic potassium channel consists of four subunits, each with two transmeoiergomming helices. This
ancestrapore module iighly conserved inertebrate inwardectifying potassium chantse as well asnanyother eukaryotic and
prokaryotic channelthat conduct potassium, sodium, and/or calciEmlutionary alterationsn the poreregionallowed forselectivity for
other cations such as sodium and calcilirevoltage sensamodule madeup offour alpha heliceds also of prokaryotic origins, and is
coupled to the Nerminus of the pore moduile prokaryotic and eukaryotiwoltagegated channels (although some channels have lost their
voltagesensitivity such aghetransienteceptompotential or TRP channéfy. The fourth helix (red) ofachvoltage sensor contains
positively charged amino acids critidal couplingvoltagechanges to channel gagirAdditional modules, not shown here, couple the
detection of ligands such as calcium (e.g. small conductance/SK and big conductance/BK potassium channels), cyclis (eigeotide
HCN and CNG channels), or neurotransmitters (e.g. glutagzdésl channslGIuR) togating of the poreTandem dplication of thewo-
helix poremoduleproduced the dimeric twpore potassium leak channels, and inverpios addition of an additional helix gave rise to
postsynaptic glutamaitgated channel®uplication of thevoltagegated channel subunixclusively in eukaryotegave rise tawo-pore
channels in animals (TPCN) and plants (TP&)d a subsequent duplication of a similar-peoe ancestor gave rise to the folamain
voltagegated sodium and calcium channadswell as NALCNOnly fungi (.e. CCH1 calcium channg] protist choanoflagellate$i.e.
CAV?2 calcium channe)s and metazoans (voltagated sodium and calcium channa@lsdNALCN cation channglhave been found to
contain 4domain ion channels.



1.3 Ca,3 (T-type) voltage-gated calcium channels

The following section highliglstsome key andefining featuresf Ca,3 channelpertinent to tis

thesis For a more detailed review, please see Senat@k 2012

1.3.1 Classification of voltage-gated calcium channels

Since Hodgkin and HuxIléy mitial description of the ionic basis of the action potentiaich
progress has been made to define the molecular elemedegyingthis and other bi@lectrical
phenomena,amelygeneencoded proteinsuch agon channelsion channel receptors, ion pumps, et
ceteraBiochemical and mlecular studies have been instrumetdahis endwhere researchers have
been able tadentify, clone and express specific cDNAs in seésaillated conditions for
characterizatiorfe.g. mammalian Ga channel®®%°). Additionally, the recent explosion @ivailable
genonic sequenes isproviding unprecedenteisights into the relatedness and evanbf relevant
genesand their productacrosghe tree of life With respect to voltaggated calcium chanrel
(VGCCs), mammalhavetengenesand these argrouped intB families(Cal, Ca2, and CgB)
based oramino acidsequence similarif§ (figure 4A). Voltagesensitivityprovides aother
distinction wherechannels that activate response tonly slight depolariing inputs(i.e. low
voltageactivatedor LVA) comprisethe Cg3 family, andchannels that require stronger
depolarizations (i.ehigh voltageactivatedor HVA) make uphe Ca,1 and Cg2 families(figure 4B).
These divergent properties allow LVA and HVA channels to provide distinct contribiriiopis
(see figure 4B)Mammads have three Ga channel genes (G&1, Cg3.2, and Cg.3), whose
products ar@therwise known adrl-typedchannels since theyonducttransient barium currents with
tiny unitary conductancefour Ca,1 or d_-typedchannelghathavelong lasting curreis withlarge
unitarybariumconductancefCa,1.1-1.4), and three G2 or onL-typedchannels further classified
asiN-typedbfor neuronal and ofrnitermediate conductan¢ee. Ca2.2), P/Qtypedfor cerebellar
Purkinje and granulaneurongi.e. Cg2.1), and@®R-typedwhich are mostlyesitant to C& blockers
and considered to conduetsidualnon-L-type currerg (i.e. Cg2.3)f° (figure 4A). Invertebratesuch
asLymnaea stagnalipossess only single copies from each of the three VGCC gene f&h(ilirse
4A), including primitive extant animals lacking muscles and nerfiegichoplax adhaeren$ and
animals with rudimentary nervous systemNerhatostella vecten3i§ multiple gene duplication
events led to an enrichment of calcium and sodium channel genes in verteBratesumably

allowing for the specializatiorof gene functioninherent withmore sophisticated nervous systems



1.3.2 Distinguishing features of T-type channels

Domain swapping experiments indicate that domains I, 1ll, and 1V, but not dongéguti 3A),
definelow voltages of activation forthe differentCa,3 channel&’, and account for differencas
voltage sensitivitppetween LVA and HVAcalcium channelé. Furtherfundamental distictionscan
be foundbetween C&8 and HVA channelsThe poreforming subunits oHVA calcium channels

( a . ksubunits)Physically interagti t h a c ¢ e slisaeassorplibunash’t’’ which are
required for proper membrane localizatmd  t pore subunit, as well as foprotection from
proteolyticdegradatiof. The b sUwadhe alghainteraatbd domain (AID) in the
cytoplasmic 11l linker, and can altehow channelgespond to voltage changasd the speeith which
theyopen (i.eactivaton kinetic9 or transition to closed refractory stafge. inactivaton kinetics.
Interestingly Ca3 channels have not been shown to require such associatibosigh a handful of
publications suggeshatthese samaccessory subunits might slightly, and perhaps indirectly, alter
Ca,3 channel functicality’**®! Instead Ca3 channeldack an AlDandpossess a highlyonserved
helix-loop-helix structuralmotif in this analogous regioffigure 3A and D, which iscritical for
preventing channel openingeatenlower voltages than nornfal This dgating brakéstructure, when
disrupted, creates recombinant chanméts much faster gating kineti€s bringing themevencloser
in this regard towvoltagegatedsodium channeg] whichinterestinglylack a gating brake structure

Interestingly, C¢8 channelsrealsomore permeable to sodiuamd other monovalent catiotisan
HVA channels and are less selective for calcium over other divalent cations such as strontium and
bariunt’#*8>8° The selectivity filters of G& channels are distinct from HVA channels in tinaty
contain aspartates rather than glutamatéseé®-loops ofdomairs1il and V (i.e. EEDD vs. EEEE;
figure 3A and Q. Mutatingthe EEDD motifof Ca,3.1 to EEEE desnot fully account fodifferences
in permeation between LVA and HVA channeéfglicating that although this particular locus is
important, permeatioproperties are defined additional aspects alie pore architecture.
Unexpectedly, these same studiésorevealanother distinction between LVA and HVA channels
Ca,3.1 EEEE mutants exhibilteredbiophysicalpropertie&”?®(i.e. voltagesensitivity andkinetics)
indicatingthat gatingof Ca,3 channelss partly dependntupon the selectivity filter, in addition to
thegate located at thepexof thednverted teepd&S6 helicegfigure 1A).

1.3.3 Physiological roles of T-type channels

Members of the three VGC families are often found to have distinct localization in neurons, as well
as expression patterns in different cell typglkatare in line withgeneralizations about their
10



physiologicalrole$®? NeuronalCa,1 channels tend to be concentrated at the soma and proximal
dendrite&’ (figure 5), where they help regulate synaptic efficacy and cell suf¥j\aid famously
activate calciunsensitive signaling pathways tougle excitation to changes in gene
transcriptio“***>!%’Ca,1 channels also have more general functions including roles in calcium
homeostasis, and ngreuronafunctions ircluding contributions tthormore secretion and excitation
contraction coupling””. Ca2 channels are mostly neuronal and secretory, where they localize to
pre-synaptic terminals (figurB) and closely associate with calcitsansitive vesie release
machineryto mediateexocytosié’.

Such generalized physiological roles have been more difficult to ascribgel@@anelspartly
because selective blockers have, until very recéniflijoeenunavailable tdelptease apart their
contributionsandalso because single asdendoublegene knockout studies hapeesented only
mild phenotypes, indicatindpatCa,3 channelsrenot individuallyessetial for anyovert
physiologicalproces$' (although redundancy and compensatiaght account for this)Their most
definitive contribution invokes their low voltages of activation to help reguketexcitability of
various cell typedncluding neurons, muscle, and secretory &&ifsin neuronsCa3 channelften
project distally from the soma into the dendritic afh(figure 5), positioring them toeffectively
propagate and/or amplify incomisgbthresholdpostsynaptic signals towards the somdaoailitate
action potentialnitiation®. In thalamic(and otherheurons Ca3 channels are critical for the
formation ofrhythmic firing patterngalled low threshold spikes (LTS$hat gate sensory
information from the cortex during ndREM sleef*** Here, Ca3 channel$idp cyclically
depolarizehe membrane potentiabove action potentighreshold*, which triggersdiscreetursts of
sodiumaction potentials thairopagateo the cortexDisruption of thalamic C8 channel ativity is
associated with sleep disturbances in e’ and agmentedactivity is associatedith abnormal
formation of LTSs during consciousn&sandidiopathic generalized epilepsieés’*'° Importantly,
gene knockouandoverexpression studies\evalidated tiesecausalites>'°%%91%Ca,3 chamels
are also important iregulating the excitability of peripheral neurpgasch aglorsal root ganglion
neuronghat transmit nociceptive (pain) signals to the spinal tmnérdsthe brain. Here, Ga.2
channelenhance somatic excitabiljtyncreasinghe likelihood that nociceptive signals are

transmitted®*195:10¢

In addition to regulating excitability, Gachannels contribute to other prages including cell

division, exocytotic secretionsmooh muscle toneand excitatiorcontraction coupling in cardiac and
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smooth muscle ceft§®* howeverthe significance and degreetbéir involvement isdebated
Mammalian enbryonic cardiac myocytdsave underdealopedtransverseubules(T-tubules)
structures than adults functionally couplmembrandocalized L-type VGCCs(Ca,1.2) to
endoplasmic reticulurfER)-localized calciurrinduced calcium releag€ICR) machinery an
associatioreritical for excitationcontraction couplingluringheart contractiorDevelopment of T
tubules coincides with a dramatic reduction of33ehannel expression in cardiac myocytes from
embryo to adult, and Gachannels are proposed to contribute to early forms of contractilé&yctiv
before Ftubule developmeft"'® Cardiac C¢B channels persist somewlatdults ofsmaller
mammalian specié¥, where theyare relegatecbtpacemaking roes in the sinatrial nodé”’ 1%
Invertebratesnightrely more heavily orCa,3 channelgor contraction of botlstriated andgmooth
muscle cells. Significant LVA calcium currents have been recorded in jeliyfistelé™ and mature
snail ventricular myocyté¥, and theCaenorhabditis eleganE-type channelCCA-1 significarily
contributes to excitatienontraction coupling anthe shape of muscle cell action potentt&ls*™
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Human Ca,3.1 FSAVRTVRVLRPLRAINRV LSVLRTFRLMRVLKLVRFL Human Ca,3.1 TLEGWVD TQEDWNK

Lymnaea Ca,3 LSAIRTIRVLRPLRAINRI LSVLRTFRLLRILKLVRFM Lymnaea Ca,3 SLESWVI TQEDWNT

Trichoplax Ca,3 LTIIRTVRVLRPLRAINRV LSVLRSFRLLRIFKIVRFL Trichoplax Ca,3 TLEAWVD TQEDWNV

Human Ca,1.2 VKALRAFRVLRPLRLVSGV ISVLRCVRLLRIFKITRYW Human Ca,1.2 TMEGWTD TGEDWNS

Human Na,1.1 VSALRTFRVLRALKTISVI LSVLRSFRLLRVFKLAKSW Human Na,1.1 TQDFWEN LCGEWIE

Human NALCN LRIPRPLIMIRAFRIYFRF HSQFTYFQVLRVVRLIKIS Human NALCN SQEGWVF TQEGWVD

DIII DIV DIII DIV

Human Ca,3.1 LRVLRLLRTLRPLRVISRA PTIIRIMRVLRIARVLKLL Human Ca,3.1 SKDGWVD TGDNWNG

Lymnaea Ca,3 LRVFRLLRTLRPLRVISRA  PTIIRVMRVLRIARVLKLL Lymnaea Ca,3 SKDGWVQ TGDNWNG

Trichoplax Ca,3 LRILRGFRTLRPLRVINRA PTIIRVMRVLRIARVLKLL Trichoplax Ca,3 SKDGWMD TGDNWQG

Human Ca,1.2 VKILRVLRVLRPLRAINRA ITFFRLFRVMRLVKLLSRG Human Ca,1.2 TFEGWPE TGEAWQD

Human Na,1.1 IKSLRTLRALRPLRALSRF  FRVIRLARIGRILRLIKGA Human Na,1.1 TFKGWMD TSAGWDG

Human NALCN AQLLMVLRCLRPLRIFKLV YMMGACVIVFRFFSICGKH Human NALCN SLKGWVE TGEDWNK
D 1S6 Helix 1 Loop Helix 2
Human Cav3.1 NLC TQ) SETK%RES% RE%R R | SNASTLAS--FSEPGS--—------- CYEELLK RKAARRLAQVSR -- R SSPAP QETQP
Human Cav3.2 NLC TQF SETKQRES! REOQR! SNDSTLAS--FSEPGS---------] CYEELLK HIFRKVKRRSLR' RWO--SR! DPSAVQGQGPGH
Human Cav3.3 NLC TQF SETKOREHR EQRQR SS-STVAS--YAEPGD--------- CYEEIFQOYVCHILRKAKRR! OALO-~-SRR PEAPAPAKPGPH
Lymnaea NLC T SETKKRETER! ERKRFDSCSTLASN---SEPGG--------- CYSELLK OVYRRVKRKVIKTY YKTR NPEKSLSLRRKKSKKK
Drosphila NLC TQF"'SETKKREMER! RQER RY[TSTSTLASSTNNSEPAT---~-~-~~-- CYAEIVK HLWRRFKRRMLKKYRL YK--YOROO! PNADNLT
Caenorhabditis NLC TQ AETKRRETERMLOERKMIJLNRDSISCT~~GSE SSKEEGDT] R IGHTFRRTKRAAKKKYT - -EERAERKS - - SERQORRKS|
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consensus FmiNlcLVViaTQFsETKqRetelmrg-r-rfls--st-ss---segps--------- cy-eilkyighifrr-krrllk-y------- r-=—=rkg=—=== gk=-r--

Figure 3. Key features of Ca3 voltagegated calcium channelsA) Schematic illustratio of the expected membrane topology and
generakecondangtructure of C@ 4-domain calcium channels. Four repeat domaindX™) each contain six transmembrane helices

(S1-S6). S1S4 make up the voltage sensor of each domain, with the S4eel)beaing repeating positively charged arginine and lysine

residuecritical for voltage sensitivityB) conserved with G& channels from other species (e.g. sbhgihnaea stagnaliand placozoan

Trichoplax adhaeren€a,3 homologues) and other voltagated on channels such as high volteaivated calcium channels (e.g. human

