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Abstract

Invertebrate Ttype calcium channels cloned from the great pond shyinnaea
Stagnalis(LCav3) posses$ighly sodium permeant ion channel currents by means of
alternative splicing of exon 12. Exon 12 is located on the extracellular turret and the
descending helix between segments 5 and segments 6, upstream of the ion selectivity filter in
Domain Il. HigHy-sodium permeant-Type channels are generated without altering the
selectivity filter locus, the primary regulatory domain known to govern ion selectivity for
calcium and sodium channel€omparison®f exon 12 sequences between invertebrates and
vertébrate Ftype channels reveals a conserved pattern of cysteine residues. €alcium
selective mammalian-Type channels possess a single cysteine in exon 12 in comparison to
invertebrate Ttype channels with either a-tor penta cysteine frameworkCystene
residues irexon 12 were substituted witghneutral amino acid, alanimeLCav3 channels
harbouring exon 12and 12b to mimic the turret structure of vertebratgpe channels. The
results generated-fiype channels that were even more sodpermeal# than the native-T
type channels in snails. Furthermore, permeant divalent ions similar in structafeiton
(eg. barium were unable to sufficiently block the monovalent ion current of channels lacking
cysteines irbomain Il, suggesting thalhe poreas highly sodium permeant, ahas weak
affinity and blockby permeant divalent ions other than calcium. Besides ion selectivity, the
cysteine mutated-Type channels were 10 to 100 fold more sensitivahibition by nickel
and zinc, respectively. Thaysteine mutation data highly suggests that the cysteines form an
extracellular structure that regulates ion selectivity anddshitype channels from block
by nickel and zinc.In addition, ve replaced exon 12 from the sodium permeant saibé
channel with exon 12 from human Cav3.2 channélse snail Ftype channel with exon 12
from human Ttype clannels produced aflype channethat was modestly sodium
permeable, but did not confer the high calcium permeability of Cav3.2 channels. These
findings suggest that the cysteine containing extracellular domains in exon 12 are not
sufficient to generate calcium selective channels similautoan Cav3.2 and likely work in
concert with other extracellular domains to regulate the calcium or sodium sgleaftiv-

type channels.
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Chapter 1

Introduction

1.1 Evolutionary origins of voltage gated ion channels

Voltage gated ion channels contribute to the electeaitabiity and action potentials to
control internal processes such as muscle contraction, secretion, and synaptic transmission. The
simplest structural form of these ion channels are the inward rectifying potassium chappels (K
Theyconsistof a poe domairwith two transmembrane segmeseparated by a pcteop (P
loop) (Anderson & Greenberg, 200Iwo poredomains linked together forfour
transmembrangl M) segmentsthisgenerates members of the potassium leak conductance or
two pore (Kkp) chaanel. Sx transmembrane segmemgsneratd voltagegated potassium
channels antlypepolarizationactivatedcyclic nucleotide (HCN) channe{g&nderson &
Greenberg, 2001; Hille, 2001hannels containing six transmembrane segnientsa
voltagesensor dmain a hallmark feaire of voltagegated channel§ he fourth segment of the
voltage sensor domain contains repeating positive charges every third amino acid. This charged
segment moves outward in response to changes to the membrane electlofiigld set of
countercharges in segments 2 and 3 of the vekageor domain, and imparts opening of the
pore domain to which it is attached through aS®4cytoplasmic linkefCatterall, 2010Q)

The six transmembrane motif wbltagegated channels cesistingof avoltagesensor
domainand a pore domain, provislthe structural basis of eukaryotic potassium, sodium and
calcium channelsTypically, in potassium channels, the pore forming subunit consists of four
repeat subunits forming homomultimersh@teromultimers with members within teame
potassium channel famifAnderson & Greenberg, 20015odiumandcalcium channels and
sodium leak conductance chan(@ALCN) contain a single long polypeptide that encompasses
all four domains of twentyour segments, with each domain separatea lzytoplasmic linker
between dmains HI, 11 -1l and IlI-IV. The remainder of this section will focus on the how
sodium and calcium channels (and NALCN) evolved from a single six TM fhkatid voltage
gated potassm channe(Hille, 2001; Senatore & Spafford, 2010; Senatore & Spafford, 2013)