Cal.2), voltagegated sodium channels (e.g. humapINg), and cation leak channel NALC®) The pore loops from each domain

together form the selectivity filter, a region that fortine narrowest part of the permeation pathway and defines ion selectivity. Jhe Ca

channel filter consists of an EEDD motifnderlined; also depicted in A); high voltagetivated channels have EEE#hile metazoan

sodium channels have DEKA (e.g. Navlot DKEA (not shown). The NALCN cation leak channel has an EEKE moitif in vertebrates and

other invertebrates, in what is believed to be a hybrid between calcium (EEEE) and sodium (DEKADfilitis gating brake, a
predicted helidoop-helix motif critical to restrict channel gating at very negative potefifidsso depicted in A), is highly conserved

amongstCa,3 channels from across the animal Kingdom (e.g. human, snail, fruit fly, nematode, cniderian, and placozoan). The boxes depic

predicted alpha helices, separated by a loop to make the proposelddylielix motif (using PSIPRED:

http://bioinf.cs.uclac.uk/psipred/)Positively charged amino acids are shown in red, negatively charged in green, hydrophobic in orange,

andhydrophilic/other irblue. This figure has been reproduced, with permission, from Sengttate 2012*. Copyright WileyVCH Verlag

GmbH & Co. KGaA.
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Figure 4. Classification of voltagegated calcium channelsA) Based on amino acid sequence similarity, three families of metazoan
voltagegated calcium channels have been desigragdetype or Cal, nonL-type or Ca2, and Ttype or Ca3%®. Pond snaiLymnaea
stagnalis like most invertebrates, contains only a single representative for each of the three calciunfamiie®l. Gene/genomic
duplications invertebrates/mammajsoduced ten calcium channel genes (foiyjte, 3 norL-type, and three-fype), each adopting
specialized function®) Another major classificatn scheme for voltaggated channels is their voltages of activatiotype and nosl-
type channels are mostly high voltaggtivated (HVA), and require strong depolarizations from rest to become actiwatedT-type/Ca3
channels require only slightgolarizations and are thus referred to as low voleageated (LVA) channelsThese properties endow the
channels with distinct contributions to cellular excitability,Eehannels, due to their low voltages of activation, tend to enhance
depolarizatia from rest towards action potential threshold (red star), are thus often associated with regulating excitability. HV#& channe
on the other hand play a prominent role after action potential initiation, wheredheyct calcium t@ouple excitation to véous
processesuch as secretion and contraction, as well as infeigrecshape of action potensaby contributing a more long lasting
depolarization that serves to prolong depolarization and widen action patéhttaiConversely LVA and HVA channels caactivate
calciumsensitive potassium channels such as BK and*§#*3 which canlead toquick repolariationand constrigon of action potential

width.
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Figure 5. Generalities in the localization and function ofneuronal Ca, channels Ca,2 channels (i.e. Ga.1 and Cg.2), are classically
associated with presynaptic excitatisecretion coupling of neurotransmitters, via close associatibreadtiumsensitive exocytotic

machinery’. Cal channels are often found in the soma and proximal dendrites, where they contribute to excitability and are important for
excitationtranscription couplinghat alows for adaptive cheges in neurort§**!% Ca3 channels have prominent localization in the soma

and dendrites, and in many neurons they are found far into the distal dendrifié arbere they are poised to regulate somatic excitability
andamplify distal incoming synaptic excitatory signals to initiate action potefftials
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1.4 NALCN channels

1.4.1 Discovery and initial characterization of the NALCN channel complex

Thefirst evidence for the existence SALCN channe$ wasprovidedby Drosophilageneticist
Hermann Miller during his classical Xay mutagenesis studies in the 193050 years later,
researchers identified the géiedocus forMul | emaréow abdomeaallele'*®, and found that the
lesiondeleted 9 nucleotides within tllemain | S2 coding sequenceafinique homologue of 4
domain Floop channels, representing a distifaomily designate@s NALCNin the mammalian
nomenclaturg”*811%120Basjdes e narrow abdomen phenotypee narrow abdomerallelealso
producel disruptedanduncoordinated movemerds well asabnormaliiesin locomototy responses
to changing light conditiort&®. The latterwasassociated witaccumulatiorof circadianclock
effectorneur@eptidepigmentdispersingfactor(PDF)in circadian pacemaker neurgomgich bear
otherwise undisrupteaholecularclocks, consistentvith failed exocytosis of PDE™. Two other
mutantalleles previouslyassociated witincreasedensitivity tothe immobilizing action ofolatile
anesthetics (i.ehar38andhar85; for alterechalothaneresistancef? alsomagpedto the Drosophila
NALCN channelgené®®. Interestingly boththe har andthe narrow abdomeralleles inDrosophila
produce phenotypexkin to thoseén C. eleganshearingthe mutant alleleanc 79 andunc-80, with
analogousocomotory defects (henegaordinated or unc mutants) aimtrease sensitivity to
volatile anestheti¢&*'**'?*> Subsequent characterizationtioé unc-79 andunc-80 allelesrevealed
that theunderlyinglesionsaltered two previously unidentifiggenesconservedn other invertebrate

and vertebrate animalermedrepectivelyUnc-79'* and Une80"*"*28

Notably, dthough genetic screens DrosophilaandCaenorhabditisdentified multiple genes that
alter sensitivity to agsthetics, mutations in NALCN (i.Brosohphiléd sarrow abdomemllele) and
Unc-79 Unc-80in Caenorhabditisdistinguished themselves in that th@pducedittle to no
sensitivity to anesthetics withoor lipid solubility(e.g. enflurane)but considefiale sensitivity to
those with high lipid solubility (e.g. halothar@)'*3 This phenotypidink, in addition tothe similar
defects in locomotion, propted researchers to assess the possgiidtaticrelatiorships between
NALCN, Unc-79, and Uneg0'3131132127128126rhage studiebave conclusively showthat1) the
threegenes and theprotein products are epistatend the proteins interati form a functimal
unjtt33130:132.134.127.128.126y N A | CN, UNC-79 and UNGSO0 posttranscriptionallyregulateeach
o t h expréssion levelandsubcellular localizatioprimarily nonsynaptic along axons; punctate
patternssuggestive ointernalvesicular localizatiorr clusters at the membrgié*?41?° and3)
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UNC-80servesas a scaffoldor therecruitment ofsarcoma tyrosine kinasgSRG) to the channel

complex,which directly interact with anghosphorylatd ALCN to regulateits function 218132

1.4.2 Unique features of NALCN channels revealed by sequencing and cloning

PCRscreeningdof mammaliarcDNA libraries using degenmate primersiesignedagains@anin
silico predictedandyet undefinedi-domain ion channel protefrom the Caenorhabditielegans
genomg(i.e. predicted protein C27f2vas used tsuccessfullydentify and clone the first NALCN
channekcDNA from rat bran*®, C27f2 anotherCaenorhabditisn silico-predictedprotein C11D2
andthe clonedathomologue grougdinto anovel 4domainion channefamily (i.e. NALCN;
figures 6A and8), that waddistinct but relatedo voltagegated calcium and sodium chand&ls
(Caenorhabditi®legands extremely rare in that itastwo NALCN genes, Ncd/C11D2and Nca
2/C27f2 whereas most vertebrates and invertebit@gesonly one gee). In spite ofthis relatively
earlymolecular identificationthe NALCN family hasprovenextremelydifficult to characterize in
terms of its ion bhannel properties (i.e. voltagiependence, kineticandion selectivity§>*3¢12712!
andit wasnot until 20years latethat researcherzesentedguccessfuheterologous expression and

characterizatiomf NALCN as avoltage-independentnonspecificcation lealkchannel®’.

Structurally, NALCN can bedistinguiskedfrom relatedvoltagegated sodium and calcium
channeldy several meansnost strilkngly by differences irthe P-loop selectivity filterresidues that
defineion selectivity(see belowfigures 6A and7), andby a significantreduction in theaumber of
positively-charged residues in the voltagensor S4 helicegspecially thoséom domains Il and
IV 81 (figure 6A and B. In the closed stateationic S4chargedi.e. arginineandlysine) of voltage
gated channelgreproposed to interact with negatively charged glutamate and aspasidteese
present in other helices of the voltaggnsomodule(i.e. S1-S3; figures 6 and7), stabilizng S4
helicesin the membrane as long as tte! interior is morenegatively chargethan the exteridf.

Upon depolarization, electrostatic forces keeping the S4dsalicthe membrane are relieved, and S4
is proposed tacorkscrevdin an outward directiarsuch thaS4 cationiccharges are sequentially
counterbalanced byhenegatively charge81-S3residue?. The force of this movement éxpected

to transfer to the S5 and $6re helices thagatethe pore leading to channel openinga kinking of

the S6 heli¥. Bearing this in mindthe characterization of NALCN ascampletelyvoltage
independent chanrélis slightly unexpected, given thattabugh there is a reduction in positive S4
charges, there still remain a significanimberof these, as well abnservedegatively charged
counterion residues in SB3"*°(figure 7). The absenS4 charge NALCN tend to occur in the
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mostextracellulampositions along4 helices (figuréB), which whemeutralizedn voltagegated
sodium calcium and potassiurahannelsdisrupt(but do not abrogatejpltagesensitivity, and in
additioncreate channels thebnduct pathologicgirotort*® andor cation leakcurrens directly

through the voltage sensdtermed gating porgS°14%*4%2g,ch mutations in skeletal muscle ,C4
and Ngl.4areassociated witbmall but constitutive monovalent cation leak currentssit(i.e.
negative membrane potentiaféthat are associated withe disease hypokalaemic periodic
paralysi$**®2 Whether catioror protongating porecurrentsoccur in NALCN channels remains to be
shown Indeed, the complete voltagesensitivity reported for NALCN might result from additional
structuralfeatures that have yet to be defined.

The first molecular characterization ALCN also revealed th#te selectivity filteris distinct
from 4-domain calcium (EEEE and EEDBhdsodium (DEKA and DEEA) channels, bearing what
has been proposediea hybrid between these twore configuration$>**>'?i.e. EEKE; figures
6A and7). Mutation of aHVA calcium channel EEEE pore to EEKE changes the selectivity from
calcium to monovalent sodium and potassitinimportantly, eolutionarily- and structurallyrelated
sodium and calciunthannekelectivites®**aredetermined not only by the nature of charged
residues presemtithin the filter and surrounding regions, but also by spatiaktraints that define
howions are al# todit6within thepore as they pass throddff. The complexityof permeatioris
well exemplifiedby the prokaryotictetrameric voltaggated sodium channel 8aBac'®, which
despitehavingfour glutamateesidues in theelectivity filter,conductsa sodiumselectivecurrent®.

In addition, mutation of calciureelective C¢g8.1from EEDDto EEDE/EEEDunexpectedly renders
the channel highly permeable to monovalent catio@iventhese exceptiondt is difficult to assess
or predictpermeabilitybasedpurely on pore sequencesd functional characterizatidvas been

essential to define NALCN as a nepecifc cation leak chann#éf?°

Another interestindeature thatis difficult to speculate on but worth mentionijrig an apparent
lack of glycine and/or proline residues in S6 helices from domains | afidNALCN, which are
conserved in most-domain voltagegated sodium and calcium channiigure 7), as well as
tetrameric potassium and sodium charifiéfsinstead, NALCN homologues contain several glycine
residues in domain Il S6 (figure X-ray crystallographic studies suggest that these amino acid
matifs provide inflection points that allow S6 helices to bend upon channel activation, opening the

ion permeation pathwéy”. Mutating these residues atter S6flexibility significantlyimpacts
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channel gatintf>**®**” however, the existence of channels that lack sumtifs'*’ indicates that they

are not an absolute requirement.

1.4.3 Physiological roles of NALCN, Unc-79, and Unc-80 in invertebrates

NALCN is abundantlexpressdin the nervous systems of battammalsand
invertebratel§®13>118.120127.128.12L118 n g deratly expresedin mammaliarheart andsome
secretonyglandsprgans €.g. pituitary gland anpgancreasj>*'® Unfortunately although knockoust
of NALCN/Unc-79Unc-80 produce strongnd characteristiphenotypes, the molecular details
underlying thesphysiologicalchanges remaisomewhatnigmatic.In invertebratesNALCN
mutants displayincoordinated movememifficulty in transitioning to high frequency movements
such as escape and swimming, abnormal circadian behavioiacesased sensitivity to volatile
anesthetics It is notablethat all of these phenotypean bedirectly or indirectly correlated to

decreased presynap#ctivity and exocytosigseebelow).

At the C. elegansieuromuscular junctionjstuptionof NALCN and Une80 reduces presynaptic
excitability andexocytosis oheurotransmittemesulting in attenuategostsynaptic responsése.
reducedspontaneous mini pesynaptic currentatrest and evoked postsynaptic currefusng
nerve stimulatiojt*®?”?® Mutationof another unc genenc-26/synaptojanir(a lipid phosphatase
that degradephosphatidylinositol 4,5 bisphosphatequired forsynapticvesicle recycling), resudt
in presynaptic structural abnormalitisgvere uncoordinatipanda markeddepletion ofpresynaptic
vesiclespresumably due to failed recyclify'?® Notably,thelocomotory defects and loss of vesicles
canbesuppressed by concurrent knockout of NALCN, 8¢ or Une80'*®, without alleviating
structural abnormalitieg\ccordingly, knockout of just NALCNor its subunitsincreases presynaptic
vesicles and reduces neuromuscular transmisgsian otherwise wildtype backgrouidl Taken
togethertheseobservationsndicate thatn thewildtype condition NALCN activity enhanes
neurotransmission gyromotingexocytosis, and in mutants, the absence of NALCN funciuses
reduced exogosis andsesicleaccumulabn. Indeed, the role of NALCN in circadian control of
locomotory behavior iDrosophilg attributed to presynaptic accumulation of circadian clock effector
peptide PDE, could bedue to reduced exocytosi$§ PDFin NALCN knockous. However, vihether
NALCNG6s cont ri(e.ghyicamductingsiepolarizing leak cutrents to facilitate
activation of presynapti¢GCCsthat arecoupled tahe exocytotic machineny or moredirect(e.g

by regulatingvesiclerecyclinghomeostasis dhe exocytdic machinery)is not clear
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In C. elegansdouble knockout of NALCN subunitgith variousothergenes intimately involved
in exocytosisi(e. VGCC Cag2/unc2, syntaxin/unég4, andsynaptotagmin) does not consistently
suppress nor enhanegocytotic defect® suggesting thallALCN is nota central component dfie
secretory apparatuslowever overexpression of a gaof-function NALCN, cortainingan arginine
to glutamine mutatiojust downstream aomainl S6, causes overexcitability and developmental
defects in presynaptic active zo8s**?/(sites ofvesicle docking andeurotransmitteraieas&™).
Interestingly, asimilar phenotype can be created by knocking outdram invertelate gap junction
gene horologous to vertebrate pannexins, aoticurrent knockout of NALCN alleviatéise active
zone abnormalities and overexcitabilffy Here, NALCN seems tde more intimately associated
with presynaptic exocytosisvhere excessive NALCN activity leadséaative zonalefects and
excessive neurotransmission.the wildtype condition, gap junction protein Unékely opposes
NALCN® positiveinfluenceon secretionand loss of un@, or expresion of a gaiof-function
NALCN, tips the balance in favor of NALCN leadingpoesynapti@abnormalitiesand
overexcitability.Clearly, more researdh neededo delineattNAL CN6&é s pr e sbytiorstpt i ¢ cor
excitability andsecretionhowever the daa convincingly implicates the channel in these procefises.
is interesting thabne of the main actiormoposed fowkolatile anesthetics, for which mutants of
NALCN, Unc-80, and Un€79 show increased susceptibilityto attenuate presynaptic
neurotransiitter releasg®!*315+1%515%6Rasearchers interested in tieéationshipbetween NALCN s
and hal ot han e 6 9nagxocgosifaitedtp showea lirkt Howewer, all of their
electrophysiological recordings were carried out i éxtracellular calcium (0.5 mM), a condition

shown by otherstma s k NALCN6s contribut¥on to synaptic tr

1.4.4 Physiological roles of NALCN, Unc-79, and Unc-80 in mammals

Knockout of NALCN in mice doesot produce drastic developmental defécthe embryo

however, mice die within 24 hours after birth and hesrerelydisruptedrespiratory rhythms,

attributed tareducecklectrical activity inspinal nerveshat innervate the diaphragth Since

multiple gene knockouts in mammals are far more difficult, there is no confirmatory evidence yet that
the epistatic relationships, identified in invertebrates for NALCN, are evolutionarily conserved (e.g.
Unc-79, Une80, synaptojanin, URE, etc>>148:133124.125.127.128. 320 6\vever, Blation ofjust Unc-79

is alsoperinatal lethdP”**° and interestingly, heterozygous kkoat miceare more susceptible to
alcohol*®, a phenomenoalso observeih C. eleganknockoutsof Unc-79, Une80, and

NALCN™®' |n addition, Une79 heterozygaes knockout miceare smaller, have less body fat, and
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consume more food than wildtype littermates, consistent with increased metabesiand energy
usagelt is tantalizing to speculate that Ui and the NALCN complemight have somdink to
mitochondial function. Interestingly, mitochondrieepresenanothetkey target for volatile
anesthetics®**2 andin C. eleganshalothane is reported to accumulate more readily in the

mitochondria olUnc-79 knockoutnimalsthanwildtype'*

Cultured rodent and snail neuropsssessingither aknockout of NALCN (i.e. mouse
hippocampal neurons) or RNiediated gene knockdowhymnaea stagnaliRPeD1), have
significantlyhypeipolarized resting membrane potentjaisggesting that the channel has a role in
depolarizing cell€*?° Also, the increased sensitivitf C. elegandNALCN mutantsto anesthetics
can bepartially suppressedly depolariing neurons with lightactivatable channel rhodopsifisso
increased susceptibility is partdue to membrane hyperpazationin NALCN knockouts All of
these data are consistent watssertions thawildtype NALCN conductdonically depolarizing
sodium leak currestinto cellsto help set theesting membrane potential of most neutt$® The
most compelling evidence for this comes from the heterologous expression of rodent NALCN in
cultured HEK293T cellswhere in the absence of accessory proteinsT9nand UneB0, NALCN s
reported to conduct constitutive leak cuteti**3 However an important caveathould be
consideredeven thoughNALCN-mediatedconstitutive leak areproposed to be minuta the long
term theywould be energetically costlunderminingthe effortsof the ATRdependent NaK -
ATPaseln fact, excessive sodium influx isftenassociated with disea$&'*® and as such leak
conductances should be tightly regulategivoto prevent adverse effects. In amtancethe
NALCN complexseems to be tightly regulateth G proteincoupled receptors (e.g.
Takykinin/neurotensin receptot*{and muscarinic acetylcholine receptor g which, upon ligand
binding, activate the channel in roanonical, Gorotein independermiathways that recruRC
kinasego phosphorylattNALCN and Une80™#3213¢ Conversely, calciursensitive Gorotein
coupled receptors have been reported to tonically inhibit NALCN, in this case, directly via activated
G-proteind®.

Of note even thougtihe experimental evidenstronglysupports a role for NALR in directly
mediating depolarizing leak currents, there are alternate explam&ticine datahat are worthy of
examination. For examplé has \et to beassessed whether NALGMNediated depolarization might
be attributable tdandirect consequencesf NALCN function, such asalterationgo mitochondria and

ATP production, and/or altered activity of the W& -ATPase or alterations in the activity afther
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ionic conductancethatinfluenceresting membrane potentialch as potassiunohannelge.g.see
Learet al, 2003%) or cationic hemichannels (e.g. ®®uhourset al, 2011*%). In addition some
havearguedthat NALCN does not mediatonstitutive leak cuantsinto cellsper se but rathey
mediates highly controlleand transiendepolarizingcurrens when activated by rotein coupled
receptor§'®, In accordance, the completely voltagdependent and nespedfic cationleakcurrents
reported in HEK293T cellsexpressing rat NALCNevidenced by a linear currembltage
relationship, with a reversal of inwatd-outward current occurring at 0 m\? are inconsistenwith
theinwardrectifying, SRGactivatedcation currents subsequenditributed to NALCNin cultured
neuron$®, and theSRGactivated andnore sodiurrselective currentsbserved n pancaleat i ¢ b
lines™® Clearly, NALCNd sonductanceand physiological contributiomemaincontroversialand
further stud is required tadefinitively characterizéheseand other properties ofdélthamel.
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Lymnaea NALCN RVC/ 1 1SMLSVSINT AT KE D TAEMVAKMHIRG DRVWCQFDG CLWGSVVLQ RS'R RVFRNFLKFQLIKN
DrosophilaNA ~ RI.CALVSLTSVSINT KT ERY SDTAVTLLETAEMIAKMHIRG DHWCQFDASMVS SIILQ RAPR RFLRVFLKFSMPKS
Rattus NALCN RIC SVISVCMNT MTFEHY DT YTAE KVHIRG DRWCVEDG C S Q RIFR RAFRIYFRFELPRT
C. elegans Nca-1 KIACTISMITVCIHTFRTIELFQ DFISVS DSVLRIHYEG NRWSQFSVFISITHLLSFLLH RSIR R K7KLIKN
Rattus Ca2.2 s o NC EQHLPDGDKT TEPYFIGIFCFEAGIK G NGWNVMD TG TAGT RTLRAVRVLRFLKLVSGIFSLQ
Rattus Ca1.2 T NC Y EDDSN EY TVE K YG NGWNLLD GLFS E KALRAFRVLRPLRLVSGVPSLQ
Rattus Ca 3.1 NCVTLGMFRPCEDIACD DD E K G DTWNRLD GMLEYSLD SAVRTVRVLRFPLRAINRVFSMR
Rattus Na,1.1 HSLFS CTILTNC T EYTFTGIYTFESLIKIIARG DEWNWLDFTVITFAYVTEFVD SALRTFRVLRALKTIS GLKT
. " st AP * . - )
Lymnaea NALCN N7 HT DASIAASLS QVVLTILFSLEALFKIWCLG! SLHVFE GTALHIIPD QVMRLFRLIKASPMLEGFCFK
Drosophila NA YFR s NGIVTATHT ELVFTCLLDLETLFKIYCLG SIHKFE GTTLH QVLRVVRLIKASPMLEGFVYK
Rattus NALCN SVFH SMVTVD' SNYY E T DLE KIWCLG SLHKF'E GTTLHVYFD QVLRVVRLIKIS EDFVYK
C. elegans Nca-1 1Y QC NAIGN. ¥ EVGFTILFNVECI IKILCYG GIFKFELILCLGSSINCVK QTFRLLRLIKASPILEDFVWK
Rattus Ca,2.2 QSFY: c NTLC HY E GLFLTEMSLKMYGLG SFNCFDFGVIVGSIFE RLLRIFKVTKYWNSLRNLVVS
Rattus Ca,1.2 NVEY: NTLTIASEHY NK TAEMLIKMYSLG NRFDCFIVCGGILET RLLRIFKITRYWNSLSNLVAS
Rattus Ca,3.1 KYGRG NTLSMGIEYH SNIVETS EMLLKLLVYG YNIFDG SVWEIVGQ RLVRVIKLVR QRQ
Rattus Na,1.1 DLAITICIVLNT EHY GNLVFTGIFTAEMFLK D GWNIFDGFIVTLSLVELG RLLRVFKLAKSWPTLNMLIKIIG
2 s H & 3 vs W oW e S vstegiares o %
Lymnaea NALCN TY!D TILSCISMMFET EY CMSIEMGLKITSNG DFSGVLD---LYIYGVS EQ RCCRPLRIYSLVPHVRR
DrosophilaNA  TY'D TTLSCISMMFET EYG SLELALKILADG D D---VFIYVVSTSFLC Q RCVRFLRIFTLVPHVRK
Rattus NALCN TYLD TVTICSCISMMFES EY STELNLKIMADG DFGGVMD-~-IFIYLVS C Q RCLRPLRIFKLVEQURK
C. elegans Nca-1 -y 'D TVTIVSCIS! ES SDY SMTFELCVK NG DVGGVMN=-~-~ YFTS Q CRAMRPLRIYT HIRR
Rattus Ca,2.2 RYFE sSs ED DYIFTGVETFE KMIDLG DLWNILD-=-- SG. S KSIRVLRVLRFLKT KRLFKLK
Rattus Ca1.2 TIFTN SSISLAZED DIVFTTIFTIEIALKMTAYG! NY#NI1D--- SVSLISFGIQ VKILRVLRVLRPLRAINRAKGLKH
Rattus Ca 3.1 KV DH NCIT ER SNYIFT. EMTVK' G SSWNVLDG SVID SMVS RVLRLLRTLRPLRVISRAQGLK
Rattus Na,1.1 NWFET SSG ED DKVETY EMLLKWVAYGY NAWCHLD-=~- DVSLVSLTAN IKSLRTLRALRPLRALSRFEGMR
5 3 N W 3 ® § W3 gk * : :* * ke s 578
Lymnaea NALCN 'Y KR NCLMLSVEWK STSFT EVIMK s RRNRFDMEVTLLG H GY REFTVTGKHATLKMLMQ
Drosophila NA KR NSMLLSIT SAVLT EVVMKNIAFT RRNRYDLLVTVAG Q G RFFTITGKHTTLK
Rattus NALCN KRT QSVLLSVKWD SVVET EVTMK s RRNRYDLLVTSLG H GAC RIFSICGKHVTLK
C. elegans Nca-1 RiNQ NSET N N EIILKVIAYT RRNRVDLLITVEG H GY RFFTIASRNSTLK
Rattus Ca2.2 EY NT K'Y NIVETSMFSLECILK G NVEDFVTVLGSITDILVT RLFRAARLIKLIRQGYTIR
Rattus Ca,1.2 TYFEY NTICLAMQHY NMLETGLFTVEMILK K NT:D GSIVDIAIT RLFRVMRLVKLLSRGEGIRT
Rattus Ca,3.1 HYLDLFITGVIGLNVVTMAMEHY CNYIFT ESVFK G RWNQLD SIMGITLE RVLRIARVLKLIKMAVGMRALLH
Rattus Na,1.1 QUFDIS CLNMVTMMVETD N TGECVL.KLISLRH GWNIFD SIVG! RLARIGRILRLIKGAKGIRT
&3 2 L AR LA & $ S TR g W

Figure 6. General features of the NALCN channel protein sequencé) Schematic illustrating the expected membrane topology and
some distinguishing features of NALCN homologues. NALCN channels belong teditradin ion channel faity, with each domain
containinga voltage sensor module and a pore module. The selectivity filter of NALCN in mammals is EEKE, which is conserved with
DrosophilaandC. elegangsee figure 7)B) Amino acid sequences for the voltage sensor heliogsvarious4-domainion channels
including NALCN (i.e. snail, fruit fly, rat, and nematode; for accession numbers see figuot&@)egated calcium channels
Ca2.2/Cq1.2/Ca3.1 (from rat), andoltagegated sodium channel Mal. Note the highly conserveegnatively charged amino acids in
the S2 and S3 segmerftgutamate E and aspartate D; arrqyespposed to form consecutive courin pairs with positively charged
lysine (K) and arginine (R) residues in the S4 helices while they corkscrew out of thanerduring voltage sensor activation. NALCN
channels have lost some of the positively charged S4 residues, particularly in domains Ill and IV, which is expected|tageiter
sensitivity but not necessarifpolish it(see text)Amino acid key: red Ppositively charged; green = negatively charged; yellow =
hydrophobic; blue = hydrophilic/otheBymbols below the aligned amino acids depict the degree of conservation: * identical, : highly
similar, . similar.
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S5 Filter S6

v v
Lymnaea NALCN ~ QTYNVT SLYGFLGVQFFGK! DHLPTSVETVYQAASQEG! Y KAYLYFVS KN ET
Drosophila NA QIYNVT SLYGLLGVQFFGE EDIATSIFTVYQAASQEG Y RAAFYFST KN TET
Rattus NALCN QIWSVS YGILGVQMFGT NEIGTSIFTVYEASSQEG Y RSYFYFIT KN ET
C. elegans Nca-1 ~ QVKNVT TLYAIFGIQLFGR NDEGASVETVYLAASEEGWVYVLY Y YFCT KN TET
Rattus Ca,2.2 QIG GLEFYMGK DN TVEQCITMEGWTDILY TWNWLY GS NLVLGVLSGE
Rattus Ca,1.2 H YAIIGLELFMGK DN TVEQCITMEGWTDVLY E YEVS GS NLVLGVLSGE
Rattus Ca,3.1 GN c GIVGVQLWAG DNIGY. QVITLEGWVDIMY YNFIY GS NLC TQ
Rattus Na,1.1 KLSD TVECLS GLQLFMGN DTF'S SLERLMTQDFWENLYQ KTY GSFYLIN Y
- L I LA *: o2 HEEE HEE S LS S I *: H
Lymnaea NALCN  K'.GS THC SSISLQLFC QTFKQAFMSMFQTLTQRGHWIEVMH YFIFYHLEVT 5 DN
Drosophila NA KLGS TNC SSSISMQLFC ESFPEAFMSMFQILTQEAWVEVMD YFILYHLEVT s DN
Rattus NALCN KLGS TAS SAISLQUFC TTEPRAFMSMEQILTQEGWVDVMD YFILYHLFAT s DN
C. elegans Nca-1 K. .GG T CCYSAISLQLFYS RTHPQAFMSMEQT I TQEGHWTD YFVAYHLEVT s DN
Rattus Ca,2.2 SIIS GUQLFGGQ DT TVEQILTGEDWNAVMY SSEY. TLEGNYTLLN DN
Rattus Ca,1.2 SIAS SLLGMQLFGGK DNEPQSLLTVEQILTGEDWNS VMY cIy CGNYILLN DN
Rattus Ca 3.1 NVATEC SILGMHLFGCK DS TVEQILTQEDWNKVLY S Y TFGNYVLEN EG
Rattus Na,<1.1 GNLT GMQLFGKS NDEFHS RVLCGE-WIET RN N SSFSADN
v v v

LymnaeaNALCN E 5 CGVHLLGGK NEDNIGN EVLSLEGWLEVRD GYMIGLTLEVG NY
Drosophila NA E ST SYGVQLYGGR NEDNIGDAMLTLFEVLSFKGWLDVRD GCMIGLTLEVG NY
Rattus NALCN E (] T SFGVQLFAGK NEDNVGN! EVLSLKGWVEVRD GCMIGLTLEVG N
C.elegansNca-1 E T SFGVQIVGGK NFDHVGN ETLSFKGWNVIRD GCMIGLTLEVG NY
Rattus Ca,2.2 NVLN Y QLFKGK HYDN TLETVSTGEG K N T
Rattus Ca,1.2 TIGN TTLLQ CIGVQLFKGK: DEFDN TVSTFEGWPELLY NIFVG T
Rattus Ca,3.1 GN cc GILGVQLFKGK! NEDNLGQALMS SKDGWVDIMY NMEVGVVVEN
Rattus Na,1.1 SIUN (o SIMGVNLFAGK NEDNVGFGYLSLLQVATFKGHMDIMY GSFFTLNLFIGVIIDN