The evolution 6the four repeat domains sbdium and calcium channels is apparent in the
greater similarities betweatomain pairs.Domains | and Ilhavegreater similatieswith each

other, and the same goes flmmains Il and IV which are more similar to éaother. Strong

1



and colleagues (1993) suggested thatsingleton domaiduplicated and then after a period of

time alloweddivergencdo occur for thesdomains Subsequently, domains | andrdains |l

each duplicated to generate the four domain sodium and calcium chamuelSALCN

template. This scheme of evolution a@iomains necessitates a two domain intermediate channel

at some point in timeSee Figure 1.4nd 1.2a for a phylogeny tree of voltage gated ion channels

and the proposed duplication of domains that generated the sodium and calcium channels.
The functional diversity of calcium channel types was first identified by Susumo Hagiwara

and colleaguesistar f i sh eggs as 0 Chalaumselective@urrentsdThés€ h a n n

two channel types in starfish eggs represent the two categories of calcium channels separable by

voltage: the lowvoltage activated (LVA) channels and the higltageactivated (HVA)

channelsKlagiwara, Ozawa & Sand975 Hille, 200]). Ten different mammalian genesding

for calcium channels are known, four belong to thgl@hannel class fLype), three for the

Ca2 channel clas?(Q, N and R type) and three foCa,3 channel class flype), see Figure

1.2b for phylogenetic tree of calcium channels.,1Gand Cg are classified aslVA calcium

channels because they bodlguire a large depolarization (more positive th#imV) to activate,

while Ca3 channels wilkactivate at much lowevoltages less positive thard0 mV) (Hille,

2001; Zamponi, 2005)There are thre€a,3 channebenes in vertebrates: (3a. L), CaJ3.2

( 4)) and Ca8 . 3)). Within these channetiere is significant variation in kineticgrug

blocking effectsand ion permeatiodifferences Unlike the vertebrate channeisyertebrates,

such as the pond sndiymnaeastagnalisonly has one gerthat codes for eaatalcium channel

category designated as LGh LCg2 and LC&3 (Senatore &pafford, 201D The simplicity in

the number of genes provides opportunities to gain insight on the funtidreatures of LVA

channelsVertebrate Cav3 channels have been difficult to characterize because the three

differentvertebrate genes caat beeasily distinguished by drugs or biophysical features.
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NT m
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Figure 1.1 Proposed evolutionary origins of voltage gated ion channels.

Transmembrane segments (TM) are denoted by long recsamgiathe green rectangles
representing S53 segments, red denot®$ segments and blue is-Sb segments. The TM are
separated by intraand extracellular linkers in black and the amiand carboxyltermini are
labeled as NT and CT respectively. The basitding block of voltagegated ion channels is a 2
TM segments with a pore {Floop connecting between them, like an inward rectifying
potassium channel () Pore duplicatiorreate a 4TM (eg2-pore potassium channel) and
addition of a voltage seosgererates6TM channels (echyperpolarizedactivated cyclic
nucleotidegated (HCN). Duplication of the 6 TM voltaggated K- channekreates 42 TM
intermediatgeg. transient receptor potential channel (TRIAM a seaad round of duplication
resultsin the 24 TM ion channels evident in sodium and calcium channels.
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Figure 1.2 Evolutionary diagram of ion channel domains and the phylogenetic tree of
calcium channels.