H HEL PO S LA I S HES LA * HH HUO O I R
LymnaeaNALCN  Ks G YAYAG G--S ETAYS RIVTGEDWNKIMH SIVYFCTFYVIITYIVIN EN
Drosophila NA KS G YALAGTILEG--T GSEVTG RIVTGEDWNKIMH TASLIYFCTFYVIITYIVIN EN
Rattus NALCN KS G CYAFAG G--T SSAGKAITVLERIVTGEDWNKIMH GALMYFCSFY YIMIN EN
C. elegans Nca-1 RS T YAYTG - RTASE RCLTGEDWND IMH YGAIIYFCSFYLITTYIVRN EN
Rattus Ca,2.2 YvC YAIIGMQVFGN RTFLQ RSATGEAWHE DFAYFYFVS! cs N DN
Rattus Ca,1.2 Y YAVIGMQVEGK QTFEQ RCATGEAWQD s YFISFYMLC N DN
Rattus Ca,3.1 QVGNLG GVELFGDLEC RNEG TLERVSTGDNWNGIMK SPIYFVSFVLTAQ N KH
Rattus Na,<1.1 NIG YAIFGMSNFAYVKR ETFGNSMICLFQITTSAGHDG: sVG SYIIIS NMY EN

B Tk * * * .. k. * * * .. ok ok

Figure 7. Amino acid sequencesdr the pore helices and selectivity filters of various-4lomain ion channelsNALCN channels contain
an EEKE filter (shaded residuedth white arrow see figure 6A), proposed bea hybrid selectivity filter between calciuselective
channels (e.g. G2, Cgl.2, and Ci8.1; EEEE or EEDD), and sodium selective channels (ed.. N&DEKA). Interestingly, snail
NALCN has an inversion between domains Il and Ill, with an EKEE filter. Note the general absence of glycine residudices $®ime
domains land Il, but instead the presence of glycines in domaigbliick arrows) Glycine and proline residues are proposed to be
important for gating, by providing an inflection point in S6 to open the permeation patwage text). Amino acid key: red = positively
charged; green = negatively charged; yellow = hydrophobic; blue = hydrophilic/other.
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Drosophila NA
Rat NALCN

C.elegans Nca—2

NALCN

C.elegans Nca-1
Rat Cav2.3 \
Rat Cav2.2
Rat Cav2.1
Rat Cavi.4
| Rat Cavi.3 Calcium
—— Rat Cav1.2

Rat Cavi.1
Rat Cav3.3
Rat Cav3.2

Rat Cav3.1 J
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Figure 8. Phylogenetic tree depicting the three main types of metazoarddmain ion channelsNALCN, fist discovered in rats ar@.
elegan$®, forms a distinct family of channels conserved acrossrttmad Kingdom. Note the abundancesoidiumandcalciumchannels
in mammals (e.g. rat; 10 genes of eacmalehtype), compared to the single copy nature of NALCNeleganss extremely rare in that it
hastwo NALCN channel gene$Jca-1 andNca2. The narrow abdomebrosophilamutant produced by Hermann Muller in the 1930s,
had an Xray-induced genetic lesiothatwas eventually mapped to the NALCN gene (named NA for narrow abdbfn&enBank ID
numbers: 194294538 (Clal); 158186633 (G&.2); 8393030 (GA.3); 16758518 (GA.4); 158138501 (Ga.1); 145553966 (Ga.2);
304555571 (CR.3); 24429576 (G&.1); 84028181 (G&.2); 113195659 (Ga.3); 116447 (Nd..1); 6981506 (NA.2); 6981510 (NA..3);
6981512 (Ngl.4); 6981514 (NA.5); 81886863 Na,1.6); 55976160 (N¢l.7); 56748617 (NA.8); 56748616 (NA.9); 2574288 (N&);
24025650 (rat NALCN); 2514489%& ( elegandNca1); 373254060¢. elegandNca2); and 158031818osophilaNA). The multiple
sequence alignment used to create the phylogenetic tree was generated with a CLUSTALW algorithm available at SDSB Workben
(http://workbench.sdsc.edu/).
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1.5 Modulation of ion channels by alternative splicing
1.5.1 Increasing the information content of genes

Genomesequening has elucidatedan unexpectedlgmallnumber ofgenes for animals(e.g 20,000

to 25,000in human&®¥, andno clearcorrelationbetweermorphologicacomplexityandgene
numbet®®> underminingour pregenomicnotionthatincreasedomplexity requires morgenes
However, lmmologougenes from different speciesan encoddiffering amounts of

information®***3 and complexity arisenot only from gene number, but alsom theamount of
information that individual genes carry (idiversityin how a gene product expresed its
functionality, or its complexity ofintegration into proteiproteinnetworks etc)'****> There are
many ways taliversify information content, at the levels of transcription (e.g. variability in chromatin
structure and promoter expressionultiple promotergor one geng RNA processing @riability in
alternative splicing, polyadenylation, RNA editing, mRNA stability and localization), translation
(variability in the rate or localization of translation), and geetslation (protein folding, trafficking,
cleavage, degradation, phosphotigla/covalent modification, proteiprotein interactions, and other
molecular interactionsHuman proteinsend to have greater functional capabilities (ergymes
with multiple enzymatic activitiesjhanhomologuesn Drosophila melanogasteandCaenohabditis
elegan$®**®3 Human g@nesalsoundergomoreextensivealternativesplicingthanthosein
invertebratege.g. 90% in human$0% inDrosophila 25% inCaenorhabditi&™®¢7 16816150 pgnt
genesalthough generally more numerdlisundergoconsiderablyessalternative splicinghan in

§72,173

animal andprokaryoteshavevery little alternative splicing**"3

Alternative splicingprovides the capacity generatéarge(or small)alterations in protein
structure within specific tissuesandbr during specificdevelopmental stageSplicing-induced
alterations camhave intrinsic effectsn a protein influencing howit behavege.g.alterations irion
selectivity, gating or voltagesensitivityof ion channels or canalter motifs used fomodulationby
otherfactors(e.g.phosphorylationcalciumbinding, or protein-protein interactionmotifs that
influencetrafficking and/orcomplex formationetc)'’#1/>176.177 178,179 |[tarnative splicing caalso
introduce premature translation termination codotwstie mMRNA, resulting in downregulation of
gene expression via nonsemmsediated deca$f, orit cantake place outside of the coding sequence,
in 56 or 30 u(dTRs)anfiusnciagtm®NA stalelity anal atizatior® 2
Importantly,challengs arise nobnly from documentinglternative splicing and oth&rms ofgene

diversification but alsan determining the physiologicalgnificanceof thesealteratiors. Often,
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alternative splicing seems baveno clear functional purposand represents a form of stochastic
noise(that camonethelessene as a substrate for the evolution of emergent fegtdfe¥ In other
instanceslternative splicings tightly regulated®®*”° and coincidswith changes in physiological
states of an animal, such as development, or with distinctions between separate tissues-8r organs
Also, developmental changes in alternative splicing are often conserved between (&gcies
mammalian vs. aviatff***> Here pertinentgene arebeingspeciically tailored fordifferentrolesin
different contextsand evolutionary conservation of these splicing strategies underscores their
physiological importance

1.5.2 General features of alternative splicing

The spliceosome large ribonucleoprotein complegntaining 5 highly conservesihall nuclear
ribonucleqroteins (snRNPSY, is responsible for excising introns and ligating exons together, by
recogniing four keycis elementontranscribedoremRNA: 1)t he 506 (a.kddomresplicei t e

site), typically a GUintronic sequencdanking the upstreamexo®)t he 30 @kd. i ce si t e
acceptor splice sitejypically AG, flanking the downstream exoB), the branch sitggn adenine
nucleotiddocated ~40 base pairs upstrefiom the downgteam exonand 4) the polypyrimidine

tract, |l ocated bet ween splicesitefiglaed’).lOtherdutiliarycend t he =
elementsalong the pranRNA are recognized by splicirfgctorsthat facilitate or inhibit formation

the spli@osome complexo determinespecificspatialandor temporalsplicing patterns There are

~50 of these RNAindingregulatoryproteins in mammals, includirggrine/arginine (SR) proteins
heterogerousnuclearribonuclegroteins (hnRNPS), polypyrimidine trabinding praeins, and

NOVA proteing®" 18183183 terations in their expressiamdfunctionality is responsible for large

scale changes in the transcriptdf&® Indeed differences in alternative splicing tend to occur on a

large scalginvolving manydifferentgenes, anthese differencegften reflect physiological

transitionsor distinctions between various cépes tissues or organs®. The role of any particular
alternatvely-splicedgeneisoformis thereforehighly intertwined with theentiresystemof alternative

splicingand the correspondimgyoteinpopulatiors.

There are five maimodesin which alternative splicingantake place: 1) exon skipping, where an

optio n a | cassette exon is either omitted or includ
tandem donor splice site present within theipstreare x o n, 3 )  aplice gtespnwddrd ame 3 6
alternate3 6 acceptor spl i c aowsstrdam exbns4) putually exclusivewionshi n t h

where either of tw@r moreexons are included in the transcript, and 5) intron retention, where an
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intron is retainef® (figure 9B). Interestingly, alternative splicing in lower metazoans, fungi, and
protozoa tends to occur through intron retention, while exon skipping becomes more prominent in
increasinglycomgdex animals suggesting thatxon skippingcontributes more greatly to phenotypic

complexity "2
1.5.3 Alternative splicing of Ca,3 channel genes

The humarCa,3.1 channel genes transcribed frontwo separate promotetisat drivedifferential
expressiorduring neuronal differentien'®’, pradudng premRNAs witha | t er nati ve 50
Interestinglyt h e 3 dlso tbiitdns twdistinctpolyadenylation sité$>*** HumanCa,3.1

mRNAsare processkfrom 38 exonq39 annotated on Evidence Viewer, NGEInd alternative
splicinghas been documented in multipdei along thepremRNA sequencg?** 1193 These
includeoptional casgte exonssubject to exon skipping, and alternative donor or acceptaesgites

that selectivehomit3 6 o r Sdf exprs regpdctivaly (figur®). Rat and mous€a,3.1 channel
genes are alsextensivelyalternativdy spliced, andsomeloci are conserved with humanghile

others appear to be specific for rodéHt8%****One particularly interesting locus, alternatively

spliced inrodentsbut not human, corresponds to the cytoplasnrhidimker of the Cg3.1 channel

UTR

protein. Exon 8, in rodents, contains alternatibe 5d o n or s p | 9Bxthat carbbetusedto ( f i gur e

omit 134 amino acidsom thel-Il linker'®+1°

(summary figured). Exon 8b, the optional portion of
exon 8, hasminimal impact on the biophysical propesiof Ca3.1, howeverwhen included it
causes a marked reduction in membrane localiZaticknalysis of the humaand chickerCa,3.1
exon 8sequence(GenBank accessisiNM_ 001256324 and XM_001232653.2eveals that the
upstreanb & d o n o r, presprnit withireodestéxones is absentlikely accountingor the lack of
variability for humansn this region®*%*°****However,animposeddeletion within tke 11 linker

of human CgB.1, mimicking omission of exon 8lsausesin analogous increase in membrane
expressioft®, sothe mechanisms thatfluencemembrane trafficking via thell linker arelikely
conservd for Ca,3.1 homologuesVhether some vertebrates have lost the ability to splice out exon
8b, or this is an emergent feature within select vertebrate lineages, has yet to be addressed.
Conversely, analogous deletiongfe other twdhumanCa,3 channel istypes,Ca,3.2 and C¢gB.3,
causea dramatic increasanda moderatelecreasén membrane expression, respectivély’’
indicating that although thell linker of all three Cg3 channel subtypes is used tgukate
membrane expression, the mechanisms are diffédemanCa,3.3 also has an optional exon in the

-1l linker (cassette exon ¥¥, however unlike 8ln Ca3.1,it has a strong impact on biophysical
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propeties and its role in membrane expression has notaesesed®. Notably, he Hl linker is also
used to regulatiafficking and protein stability of HVA calcium channels, through interaction with
a ¢ ¢ e s subunitythatiind the HI linker (in a similar position to thgating brakeof Ca,3
channelyto facilitate membrane localization and protection from proteosomal degratidfimma

recent reviewletailing nembrane trafficking of G& channels, see Senateteal, 2012*.

Both human C#.2 and C¢8.3 genes are reported to consist of 36 eXbff8(35 and 37 reprted
on Evidence Viewer, NCBI, respectively), and similaC#®3.1,bothare subject to extensive
alternative splicing-%%203198.202%%\1any of these splice isoforms have been shown to influence
channebpropertie§’**® howeveraparticularly interesting locu®r alternative splicing is founih
the short I}V cytoplasmic linker of Cg8.2 (andCa,3.1), butnot inCa,3.3. Exon 25, in G&8.1 and
Ca3.2,cmt ains alternative 56 donor splice sites theé
middle of this linker (termed exon 25c). These two genes also each possess an optional cassette exon
downstream of exon 25, exon 26, which can be inserted in liexoof 25¢ (+26), with 25¢
(+25c/ +26), or neither qofa " summargfiguretl)elrsertorre 2 5 ¢ /
in this region imposed by alternative splicing have dramatic influenceslagesensitivity, such
that channels activate and inactivate at more negative potEAtidts™2%°|n addition,exons 25c
and/or 268mposeacceleratedctivation and inactivation kinetics, but slevdeactivaion
kineticg #9192 nht er est i ngl y,3.1 apdiCeBrrareenrahrednshe embryd®&°
andresemblaghe embryonicallyabundantCa,3.3 channel®™ which lacks alternativexons in the IH
IVlinker( henc e alikepand/haslepotprizedsensitivities foractivation and inactivatigrand

slower kinetic&"®206:65.207

1.5.4 Alternative splicing of NALCN channel genes

The human NALCNjene consists 6f46 exons (Evidence Viewer, NCBRunctional documentation
of alternative splicing is n@vailablein the literaturehowever, according tdheProtein
Knowledgebaséhttp://www.uniprot.org/), the human NALCN gene expresses three miRixiAnts
(UniProtKB database IDs Q81ZF0, Q8IZF0.2, and Q8I1ZF0.3), two of which codeufarated
proteins(Q8IZF0.2 and Q8IZF0.B The larger of the two truncated isoforms (ID Q8I1ZF0.2),
comprises half of the channel proteiom the Nterminus up untilie beginning of the dlll linker.
Interestingly heterozygous mutisns in humans that similarly truncdéQ-type calcium channel
Ca2.1, induce a dominaregativeeffect overthe wildtype allele by targeting itsherwise

functional proteimproductfor proteosomal degradatipieading to a pathological depletion of 24
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in the cerebellum and motor dysfunctiassociated witkepisodic ataxia typ&®®.

Thisdegradation
process can be mimicked for human&2{® and the truncateldALCN splice isoformmight

mediatean endogenousownregulation of full length NALCNby exploiting thissamemechanism.

1.5.5 Challenges in understanding the physiological roles for alternative splicing in

Ca,3 and NALCN channel genes

Developmentaandtissuespecific differences ialternativesplicing are often reflected bgtiometric
differencegather thara completeswitchingbetween particular mRNA isoford?8 As such, two
differentphysiological states, whether they are separated spatially or by some developmental
timeline,can have a considerable amounbweérlapin terms of alternative splicing.g.6:4 isoform
AlisoformB in statel, vs. 2:8 isoform Al/isoform Bin state 2, which due to lack of contrast in
expressioncomplicaesour ability assess the roles for alternative splicing within tdd&rent
statesIn addition genetic redundancy, which is high in vertebrates (euliiple voltagegated
sodium and calcium channggnes; see abovegstablishes the presence of multiple proteins with
overlapping functions that canaskthe effects ofiternative spliing in redundangenes. Even for
alternative splicingvith highly contastingexpressiompatternsthe functional consequences can be
subtle and depend on ottellularfactors.Alternative splicingends tooccurs at a systems levahd
temporal or spatial alterations in the splicing program are expected to influenggene&®**>18°
Hence, theurpose for altering alternative splicing of a particular gaight ke difficult to pinpoint
since its functionality mightlepend ortoordinatedhlterations in other gene produdemnally,
morphologicakcomplexityin vertebrates is exceedingly elaborate, espeaidtlyin the nervous
system, and correlatirdjfferencedn alternative splicingf one gene to a functional outpwuithin
such a complex background can be diffictitt illustratethis problem despite theéhorough
characterizatioof developmentallyregulated splicingn the 11I-IV linkers of Ca,3.1 and CgB.2
channelgenes (see above)which areratiometricallyenriched in adultéand converselgogp i s
preferred in embrys)*921901932% |ittje is known about the physiological purpose forséhe
developmentathanges in splicindeven less is known about the physiological role for alternative
splicingin NALCN. Arguably, nodd systems with less genetic complexity and simpler nervous
systems might helfm understand howermutationsn alternativesplicing fit into the contexdf real

physiological processes, such as nervous system function, develogiseaseetc.
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Figure 9. Alternative splicing of pre-mRNA. A) The spliceosome, a massive Rigfotein complex containing highly consen&tRNPs

(U1, U2, U4, U5, and U6), recognizes four layelements along the praRNA for intron excision and exeexon ligation.The

polypyrimidine tract (PPT) facilitates formation of the spliceosome complex by recruiting splicing factors to thesirérond doofand

acceptosplice sitea(SS)f | ank the 5086 and 306 exons ( p WG-BUandAB&Gxeeogniton sequench consensu
respectively. The GU and AG sequences, located within the intron (black line), are highly congseeve@dnth site, located ~40 base

pairs upstr e&ontainsfan addnigd) Budleotdethatis ligated to hehydrolyzed5 6  d spliteositeby the spliceosome

complexinto an intermediate lariat structymubsequentlyc | eavage of t lexonelob ligatipntakes maceB)iFivedas n d

modes of alternative splicin@ptional exons are shown in red and bl@esen Ihes depict ligation of exons by the spliceosome. Exon

skipping involves the omission of an optional exonegstéscamnbe wi th f | a
used to omit a portion obrtbet®6 emanbpeanded| teropamiée adpactepn of
included in lieu of each other, and intron retention involves the optional inclusion/omission of an intron into the fifal mRN
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1.6 Lymnaea stagnalis as a model to study ion channels

Themammaliarbrain is made up of trillions of neurons and gtieganized ito very complex

networks, each expressing a different ensemble of genes, most subject to various modes of functional
diversification(see above)To circumvent issues witbmplexity, some researchers hagsorted to
invertebrate model organisms, whigtten possessimplerandmoretractablenervous system3he
freshwater pond sndilymnaea stagnali@.k.a. the Great Pond Snasl)one such invertebrateodel|

with aproven utility for neuroscience applicatiGiisHowever, before describing the advantages, it is
worthwhile discussing some of the disadvantabgsinaeabelongs to the phyluiollusca which
includes otherextantspeciecommonlyused for neuroscience reseantiudingmarinesnail

Aplysia californicaand errestrial snaiHeliosoma trivolvisUnfortunately the molecular tools
available folLymnaeaandother molluscsare quite limited. Until only recently, very fesmailcDNA

or expressed sequence tag (EST) sequences were av4ifdblEurthermore, theymnaeagenome

is notsequencedhowever theAplysiacalifornicagenomgThe Broadnstitute Aplysia Genome
Project)as well as other snail genomes are being sequenced and anfictatettia gigantea JGI
Genome ProjecandBiomplalaria glabrata The BiomphalariaglabrataGenome Initiative)Also,

no vectors have been developed for heterologous expression of cDNAmimaeacells (pNEX

vector has been developed Aplysig butits expression efficiency ihymnaeahas not beeformally
tested'?). Finally, transgeni@ndgene knockout/knockitechrologieshave not been developeor

Lymnaeeor other molluscs

Despitethesesignificantdisadvatages | ymnaeadoesprovide some verysefuladvantages
Remarkably, dspitethe millions of yeas of evolutionseparaing vertebratesndmolluscs (figure
10), multiplegeneticandmorphologicakimilarities persist. For example,considerable number of
genes associated with neuronal function are conserved besnaitsandvertebrateS®** including
genes for voltaggated calcium channéé”. Unlike invertebratesthese genes are often retained at
single copie§ "*(see figure 4)diminishinggeneticredundancyMoreover these channels oftgray
similar roles in their respective organisrithe LymnaeaCa,2 channel homologue LG for
example, Bs similar biophysical properties to mammaliapZ3zhannelsand like them, mediates
presynaptic neurotransmittezleasé&™. The L-typehomologue LCa,1, also has similar properties and
functions as its mammaliaounterparts*** Ca,3 (and NALCN)channeldrom Lymnaeeor other
invertebrates, prior to this thesis, had not baatessfullycloned and expressed in heterologous

systems for electrophysiological characterization.
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Morphologically,snaik have anatomicaitructureswith vertebrate counterpartisat can be
exploited for research purposesd insome casesheseorgans/tissuegrovideelegant preparations
for experimentationTherelatively simpleLymnaeastagnaliscentral nervous systerfor example,
containgroughly 20000 neurons, the somas of which are arranged into large clusters of defined
ganglid™. Within theseganglig neurons can beniquely identified extractedandcultured with
relative easeand thesean be made teeconstructunctional synagically-comectedneuronal
circuitsin vitro®*#¢ Circuits can also be studied $emiintact preparatios) with access tepecific
centralneuronsstill connectd to peripheral neuronand muscle celf§"**¢ Thesereductionist
approacks haveprovided powerful insights into the mechanisms thgulateoscillating circuitghat
drive simplerhythmic behaviors such asspiration and feedifY, and have allowed for a dissection
of how external world information sncoded into these very neurpasthe molecular lesf, during
learning and memory formatiér®*"#'® Additionally, Lymnaegpossesses@mpartmentalizetieart
with anatrium anda ventricle (albeit with two chambers rather than fasrin most vertebratgs’.
Key voltagegated channelsmportant for heart functiom vertebratege.g. HVA and LVA calcium
channelsA-type and delayed rectifieoltagegated potassium channéfd are expressed inymnaea
heart cell§"?? In addition, sudying theLymnaeaheart providsinsights into the evolution dfeart
functionat the molecular level, where thentribution of specific ion channels to excitability and
contraction can be compardg/mnaeaalsocontains a welktudied neuroendocrine syst&mwhich

canbesimilarly compaedwith the vertebrate neuroendocrisgstem

Lymnaea stagnalialso provides somgracticaladvantagedn contrast toAplysiacalifornica, that
must be isolated from the wildymnaeacan be easily raised in a laboratdfyrthermore, since
Lymnaeaare poikilothermgi.e. do not regulate their body temperatueddctrophysiologicastudies
of Lymnaeaneuronsor LymnaeacDNAs expressed in heterologous systears more representative
of their true physiologicatnvironmentsince most recordings are carried out at ambient room
temperatureActually, dgnificant differences irmammalian calciunshannel propertielsave been

reported when experimentgerecarried out at 3T rather than room

temperatu@2,223,224,225,226,227,228,229
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Deuterostomes
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Echinodermata
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Cnidaria
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Figure 10.lllustration of some key evolutionary branch points in animalphyla. Metazoansomprise a kingdom ahulticellular
eukaryotic organismé.k.a. Animalia) thatliverged from singledled eukaryotesuch as protists (e.@hoanoflagellatgsc.a. 1.6 billion
years agtf*". Molecular clock studies indicate that the lineages that eventually led to humans and molluscs diverged from eairie other m
than 1 billion years ag¥. Porifera (i.e. sponge) represent some of the most pringititantaninals, followed by Placozoa (e.gtichoplax
adhaerenswhich lack muscles and nerves and Cnideria (¢egnatostella vectengithat havea rudimentary nervous system amadial

body symmetry. Furthezlongthe tree, animals with bilateral symmeémypergede.qg.flatwormgPlatyhelminthesand subsequently
subdivided into two groups based digtinctions inembryonic development,ithh protostome animahaking up one groufe.g.nematodes
such a<C. elegansarthropods such d3rosophila melanogastemolluscssuch ad ymnaea stagnalisand annelidsand deuterostome
animas making up the other (e.g. chordates including the subphylum Vertebrata, hemichordates such as acorn worms ecams scicimod
as starfish). The tree illustrated here was derived from ghgletic relationships depicted on The Tree of Life Web Project
(http://tolweb.org/tree/), and is not intended to be metric in terms of evolutionary relationships between Phyla.
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1.7 Hypotheses

The series of hypotheses addressed in this thesis are that:

1) LymnaeaCa,3 and NALCN channel homologues possess features at the amino acid level (i.e.
primary sequence, predicted secondary structures, predicted functional motifs) that are conserved
or divergent from mammalian channels, and these structural featurefleated by respective
similarities and differences in their properties when expressed in isolation and biophysically

characterized by electrophysiology.

2) The expression patterns of L3aand LNALCN mRNAs, in various orgaftissues and
throughout developant, resemble those of mammals. | Laanscripts are expected to be
abundant in the central nervous system, heart, and in secretory cells, and are hypothesized to be
similarly downregulated throughout developniérespecially in the hedrt. LNALCN is also
expected to be abundant in the central nervous system, heart, and secret@iynilalito

mammals®

3) The LC&3 and LNALCN channel genes are subject to alternative splicing, some of which is
conserved with mammalian channels, and some of which is unique to snails and closely related
spedes. Conserved splicing imposes analogous changes in channel properties, while divergent

splicing manifests as unique functional attributes

4) The alternative splice isoforms of L@3ahat are conserved with mammals are hypothesized to
undergo similar changen expression throughout development as reported for mammals, and to
exhibit similar expression profiles in various organs/tissues such as the central nervous system,

heart, and secretory cells.

5) Expression patterns of conserved and divergent alterhasipiiced LCa3 and NALCN mRNAs
allude to their function, particularly if differences in splicing between two tissues or

developmental stages are significant.
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1.8 Objectives

The initial objective was to clone and characterize two homologues of mammalisnadn ion
channels from the freshwater snafimnaea stagnalisa Cg3 (T-type) voltagegated calcium

channel, and a NALCN nespecific cation leak channel. Prior to this, invertebrate homologues of
these channels had not been successfully cloned anekssgd in heterologous systems for
electrophysiological characterization. Determining the properties of these channels in such a way
would provide insights into their adaptation in different species. Given the significant evolutionary
distance separatingatiuscan invertebrates from mammals, the channels were expected to have
undergone some degree of structural divergence, which would lead to differences in their ion
conducting properties and in turn their physiological contributions. On the other hasehveoh
features would point to functional cgtraints on these channels, alluding to key structural and
functional elements that define them across the animal kingdom. Inherent to this work was to
establish a foundation for studying these specific ion mblaypes within the simplifiedymnaea
model, which has a tractable, well characterized, and relatively simple nervous system, and
importantly, has only singleopy genes representing the majaiaain ion channel subtypes such
as Cal, Ca2, Cg3,and NALCN (vertebrates possess multiple copies giving rise to redundancy

issuesNALCN is singlecopy is most animal species).

To this end, the first step was to determine the full length consensus sequdneeaadgaCa,3
and NALCN channel mRNAs (ressalthapters 2.1 and 2.4). The confirmed cDNA sequences were
then used to construct mammalian expression vectors for heterologous expression in cultured
mammalian cells, for the purpose of characterizing the ion conducting properties of these channels by
electrophysiological recording. The latter wasccessfullydone for thelymnaeaCa,3 homologue
(results chapters 2.1 to 2.3), but not solfgmnaeaNALCN, corroborating with others the inability
to electrophysiologically record NALCN cDNAs (mammalian orartebrate) in heterologous

expression systeriig 81?7

During consensus sequencing of tlyennaeaCa,3 and NALCN channel cDNAs, several
alternative splice isoforms were identified. For L&aptional @ons 8b in the-ll linker and 25c in
the IlI-IV linker were found (summary figur&) and thought to be evolutionarily conserved with
analogous exons found in mammalian&ehannels, while mutually exclusive exons 12A and 12B,
in the domain Il Hoop, weke found to be unique to invertebrategmnaeaNALCN was also found

to undergo alternative splicing in the domain4bBp, with exons 15a and 15b that alter the
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selectivity filter from a purported nespecific cation leak configuratiot (EKEE), to a calcium
channellike configuration (EEEEsummary figure B The secondary objective of this siewas

thus to determine the evolutionary history of these splicing events by phylogenetic analyses (results
chapters 2.2 to 2.4), to determine the expression profiles of these splice valigmaaeaissues
throughout development, and when possitdleletermine the functional impacts of these splicing
events in channels expressed in mammalian cells. The various splice isoforms were thus cloned into
mammalian expression vectors for electrophysiological recording, a strategy that was successful for
LymnaeaCa,3 splice variants (results chapters 2.2 and 2.3). Due to the inability to tgcondea

NALCN currents in mammalian cells, the domain Il splice isoforms of exons 15a and 15b could not
be functionally characterized.
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Chapter 2

Results

2.1 Cloning and characterization of a Lymnaea Ca,3 channel homologue

Theresearclpresented in the following sectiggpublished in The Journal of Biological Chemistry
Adriano Senatore and J. David SpaffoFdansient and big are key features of an invertebrate T
type channel (LCa3) from the central nervous system olymnaea stagnalis] Biol Chem 2010;

285: 744758. © the American Society for Biochemistry and Molecular Biology.

This manuscript, containing research conducted by Adriano Senaldesin thelaboratoryof Dr.
J. David Spaffordas well asn silico analyses conducted by Dr. Spaffgpdesents the first
successful cloningheterologous expressioand electrophysiological recording an invertebrate
Ca,3 channel homologud he major conclusiothat can be drawftom this work isthat the snail
channel despite millions of years of divergent evolutisith mammaian homologuegetainssome
key definingfeaturesattributed toCa,3 or T-typechannet. These includ#&) characteristigrotein
sequences and predicted structural regifmg.the gating brake in thell linker, the EEDD
selectivity filter, the voltagsensors)2) no obligatory associatiowith high voltageactivatedd a n d
Uyt accessorgubunits for higHevel expression in mammalian celB),conducts calcium currents
with low-voltages of activationd) contairs a putative window current faninute butconstitutive
calcium influx near resting membrane potentkapid channel activation and inactivatiapon
depolarization6) slow deactivation or closing upon membrane hyperpolarization)esichilar

sensitivity to norselective Ttype channel blockers nickel and mibefradil.