(A) A proposed scheme dbw domains evolved isodium and calcium channelsn®©repeat
channel went through two rounds of duplication with gene divergence occurring in between the
domain duplications to create four distinct but homologous repeat domains. (B) A phylogenetic
tree llustrating snail and mammalian voltagated calcium channels. There are four mammalian
genes for Cd,, three for Ca2 andthree for Cg3. The pond snail,ymnaea stagnalisas only a
single gene for each calcium channel class (LCBCa2 and LC@3). The outgroup shown on

the phylogenetic tree ifungal calcium channels fro®accharomyces cerevisiaad
Schizosaccharomyces pon{BReproduced from Senatore & Spafford, 2010).
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1.2 Structural model of T-type calcium channels

A common feature ofalcium channalis the poref o r mi salyinit.UHgh voltage
activated(HVA) calcium channels differ from lowoltage activatedLVA) calcium channels,
by requiringadditionala u x i 1 i ary sudbumniitsdstahcasoh, Thi s
limited to a disaission of the primary pore forming subuoitT-t ype cal ci um channe|
S ubuni tsubunk i @ lony polypeptide connected together by four homologous domains
(DI- 1V), each domain contains six transmembrane segmerb631The N and G terminus
and the three linker@-II, I1-11l and I1I-1V) are located intracellularlyKey features of the -T
channels includa voltage sensor, selectivity filter and gating brékiéle,2001; Zamponi, 2005;
Senatore & Spafford, 2011)

1.2.1 Voltage sensor

The voltagesensoiin voltagegatedion channed respondo changes in the membrane
electric field toopenor close the channéelhe voltage sensgregion is comprised of S1 &4
segmentswith the S4 segment beag repeating positive charges that senses volthgages
All voltage-gatedchannels share a similar structure arrangement of one positive charge every
third amino acid (either lysine or arginine) in each of the S4 transmembrane segments (Hille,
2001; Pere-Reyes, 2003). During a depolarization, the positivity charged S4 transmembrane
segments induces a conformational chamgenoving outwardo initiatechannel opening or
activation (Baumgart et al, 2008; Catterall, 2010).

1.2.2 The membrane pore and selectivity filter

The hypothesized structure of the pore for calcium channels contains a large outer
vestibule funnehg to a narow, tightpore that leads intan aqueoupore cavitywithin the
membraneseeFigure1.3 C for a two dimensional topology map (Caitie1995). The oter
vestibule is made up &5 and S6 linkers which containg auter turretdescendindpelix, a
selectivity filterandan ascendingelix, seeFigure 1.3 for structural layout of these
determinantsThe extracellular turret emergesrinaheS5 transmembrarteelix and then
descends into the pore with a descending pore,dliich then turns upwards tosalectivity
filter to anascendingorehelix generating a rentrant or hairpin shapeB;loop (Catterall,
1995; Hille, 2001; Senare, Zhorov & Spafford, 2012).



lonic conduction thragh the channel is primarily governed bgedectivity filter and has
the ability to discriminate between ion3 he selectivity filter is made up afsingle amino acid
in the same position in the foRrloopslocated between SS6 in all four domainsin HVA
channels, the conserved amino acid sequence for the selectivity filter are four glutamates (E),
EEEE, while LVA channels differ with two glutamates and two aspartates (D), EHDEse
residues fam a ring that lie close to the extracellular mouth of the pore and it is proposed that
the carboxylate side chains of glutamate allow for high affinity binding to divalent cations to
create a multion pore(Nosal et al., 2013However, since Type chanals contain two
aspartates, their carboxylate side chains are shorten and are expected to bind calcium at a weaker
affinity. This tradeoff allows for Cav3 channels to have faster kinetics and reduced sensitivity for
calcium over monovalent ions (Senatafbprov & Spafford, 2012). Mechanisms on how the

selectivity filter works is mentioned in section 1.4.
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Figure 1.3 Structural determinants of a T-type channel

(A) Depiction of TFtype calcium channelicture: A single long polypeptide containing four
domains, each with 6 transmembrane segments. Green transmembrane segmeiitSaean® 1
S5 S6, red represents the voltage sensor S4. In between S5 and S6 lies the porommypaii
within each Ploopis a key amino acid goveny ion selectivity within theselectivity filter. The
I-11 linker contains the gating brake and exora8idl the 11}V linker contains exon 25¢
(Reproduced from Senatore, Zhorov & Spafford, 2012) (B) A elgsef thestructural
determinants between b linker. The outer helix refers to S5 and the inner helix is S6, in
between them contains an extracelluderp called theurret,anda descendingporehelix and
ascending pore helthat flank the selectivity filter hin the membrane. (C) A proposed 2D
topology map of a calcium channel pore, illustrating the extracellular outer vestibule that funnels
down into a narrow pore leading into a pore cavity.