The materials and methods for this msaeript can be found in Appendix A.
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2.1.1 Abstract

Here we describe features of the first )mammalian Ttype calcium channelLCa,3) expressetih

vitro. This molluscan channel possesses combined biophysical properties that are reminiscent of all
mammalianT-type channels. It exhibits-fiype features such @sansienbkinetics, but thetinyd

label, usually associated with Baonductance, is hard to reconcile with éagnes$of this channel

in many respectd.Ca3is 25% larger than any voltagmtedion channel expressed to date. It codes

for a massive, 32RDa protein that conducts large macroscopic currientgro. LCg3 is also the

most abundant Gachannel transcript in the snail nervous system. A window current at typical

resting potentialsppears to be at least as large as that reported for mammalian channels. This distant
gene provides a unique perspective to analyze the structural, functional, drug binding, and
evolutionary aspects of-fype channels.

2.1.2 Introduction

T-type calcium channelgpen in response to slight depolarizations in the low voltage range.
Paradoxically, they are also recruited after membrane hyperpolarization as occurs during rebound
burst firind>% A window current of ftype channels is a feature tharmits C&" entry at rest>and
contributes to differentiation and growth promoting functions in both excitable arexaetable

cells®*. T-type channels are also a leading pharmaceutical drug target and are implicated in a wide

range of conditions such as epilepsy, pain, hypertension, cancer, and mental &faorders

T-type C&" currents were first measured in starfish eggs using @leairode voltage clarfip.
Currents conducted WChannel dwere evoked by small depolarizations (low voltagtvated),
visible as a hump in a current amplitudersustest potential plobeside the Channel Il currents
elicited by larger deolarizations (high voltagactivated). C& channel types would be discriminated
further by Tsien and cworker$®” on the basis of properties where’Bia the charge carrier. High
voltageactivated Ltype channels have a large unitary'Bsonductance with lontasting openings,
N-type (or nonL-type) channels are tygally associated with neurons of intermediate unitary
conductance, and the low voltagetivated, Fftype channels produce transient currents that are of
tiny unitary conductance in Baand close slowly upon membrane repolarization, producing a slowly

deadivating tail currerf”.

T-type channels remain as the leastierstood among the €ahannel families. Although most of

the 10 mammalian Gachannel genes were characterized in the late 1980s, an additional decade was
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required for a description of the threeype genes, Ga . 1 ( U3a G2 , ( CaKB).,3N&nlt1 Ca
Progress in understandingtyipe channel functions continues to be hampered by the lack of highly
selective blockers that discriminate betweeB@hannel types or separate,£ahannels from

related l-type (Cgl) and norL-type (Ca2) C&* channels, which usually produce more robust Ca

entry into the same celfs

Here we describe tha vitro expression characteristics of the first mnammalianT-type
channel, LCgB, cloned from the pond sndilymnaea stagnalisThis structurally distant channel has
quintessential features oftypes such as transient kinetics. L&E& big in many respects, such as its
protein size; it expresses large macroscopiceetsrin human cells, it is the most abundarit Ca
channel transcript in the snail nervous system, and it generates window currents that appear to be at
least as large as those reported for mammalian channel® p&ides a unique perspective to
analyzethe structure, function, and drug binding efype channels and serves as a useful surrogate
in residue swapping experiments. Searches for the fundamental mechanisms that regulate this
singleton invertebrate-fype channel will be facilitated by the sirapholluscan preparation, where
accessible and identified neurons underlying well described behaviors can be studied in isolated
Lymnaeaneurons, cultured synapses, or within intact, identified networkisu. Also, LCa3
provides nourishment for evolutiary speculation. Although the first gastropods (500 million years
ago) are likely quite distant from this ancestral branch point, the extant snail hob@#gg), is
reminiscent of the gene that predates the speciation that led to the emergence & tiistthct,

mammalian Rype channel genes.
2.1.3 Results
Identity of an Invertebrate Ttype Channel (LCg3)

A novel invertebrate -Type channel transcript (9031 bp) was assembled from cDNA derived from the
central nervous system of the freshwater pond dnatagnalis with a coding region that starts as an
almost perfect match to an Expressed Sequence Tag data base entry from the mafiplysiaail
californica (accession nd=B30292). TheLCa,3 open reading frame predicts a 2&3@ino acid

protein, with an estimatdd322-kDa molecular mass. The start and end of the,B@aino acid
sequence also resembtaose of the human ¢G&a1 channelKig. 1A). Consistent with other related
cation channels of this type, L{3ahas four repeat domains (DI to DIV) with each domain containing
six membranepanning segments similar to the voltagged K channeld={g. 34). LCa3 is the

largest voltageyated ion channel expressed to date, being 25% larger than the mamntgpas, T
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50% larger than a-Type homologue fronCaenorhabditis elegar(gcalb), ard significantly larger
than other C& channels (CA, Ca2), sodium channels (aand NALCN €ig. 1B). The extra size
is mostly due to long cytoplasmic N and C termini areddytoplasmic-ll and Il linkers (Fig.
1C).

Snails, like most invertebrates, appear to have branched before the genomic duplication events that
led to the expansion gene isoforms and as such bear only single representatives for each of the
three C4& channel gene families (¢g Ca2, and C¢B) compared with the 10 different £@hannel
genes in mammal$(g. 27A). The snail Ttype gene diverges dramatically in amino acid sequence
from the mammalian genes (mean identity/similarity = 37.6/46.1), whereas the mammalian
homologues are clustered closer together (mean identity/similarity = B@)/¢5ig. 2C). The single
copy nature of theCa,3 gene in the genome is evidenced by Southern blotting, producing a single
banding hybridization pattern, except for a gel lahere the restriction enzymeg¢oRV/) cuts the
genomic DNA within the probe sequence, leading to two bands of weaker intéarsgty (Fig. 2B).
TheLCa3 transcript is more amdant than other éhchannelsl(Ca,l andLCa,2) or LNALCNin
central nervous system tissue as measured by semiquantitatR€RFig. 2D). The higher
expression oELCa,3 conpared with these others was also found by single cell, quantitativerneal
PCR of individual VD4 neurons in a previous study using different primer sets (see Spa#iti
andFig. 2.

Fig. 3Aillustrates a running window of similarity between aligned |32and human G3&.3
channel protein seqoees. The strongest homology is observed in th&ahsmembrane segments
and pore (R)Joops of each domairF{g. 3A). Side chains of conserved negative residues lining the
four P-loops contribute to a DDEE selectivity filter intfpe channefé, including LCa3 (Fig. 3B).
The pores of LC8 and all voltag-gated C& channels also include a highly conserved aspartate
adjacent to the selectiviiiter glutamate in Domain IIKig. 3), which may serve to attract
incoming C&" ions to the ion selective pdfeOne noticeably conserved region outside of the
membranespanning domains is the gating brake present in the proxiiheytoplasmic linker Fig.
3C). Comparison of LG8 with Ca3.3 residues suggests conserved elements in the gating brake,
including a putative helidoop-helix hydrophobic core, auyative salt bridge, and potential protein

protein interaction sites facing away from the hydrophobic d&igg 8C)%.
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FIGURE 1. Full-length snail LCa,3 is the largest identified voltagegated ion channel expressed to daté is coded by a 903bp

cDNA transcript that forma 2886amino acid protein with a molecular mass of 322 k®ahe N terminus closely matches with a putative

start site derived from marine snAil californicaEST EB30292) and slightly resmbles the N and C termini of human,84i 3.3.B,
LCa3 is 1.25x larger than humanBahannels and 1.5x larger than nematodgp€, ccalB, and all other four repeat ion channéls.
LCa3 is larger than human ¢Zachannels in the N and C terminus atsbdhe HI and II-1ll cytoplasmic linkers.
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FIGURE 2. Singleton, snail Ftype C&®* channel gene is distantly related to vertebrate homologs and is the most abundant®Ca
channel transcript in the snail brain. A, shown is the most parsimoniousigdree generated using multiple aligned sequences, analyzed
in PAUP4.0 (D. L. Swofford) and illustrated with TreeView (R. D. M. Page). Sequences include official human sequences (IUPHAR
database).Ca,23 (GenBank" accession ncAF484084 and yeast gen@chi1from Schizosaccharomyces ponftienBank™ accession no.
CAB11726 andSaccharomyces cerevisié@@enBank™ accession ndCAA97244). Numbersat branch points represent bootstrap values
based on 100 replicates in heuristic search. Phylogram branches are scaled by their length and rGofetiGafthchannel homologs

from fungispeciesC, percent amino acid similarity scores were generated from EMBOSS NEEDLE (EB|BRguthern blot indicates a
single copy gene in theymnaeagenome. A Ttype probe hybridized to create a banding pattetnté arrows on the blot was created
from membrane transfer of genomic DNA digested with etfo@R/ (a), Hindlll (b), EcoR (c), or Xhd (d). The probe contained an
EcoRY restriction site, so the probe hybridized to two genomic DNA fragments digesteHaoiY. D, densitometric intensity dRT-

PCR bands (illustrated in tliese) was generated frolnymnaeabrain tissue.

43


http://www.ncbi.nlm.nih.gov/nuccore/283459427
http://www.ncbi.nlm.nih.gov/protein/2388993
http://www.ncbi.nlm.nih.gov/protein/1323391

A Gating

DI Brake DIl DIl DIV
12345 Ps Ab 12345 Pg 12345 Pg 12|545 Pg

S, e

2%

£Zu 6

52 .

SEZ 2 /

§°2 of YTV Y LA

0 500 1000 1500 2000 2500
Relative amino acid position

B EEDD EEDD

locus locus
LCav3 IP FoNIGIMAWVEYI FQV ISLESWVIRI MY 472 P A L Lw VTVFQVLTQEDOWNRIVL YN RIS
hCav3.3 JroNIGRgAWIRdI FQV ITLEGWVHIMY 365 K s [ VTVFQILTQEDWNRIVL Y N R
Ko B YN FONLGQALMALFVLASKDGWVQ I MY EERF Ivp Ll FIIN FGMAFLTLFRVATGDNWNG | MK D
hCav3.3 YNFDNLGQALMSLFVLASKDGWVN I MY[IEEK:] M FIANFGMAFLTLFQVSTGDNWNG I MK DRI

c end of 1S6 helix 1 turns helix 2
LCav3 CLVVIATQFSETK TER [Mses TiL A sPls e rcldc YH M v o vkl REY 559
GATING BRAKE
hCav3.3 CLVVIATQFSETK HR L M sEjsTvasKiAErPGhc Y N v [ L A 452

FIGURE 3. Running window of similarity (A) and alignments 8 and C) between amino acid sequences of distanttype channel
homologs(snail LCa,3 and human Cga3.3) reweal that the invariant structures for T-type channels are harbored in six membrane
spanning segments in all four domains (I, Il, Ill, and 1V), including an ion conducting pore (S%-loop-S6) and voltage sensor (S1
S4).lllustrated is the position in thelll linker whereLCa,3 polyclonal antibodyAb) was generated in rabbits against a-a6tno acid
peptide B, shown is amino acid sequence alignment of trenteant Ploop located between S5 and S6 of each of the four domains
illustrating the signature gaence (EEDD locus) that influences?Oan permeation and selectivity. The conserved aspartate residue (1097
in LCaz3) in a position downstream of the selectivity filter glutamate residue is positioned to attract incoffiing<e the porE. LCa,3
contains a neutral isoleucine in the outer pore at position 468 where mammsl@channels have a negatively charged residue (Glu or
Asp) that influene pore blocking drug<, alignment of the cytoplasmic gating brake in proximilihker is shown. The gating brake is
thought to prevent-Type channel gating at more hyperpolarized potentials.
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Expression Characteristics of LGa in HEK-293T Cells

Transient transfection @fCa,3 cDNA contained in pIRESEGFP vector reveals membrane

delimited staining of HEK293T cells box, Fig. 4A) with a rabbit polyclonal antibody gerated

against the-ll cytoplasmic linker of LCgB (seeFig. 3A for the relative location of the epitope).

Antibody staining was not apparentli€a,1-transfected celf$* or when preimmune serum was used

to detect LCgB (Fig. 4A). Channel expression levels generally correspond to the EGFP intensity in
HEK-293T cells, as would be expected with Lii&a,3 cDNA expressed on the same mRNA as EGFP

using the bicistronic expression vector, pIRESZFP. The optimal level of HER93T expression

for electrophysiological recording (200 pA to 1.5 nA) corresponds tyS after transfection,

whereas larger currents of up to 10 nA were possible by allowing protein expression to continue for

up to 6 daysKig. 4B). Typical transient kinetics af-type currents are revealed in whole cell

recordings of LCg. Small voltage steps aboveehs hol d (170 to 165 mV) are
inactivate (requiring 10s of ms). Larger voltage steps elicit currents with progressively faster

activation and inactivation kinetics that cross over each other with each successive step toward a
maximalcure nt f or a vol tFRgg4E) .stle pofofi nma3cst imvat(i on ki net
in the time to peak and U of accFig 4)qdedTable 1Ifdci net i c s

a detailed comparison of biophysical parameters betweghdiannels).

Thepairing of activation and inactivation with L{3ais typical of Ftype currents and has led
some to suggest thattype channel inactivation is voltagedependent. The voltage sensitivity of
LCa,3 approximats a typical low thresholdTy pe curr ent t lirig td), gitkoaghs at 1 3
technically LC@3 is slightly lower threshold than mammalian Ty pes ( peak bet ween 1 G
mV). Channel availability at steady state was assessed afepeepulse protocoF{g. 5A) and a 5
prepulse protocol (data not shown), revealing a surprisingly stegpositively shifted availability
curve compared with mammaliantype channelsHig. 3). The combination of the very low
threshold of channel activation and the large fractigpogsible available channels creates a
potentially large and persistent window current near the resting membrane potential of typical
neuroné* (Fig. 5C). An estimated window current was gathered by the product of available channels
under steadgtate conditions and the relative peak conductance. As many as 1.8% oftym@l T
channel s may <cont r i b uRigeSC)taovalue htileast as high asehattcalcalatedT 6 5 r
for recombinant mammalian channels gathered under similar conditions. A measure of the persistent,

steadystate current amplited was assessed after 1 s of sustaine
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t o 1 50 -mwVhcrénentsThe largest, persistent current corresponded to the estimated

maxi mal window current size atFigrbeiesed ng membr ane

One of the characteristic features afype channels is a slow rate of deactivatioBeactivation
is measured as the rate ofrant decay from a tail current generated by the rapid return to lower,
more hyperpolarized potentials with maximally of
Deactivationratesof LGA ar e fastest at hyperpol ari wéhd pot en
depol arization steps to r eS8 fitdwihgn the fasteeend aftad s (7 60
range of deactivation kinetics for mammaliatftype channels but is still manyfold slower thanXCa
and C@2 channels. The slowness of deactivakiretics suggests that native L@aurrents may

pass a deactivating tail current upon membrane repolarization.

Macroscopic, native Gacurrents are typically equal or larger tharf Baurrents at equimolar
concentrations, although the unitary cortdnce is reported to be equal in higH'Ga B&*?*°,
Macroscopic C4 currents range from smaller, equal, or larger thafi @arents for recombinant
Ca3.2, Ca3.3, or Ca3.1 channels, respectivé‘?ﬁ‘z Reasons for the relativéfférences in C4 and
Ba®" permeability of different channel types are not clearly understood3Li€sembles Ga.2 and
other high voltagactivated snail G4 channels, conducting larger amplitude whole cefi’Barrents
than C&" currents Fig. 7A)*. B&* as a charge carrier results in a slight hyperpolarizing shift in the
currentvoltage relationships compared with?CéFig. 7B), but there is still #50% increase in
whole cell B&" conductance compared with Cin the absence of driving force changEg( 7C).
Kinetics are also faster whenBis the charge carrier, witlaster time to peakF{g. 7D) associated
with more rapid inactivation kinetic&ig. 7E). C&*-dependent inactivation typically associated with
Ca/l channels is not a property of LBar other Ftype channef8*

Ni** traditionally has been considered to be a blocker that distinguistyged from dter
channels, but only one of the three cloned mammaliahahnels, C8.2, is strongly inhibited by
Ni**?* LCa,3 is approximately equally sensitive to’Nas Ca3.1 and C¢8.3, with an G, of 300 +
2 9 . M4Fig.s8A), but all of these Fype channels a@20i 60-fold less sensitive than a2,
Lee and cavorker$* identified that the unusual Nisensitivity of C&3.2 critically involves His
191, imbedded in a heliturn-helix motif known as the S384 voltage sensor paddle in Doméit |
(Fig. 8C). Interestingly, LCg does not have a corresponding-ted residue of G&.2, but neither
does the sequence of the S3b voltage sensor paddle of L3aompare well wittany of the C¢8

channelskig. 8C). LCa,3 has an eigkamino acid insert in this short linker region and extra positive
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and negative charges compared with the mammalig® c@annels Fig. 8C). The Nf* doseresponse

curve does not perfectly fit the datd. 88), but a bifnasic doseesponse curve does, having a high

affinity ICsp0f 27 .25 N 2.74 em (38f%)1 @604 %4 | WY . Jalf fdmi
8B, inse).

Mibefradil wasmarketed by Roche Applied Science as a drug for treatment of hypertension and
angina™® before it was withdrawn in 1998 for its potential side effects. It is asetective antagonist
but typically has &10-fold greater selectivity for Type channels over-type C&" channels. LC#8
is in the range of sensitivity to mibefradil (680 + 0.03 nm) as mammaligpelchannelsHig. 8D).
Caution must be heeded when directly comparing results from different studies as mibefradil is highly

sensitive to the charge carrier, charge carrier concentration, and holding pétential
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FIGURE 4. Transient transfection of HEK-293T cells harboring the pIRES2EGFP plasmid containing invertebrate T-type channel

cDNA reveal highly abundant channels and characteristic ®ype channel properties A, membrane delimited staining of L@Ba(inet)

is evident in EGFmositive cells but only with LG&-specific antibody and not with preimmune serum or Wwifla 1-transfected cellsB,

the box chart indicates the current density (pA/pF (picofarads)) of3L&gression on 3 or 6 days after transbectThebox chartalso

illustrates mean, median £ 1 S.D., min/max current densliesample LC¢g currents are shown in response tm$ voltage steps from a

T 1 Im¥ holding potential. llustrated is an ensemble of rapidly activating and inactivatiigu®eents where each traé@osses ovér

the previous one from rest to peak, and the resulmgalized peak currents are plotted as a function of voltage step, indicating low
threshold of activation (165 mV) an D). Qumaertioltagelrelatonshipsevere carfitigee ner at e d
with an OhmieBoltzmann functionE,t he i ncr ease i N i) dosaytollowstheiinoreasirg peee atiwttich the clrrent
approaches peakt), also reflected in the faster rate of activation, ciniet t ed and . epresented by U
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TABLE 1 Comparison of biophysical parameters for recombinant LCa3 and mammalian T-
type channels expressed in human cell lineNA, not available.

Electrophysiology LCav3 n Ca,3.1 Reference Ca3.2 Reference Ca3.3 Reference
Activation
Vi, —48.42 = 0.34 5 —44.6 £ 0.7¢ 196, 195 —42.7 + 0.7° 247,197 —40.2 + 0.8" 196
-421 + 11" —-43.8 * 0.8"
K 5.81 = 0.30 5 58*02 196, 195 6.0 = 0.1 247,197 58+ .2 196
5302 6.3 £0.1
Peak of IV (mV) —35 5 —30, —30 196, 195 —=30 247 —25 196
Inactivation
Vi, —6540 = 0.15 7 —77.7+0.7" 196, 195 -77.7 £ 0.8° 247,197 —68.6 = 0.7 196
~74.1 * 1.6" -78.1+ 12"
K 276 013 7 ~5.0= 02" 196 —57 £ 0.2" 247,197 —5.5+ 05" 196
-53+02" -57+01"
Kinetics at =20 mV
Toce 2.34 * 0.12 5 1.6+ 0.2° 195 29+ 0.1° 197 NA
Tinact 17.11 + 0.46 5 13.9 * 1.1 195 174 £ 0.9 197 NA
Kinetics at =30 mV
Toct 3.19 £ 0.17 5 29+ 04 205 38 £0.17 205 14+ 1.0" 205
Tinact 19.16 = 0.57 5 17+ 6 205 16 + 1 205 80 + 5° 205
Deactivation
—100 mV 1.03 £ 0.15 10 2.6 = 0.2" 267 3.6 £ 0.4 267 1.12 £ 0.1° 267
—70 mV 291 = 0.64 10 6.2 * 0.47¢ 267 8.5 = 1.1% 267 2.1 *+0.1% 267
Pharmacology
Nickel (IC;, uM) 300.00 = 29.24 4 250 = 227 242,243 49+ 2,0% 242,243 216 + 924 242
12 =204
Mibefradil (IC, pm) 0.68 = 0.03 4 1.2 =029 246 1.1 =027 246 1.5 0177 246

“p < 0.05 (one-way analysis of variance).
¥ p < 0.005 (one-way analysis of variance).
©2 mu instead of 5 mum Ca? " in extracellular solution.

<10 mm Ba®~ in extracellular solution.
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FIGURE 5. Invertebrate LCa,3 has a large, persistent window current up to 1.8% of the total current near the resting mesrane

potential. A, sample current traces of maximaka current s (st ep t osidadiatingpvepuls®,raBoltamammonse t o a
fitted inactivation curve was generated by plotting the fraction of maximal current as a function of prepulse voltagetidmefr

maximal conductance at each voktagas plotted as an activation curve, ctfitted with a Boltzmann function. The activation curve was

derived from the currentoltage relationship minus the ohthanges due to the driving force (illustratedrig 4D). C, calculation of the

window currents were based on the product of the fraction of the whole cell conductance and fraction of avaiialletivaiad channels

at each voltagdnset a window current was measd at the end of a longsslvoltagestep. At 1 s, the majority of open channels will have

been inactivated, leaving only open channels that persist under-statelgonditions, with a maximum at the resting membrane potential

(165 mV).
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FIGURE 6. Invertebrate LCa,3 slowly deactivates similar to mammalian Rype channels Sample tail currents and curve fitting of
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FIGURE 7. LCa,3 currents are larger and faster when B is the charge carrier. Sample tracesd) and currenwoltage relationships

(B)ofLCa3 currents were generated from depol amVwhilemigroperfiudingage st eps fro
extracellular solution containing either 5 mn?Bar 5 mm C&'. Whole cell B&" conductance was estimated toli&0% greater than a

conductance at all voltageS)( Kinetics of activation (time to peak current, mi8) énd inativation decay (tau curve fit, mdE) are faster

when barium instead of calcium is the charge carrier.
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FIGURE 8. Invertebrate T-type channels have similar Ni and mibefradil sensitivity as mammalian T-types A, shown is the time

course of Ni* inhibition of normalized LC@ peak currentsr(set representative trace®, cumulative doseesponse is illustrated, with an
ICs( 300 N 29.2 em) vasotiGa3t haf 304 e8| &al¥) @seta better fiHustted with a biphasic
doseresponse curve is show@, T-type channel alignments in the regimithe S3bS4 paddle of Domain | illustrate the Hi9®1 required

for high NP* sensitivity of C&3.2 channels. LG8 has an eigkamino acid insert with additional charged residues in the relative position of
the His191 residue in G&.2.D, shown is aemulative doseesponse curve of mibefradil block of L@3ginset representative traces),

indicatinganlG( 300 N 29. 2 em) val ueofot mammalian €8 chanelsni scent of the 1 C
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2.1.4 Discussion
Introduction to LCa,3

Here we describe the first vitro expression characteristics of a snail homolog of mammaliypd
channels and, also remarkabkethatlL.Ca,3 is only one of two fullength cDNA sequences

determined for nomammalian Ttypes to date. cDNAs are assembled from predicted exons from a
number of invertebrate sequenced genorags Drosophila melanogast@a-U 1-RB, accession no.
NM_132068, but low homology outside of the conserved transmembrane domains indicates that the
predicted transcript assemblies are likely erroneous when analyzed with multiple sequence alignments
of cDNAs derived from mRNALCa,3 andC. elegans ccd B, humanCa3.1to Ca,3.3). LCa3

codes for a 32RDa protein of 2886 amino acids, which is the largest protein of any reported four
repeat ion channel expressed to date, including 1.25 times larger thamatremi-type channels

and 1.5 times larger than et8 from C. elegansthe only other reported invertebrate cDNA coding

for a T-type channel. Whether-fiype channels in other phylogenetic groups are this large or possibly

even larger is not known.
Permedion and the DDEE Selectivity Filter

The transmembrane regions are not responsible for most of the extra masg3aimdiclude the
highly conserved, voltageensor domain (S1 to S4) the outer helix (S5), tlmp, and inner helix

(S6) in all four rpeat domair. A unique DDEE selectivity filtéf and a gating brak® are two
trademarks of Fypes that distinguisthem from the CA and Cg C&"* channel families. Flexible

side chains of each domain harboring key glutamate residues (EEEE) contribute to the selectivity
filter by extending into the permeation pathway, where they are expected to bridgen€as they
pass through the pore of high voltagtivated C¢l and Cg2 channel$. A highly conserved

aspartate residue upstream in the selectivity filter anadalfjao the glutamate residue in Domain Il
may serve to attract incoming €éons to the iorselective pore of all Gachannels, according to
modeling studies by B. ZhorV T-type channels are reported to have a lowéf §ectivity over
monovalent cations as the estimated reversal potential is less positive than highaailteged

Ca,l and Ca channels (+40ersus+60 mV}*®. Shortened carbon side chains in Domains | and Il of
T-types (DDEE instad of EEEE) may bridge €dons less stringently, resulting in lower pore
selectivity for C&" ions in favor of faster kinetics that is typical fotype C&" channels.

Interestingly, inactivation kinetic changes mirror changes in activation kineflesyimes’, and a

modified EEDD locus alters gating properffes
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No obvious conclusion can be drawn from differences in permeability féraBel C4" ions
amorg T-type channels. Only LGa and mammalian G&.2 channels have larger macroscopié'Ba
than C&' currents. Interestingly, greater macroscopic currents fhd@r C&" are a consistent
feature with snail Cd channels expressed in HE293T cells includig LCa1***and LCq2%*3

Gating Brake

A gating brake shared amongylpe channels is considered to prevent channel opening at

hyperpolarized potentials, as nucléetipolymorphisms in patients with childhood absence epilepsy

or strategically placed deletions in this region produce channels that open at even more negative

potentials than typical-fype channelS’. The proxmal I-Il loop of LC33 is predicted to contain the
helix-loop-helix gating brake structuf®€, and more distally thell loop has been ascribed to

regulating the surface expression efypes®. It may be more than coincidence that the gating brake

i s in the equivalent position where b subunits &
high voltageactivated Cgl and Ca& channels as well as regulate/modulate their expressign (

protein folding, turnover, and membrane traffickfitg)indeed, invertebrate LG&does not require
accessoll ysbbwmi tUs and r obus-29BTycells at anrefficiescetiat i n  h u ma
rivals the mammalian-type channels. Continued transfection in the presence of G418 antibiotic

selection has generated a number of staBIK-H93T cell lines for LC&. A high constitutive

expression of LC8 under the strong mammalian cytomegalovirus promoter argues in favor of

greater transcriptional controls fort§pe channel expression in native cells compared with perhaps

more postrarslational checkpoints regulating the expression Ql@ad Cg channels that are

known to form complex, multimeric assemblies along the secretory pathway.
Overall Shared Features of -fype Channels

Scoring of the overall amino acid conservation betvieeartebrate and mammalian genes can lead

to overestimates of the degree of structural divergence, as a sequence not under selection will drift
substantially over the hundreds of millions of years separating their evolution. Compaitimgithae
expresn characteristics between L@Band mammalian-Types suggests a structural equivalency

in core regions despite the overall sequence divergence of different channels, revealing a set of
guintessential properties shared by atiyfes. Voltage propertieseatightly regulated with fast and
transient kinetics, slow deactivation, window currents produced by overlapping activation, and
availability curves and channel activity limited to a narrow window of subthreshold voltages where

channels are available andnducting. Also, similar drug sensitivities of LGdor Ni?* ions and
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mibefradil suggest conserved residues in the outer pore and the aqueous permeation pathway between
the selectivity filter and the aqueous, ptined, inner S6 helices (inverted teps®ape) as predicted

from the threadimensional structure of crystallized K chanfielBrobing the affinity of a number of

different T-type channel drugs will assist in interpreting the structural variantg isrntil channel

poreversusghe mammalian ones.
Primitive Features in Invertebrate Channels

Invertebrate Cd channels of the high voltage variety are also highly conserved in their biophysical
properties. Rat G&.2 and snail LCA channels, for examplare so alike that there are no reliable
biophysical features outside of drug sensitivity that separate the two channels transfected in HEK
293T cell$™. Differences outside of biophysical features appear to reflegrtmitiveness of the
invertebrate homologue, reminiscent of a state preceding the evolution of specializations in
electromechanical coupling, such as the tetrad organization in skeletal muscle where mammalian
Ca,1.1 channels are directly coupled to rydine receptors of the sarcoplasmic reticuitim

Invertebrate muscles lack tetrads or an equivaleyit.Cahannel that mediates muscle contraétfon
More indirectcoupling, with C&" serving as a short range transmitter, is also a feature of invertebrate
neurotransmission. Invertebrate,€ahannels that are responsible for transmitter release ladk a Il
loop structure containing the synaptic protein bindingcfi@a,2.1 and Ci.2 channef$® and also

exhibit a synaptic organization lacking key structural proteins present in mammalian synapses (such
as Bassoon and CAST) and a synaptic substructure, sudbrasaphla T-bar, which is unlike the

mammalian presynaptic density
T-type Channel Diversity

T-type channels are modulated through intracellular signaling cascades and are coupled to other ion
channel®®, but there is little to indicate thattypes serve as instruments for electromechanical
coupling in celitype specific, multisubunit complexes in the manner gil@ad Cg2 channelS™.

Structural diversity in the three mammaliattype channels arose out of genomic duplication,

perhaps creatingome overlapping redundancy in function. Yet the presence of unique biophysical
properties, tissue specificity, modulation, and putative prgieitein interactions sites suggests
otherwise, indicating that the different genes may provide specializetibfusman mammals.

Examples that illustrate this functional divergence include the contribution to rebound burst firing in
thalamocortical neurons by (31, the involvement of G&.2 in pain sensitivity, relaxation of

coronary arteries and secretion ofcgtkrone, and the involvement of,88 in longlasting bursts in
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the inferior olive and habenula served by its slower kinetics and a larger window current range
compared with other-fype channefé. Distinct, regional antibody staining within individual central
neurons suggests that each gene may serve particular roles within somatic, dendritic, and perinuclear
compartment§?*2 Whether the diversity of mechanismsmammals is contained within a single

invertebrate C8 gene and its alternative splicing has not been explored.
Wide Range of Functions Expected for Abundanttype Channel Transcript

Here we show thdtCa3 is the most abundant €achannel transcrigh the Lymnaeanervous

system, and our previous analysis indicates that this reflects a transcript profile in an individual snail
neurof*®. Quantitative RTPCR of single identified respiratory VD4 neurons, swgad in replicates

of six neurons, indicated the€Ca,3 is manyfold more abundant than eith€ra,1 or LCa,2 channel
expressiofi”. Their abundance in invertebrates may reflect a wide range of functions tessodth

T-type channels such a®) Ehaping nerve action potentials and pacemakb)@ fonelectrogenic

role for T-types in providing C& through window current& and €) roles in differentiating and
prdiferating cells 8) and @) secretiof’>. Some invertebrates also appear to have additional roles that
are not served by mammaliarylpe channels, such as excitation contraction coupling in jellyfish
muscle cell§° or facilitating the contraction of pharyngeal muscles in nematdeserestingly, F

type spikes can provide qualitatively different information than sodium spikes in the same
invertebrate axons. Weak depolarizations initiate slow swimming-ty@d spikes, whereas stronger
pacemaking inputs initia a fast escape swimming response mediated by overshooting sodium spikes

in the same axons, presumably operating in the availability range outsietgpe Thannefs®.
Drug Binding; Nickel

LCa3 has equall3 0 0  goNi*1sénsitivity as C8.1 and C¢8.3 channels. We report that the

Ni** doseresponse curve for LG&is biphasic, indicative of two components of drug block. A

similar biphasic Ni* block is apparent in the dosesponse data for mammali@tombinant

channelsKig. 3D in Ref.?*, Fig. 2B in Ref.?*® andFig. 7B in Ref.*% and in native current§(g.

3Ain Ref.?’ Fig. 6B in Ref.?*® andFig. 7B in Ref.?*%. A biphasic response mighgsult from two

Ni** binding sites. Jones and-amrkers suggest that (3al indeed has two binding sites, one in the
outer pore and another deeper site within the pore pathway that is strongly affected by the permeant

ion®®,
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Unusually sensitive Niblock (51 0 ¢ ) is b @operty of G&.2 channels and critically
involves a His191 residu&*in what has been described as the-S8hvoltage sensor paddle for
sodium channels based on theay structuref potassium channéf8. More than Hisl91 may be
critical in the S3K54 voltage sensor paddle as a similar high affinity cation block & Zehannels
by extracellular Zf involves the Hisl91 residue antivo residues directly upstream of Hi1, in
particular, Aspl89 and Gly190%".

The S3bS4 is considered to carry most of the gating charge ang tkees the conformational
changes required for pore opening and closing. It seems probable#tesddciates with the S3x%
paddle motif of C¢gB.2 in a manner similar to how tarantula and scorpion toxins immobilize the
voltage sensor of sodium chaaisi*> Ca,3.2 is inhibited by Ni* independently of voltage and is
similarly blocked with C& or B&* as a charge carrier, which is consistent with an inhibition by a
mechanism outside the permeation patfwainterestingly, LC¢8 has an eigkamino acid insert in
this short S3k54 region with extra positive and negative charges compared wihc@annels. The

effect of the insert on Kiiblock or voltagegating,if any, is not known.

Other regions may also contribute tdNilock. High affinity Zrf* block in Ca3.2 channels also
involves a neutral AlL40 in IS2 that is negatively charged (As$0) in corresponding position of
less sensitive Ga.1 and C¢8.3 channel®? Future chimera work may be important to evaluate

whether LC&3 with a positively charged Hit40 at this position influences cation block.
Drug Binding; Mibefradil

A number of new and potenttype channel blockers are being explored, and mibefradil serves as the
first T-type channel blocker that was clinically availdbleinterestingly, mibefradil block of snail

LCa,3 channel is in the range of potency of mammalidagpEs. With doses spanning the mahge

of the 1G, (680 + 0.03 nm), we observed that the mibefradil block of, B®auld not readily

stabilize, with accumulation of a slow but progressive block during long periods (tens of min) of
continuous perfusionVe assume that this reflects a-dependence often ascribed to mibefradil
block®%. A slow time course of mibefradil block may also be explained by a reported accumulation of
a hydrolyzed metabolite and more migraneimpermeant form of mibefradil (dimibefradil) that

has an affinity for calcium channels from the cytopf&&nfrurther probing of different structures

with mammalian and snail homologs will provide an opportunity for describing the high affinity drug

binding in T-type channels.
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Summary and Future Prosgcts

Expression characteristics of an invertebratgpe channel hae combined features that are

reminiscent of all mammalian ¢al, Cq3.2, and CgB.3 channels (s€Eable ). LCa,3 is 25% larger

than any voltaggated ion channel expressed to date and is the most abundantly expréssed Ca
channel transcript in the snail nervous system. Window currents in invertebrate and mammalian T
type channels suggest a likely relectrogeic role for Ttypes in providing C4 for proliferating

and differentiating cells and in the developing embryo. Alternative splicing of the single invertebrate
gene may provide the structural diversity for shaping the window current and firing patteres ca

for individual network requirements. We anticipate that the snail will provide unique perspectives for
probing Ttype channel physiology. Much can be learned from the simple molluscan preparation
where only a single -Type channel gene is expresseahative cells and where there is relative ease

in probing the physiological mechanisms in single identified cultured neurons and intact networks in
the brain that underlay well described beha¥férén invertebrate channel also provides an

opportunity to reflect on evolutionary mechanisms. Channel | as it was first described has turned out
to be the most challenging €&hannel to analyze since it was identified by Hagivesra >*° more

than 35 years ago. There is some truth in the following summary stateyn®nay and

Macdonald®, reflecting on the present status ofthe 7 pe channel field: A[ The]

regulatonof t ype channels is simultaneously well docu
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2.1.6 Other details

The nucleotide sequence(s) reported in this paper has been submitted to the G¥EBhillata
Bank with accession number&ir484084
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2.2 Conserved alternative splicing between the invertebrate LCa,3 channel

gene and mammalian Ca,3 homologues

This research ipublishedn the jounal PLoS QNE: Adriano Senatore and J. David Spaff(2612)
Gene Transcription and Splicing of - Type Channels are EvolutionarilyConserved Strategies
for Regulating Channel Expression and GatingPLoS ONE.7(6):e37409© Peter Binfield,
Publisher, PLoS NE and Community Journals.

The manuscript contasresearch conducted by Adriano Senatende in the laboratoryf Dr. J.
David Spaffordin silico structural comparisons of several vertebrate and invertebdiendin ion
channels, and a comprehemsinventory of relevant biophysical data available for mammaligB Ca
channels for comparison wittymnaeaCa,3 (conducted by Dr. Spaffordilere, weproposehe
existence okvolutionarily conserved splicingetweerLymnaeaand mammalian G& channel
homologuesn ther respectivd-Il and IlI-IV cytoplasmidinkers(i.e. optional exon 8b in thell
linker and 25c¢ in the KV linker). Remarkably, the temporal and spaé&pressiorof these exons
arehighly analogou#n their respective organismsith similarexpressiorpatterngor LCa,3 and
mammalian Cg.1 and CgB.2 channekpliceisoformsin the heart and CN&t different stages of
development. Functionally, the alternative splieinduced alterations in channel structpreduce
analogous inflances oitmembrane expressigaxon 8b) andbiophysical propertieGexon 25c) All
of these features suggest that alternative splicing inithenid IlI-1V linkers are evolutionarily
conservedor at least arose through convergent evolutiol, serveo modulate Ttype channel

functionfor different roleghroughout development and in different tissues.

Materials and methods, as well as supplementary materials and methods that are part of this

manuscriptcan be found in Appendix B.
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2.2.1 Abstract

T-typecalcium channels operate within tightly regulated biophysical constraints for supporting
rhythmic firing in the brain, heart and secretory organs of invertebrates and vertebrates. The snail T
type genel.Ca3 from Lymnaea stagnaljpossesses alternatitandem donor splice sites enabling a
choice of darge exon 8b (201 aa) or a short exon 25c¢ (9 aa) in cytoplasmic linkers, similar to
mammalian homolog$nclusion of optional 25c exons in the-IW linker of T-type channels speeds
up kinetics and causéyperpolarizing shifts in both activation and steathte inactivation of
macroscopic currents. Tladundant variant lacking exon 25c is the workhorse of embryop& Ca
channels, whose high density aight-shifted activation and availability curves a&gected to
increase pacmaking and allow thehannels to contribute more significantly to cellular excitation in
prenatal tissue. Presence of branriched, optional exon 8b conserved with mammalig8.Cand
encompassing the proximal half of th# linker, imparts a ~50% reduction in total and surface
expressed LGA channel protein, whicaccounts for reduced whetell calcium currents of +8b
variants in HEK cells. Evolutionarily conserveptional exons in cytoplasmic linkers of Ba
channels reglate expression (exon 8b) and a batterlgiophysical properties (exon 25c) for tuning
specialized firing patterns in different tissues and througtiewglopment.

2.2.2 Introduction

Ca,3 channels are known for gatidgansienbcurrents at low voltages netéue resting membrane
potential, and often depolarize cells to threshold in a cyclical manner to promote rhythmic firing (for
reviews see Senatoet al, 2012* andPerezReyes 200%). Animals with Ca3 channels appear in
relatives of extant multicellular organisms without tissues or organsTfecboplay, and within
Cnidarians, the simplest phlyum to harbor a nervous system (e.g. sea ahamatestellaFig.

1A). Softbodied invertebrates, precursors to various animal phyla including molluscs, likely first
appeared in the Late Vendian Period (650 to 543 mya), prior to the divergence of the single ancestral
Ca,3 channel gene into three mammalian geDRENA1G(Ca3 . 1 ;&), CACNAIH(Ca3.2 or

UH) andCACNA1I(Ca3 . 3 1)8%r Redéntly, we have cloned and expressed the first non
vertebrate C& channeln vitro, LCa,3, from the pond snailymnaeastagnalis. Here, we describe

two optional exons in thell and IlI-1V cytoplasmic linkers of. Ca 3 that are evolutionasl

conserved with vertebrate 3achannels and likely play critical roles in regulating membrane

expression and an array of biophysical properties during development. The evolutionarily distant
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LCa,3 channel highlights key and fundamental features {fiyp€& channels, providing an important

perspective for understanding 8ahannel regulation.
2.2.3 Results
Structural conservation in Cg8 channels

Comparisons between 3achannels reveal that mammalian genes cluster more closely in overall
sequence similarity aomgst themselves than to the more evolutionarily distant and sdliggBygene

in snails Fig. 1A and B). Much of the divergence from the snail sequence lies in the tethered,
cytoplasmic loops between transmembrane domains, which also bear surposirgggved islands

of conservationKig. 1C). A signature helitoop-helix in the proximal{ll cytoplasmic linker forms
a@ating brakéthat is unique to all G& channels, which when deleted augments characteristic
features by shifting lowoltages of ativation to even more hyperpolarized potentials, and increases
kinetics of channel opening and closité® Downstream of the gating brake in vertebratg8Ca

and invertebrate G& channels is a region theontains a large cluster of histidine residues, followed
by an isolated and conservé@@PRASPExxD/Bmotif that is surrounded by unconserved sequences
(Fig. 1D).
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Figure 1. LCa,3 channel from snail is a distant homolog to mammalian G8.1,Ca,3.2 and Ca3.3, with conserved structural

features in the cytoplasmic loops (A) Phylogeny of ftype calcium channels using maximum parsimony with bootstrap scores indicated
on branches. (B) Percent similarity of amino acid sequencesypfelchanne (snail vs. human) using the Needlerviinnsch global
alignment algorithm. (C) Running average of similarity of snail versus hurtgmeTchannel amino acid sequences using a window of 25
aa (plotcon, EMBOSS8ttp://emboss.opebio.org). (D) Alignment of Ftype channel sequences in thiélinker. Amino acids between

the Histidine rich region and the APRASPE motif vary from 0 to 89 aa.
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Conserved splicing of exons 8b and 25c

Interestingly, theAPRASPBEmotif is contained within an optional portion of exon 8 that normally
spans from Domain | segment 6 across ~70% of the cytopladiioker. The optional portion of

exon 8 (termed exon 8b), is similarly spliced out in snail and mamri&i@&3 channel genes by

use of alternative, upstream, intron donor splice sites within exon 8 that truncatelthieer coding
sequences dfCa3 andCa3.1by 603 and 402 bp, respectivelig. S1) Exon 8b occurs

downstram of the gating brake, and its omission shortens-thiinker of LCa,3 channels by 201 aa
(~50%) and Cg&.1 by 134 aa (~39%:ig. 2A). A second conserved region of alternative splicing
corresponds precisely with the middle of thelMIcytoplasmic Inker Fig. 2B), which is similarly

short in closely related Nand Cachannels (54 +1 aa;Fig. 2C). Splicing at alternative and more
upstream, phase 1 intron donor splice sites shortens thélifiker by between 7 and 11 aa in

different snail C¢8 and mammalian Ga.1 and C¢gB8.2 channelsHigs. B, S2, S3. Ca3.1and
Ca3.2genes also possess downstream, similarly short optional cassette exons, termed exon 26, that
code for between 6 and 19 aa, and that may be included in lieu of exon 25carriapmedem with

it (Figs. B and S4. A consensus amirecidsequence or a number of positively or negatively

charged residues is not a consistent feature of 25c exons. The only consistent feature is the first
residue coding serine (coded bgA) thatcompletes the consensus kinase phosphorylation site
(KKRKSfor LCa3 ) , which also contributes to the consen
(GTRAGT; Figs. B and S49.

A simple evolutionary pattern has many invertebrate and mamn@di&3 channel gaes having
Gee @isoforms lacking exons 25c or 26. Srala3possesses exon 25c¢c besides
over 48 independent RFCR products from snail embryonic and adult RNA did not uncover an
optional cassette exon 26 1o€a,3 (Fig. S5. VertebrateCa,3.1and Ca,3.2 possess both exons 25¢
and 26, and have correspondingly larger intron sizes spanning these regions than genes lacking either
exon 26 (e.g. snalla,3), or both exons 25 and exons 26 (€g,3.3 Fig. 2D). Larger intron sizes

suggest more extens regulation of alternative splicing for these short exons.

64



Suppl ementary Figure 1. Genomic region spanning region surroundi |
inclusion of exon 8b and a conserved APRASPE motif in thell linker of snail LCa,3 and mammalian Cg3.1 T-type channels
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