1.2.3 Gating brake and membrane expression

Gating kinetics such as iddvation and activation are modulated by structural
components within the U1l subunit. A highly co
channel i's an Ainverted tepeed configuration
the inactivaibn gate that prevents the passage of ions through the aqueous pore cavity (Senatore,
Zhorov & Spafford, 2012). The helical S6 in domain | extends into the cytopladirioker, to
form a binding platform to counpetagtionbonsambuni t s,
(AID) and modulates kinetic gating in HVA channdis contrast, LVA channels have |dsis
motif andreplaced witha 62 amino acid region that forms a hdbwp-helix stricture known as
the gating brakéZampon, 2005; Vitko et al.2007).The gating brake provides regulatory
function for gating kinetics in -Type calcium channels and stabilizes the channel in a closed
state, in a manner that parallels the role of the beta subunit in its regulation of Cavl and Cav2
channels (PereReyes, 2010).In Cav3 channels, deletions of this region causes activation and
inactivation kinetics to occur at more hyperpolarized potentials (Vitko et al., 2007:@luas
et al., 2008; Baumgart et al., 2008). Hosr, mechanisms on how thating br&e interacts
with the pore domain to regulate the voltafgpendent channel opening and inactivation
remains unclearWithin the kI linker, downstream of the gating brake, lies a region
encompassed by exon 8b that is responsible for membrane traffafkintype channels
(Senatore & Spafford, 2010). Omission of optional exon 8 in snail LCav3 and Cav3.1 channels
causes a twofold increasedarrent densityThe effect othe deletion irthe distal portion of the
[-11 linker is different for different Ttype channels, and corresponds to a ~3.7 increase in size of
channel currents for Cav3.2 and a decrease of ~1.7 in channel currents for Cav 3-Ql(Anias
et al., 2008; Baumgart et al., 2008). Hotspot cluster of mutations iditheker have been
identified in Cav 3.2 Ttype channels for Chinese patients with childhood absence epilepsy
(CAE). Twele single amino acid mutations in thdl loop of Cav3.2 gene were found in these
patients and seven of these mutations had the effect of imgeasembrane trafficking in
Cav3.2 channels. Models predict that this increase in surface expression would trigger-thalamo
cortical oscillations such as those observed in absence epilepsy-Rese, 2010). Animal
models in mouse absence epilepsy haymsrted this notion with enhanced expression-of T

type currents compared to normal mice (Zhang et al., 2002).



1.3 Biophysical properties of T-type channels

Generally, ion channels are characterized in terms of their gating kinetics looking at
properties sut as activation, deactivation and inactivation. Activation refers to the process of
ion channels opening in respond to a depolarization, whereas deactivation are channels closing in
response to a repolarization, and is usually meddwy ¢ail currents.Inactivation refers to the
process of an ion channel moving to a refractory state after a period of depolarization. In a
voltage clampexperiment, ftype channelsvill open upon depolarization from a negative
membrangotential of-100 mV toone that germates maximal channel opening-86 mV. The
user sees (1) a rapidward current which is depicted by a negative current to (sak/ation)
followed by (2) a decay of from this initial current over ti(meactivation) Typically, an ion
channel in annactivated state must have their inactivation removed, usual by hyperpolarizing
the cell for a given time frame before becoming available to be activated again (Hille, 2001).
The negative currents are shown as downward deflections because the volt@garelém
compensatory currents generated by the feedback circuit of the patch clamp amplifier to keep the

voltage level clamped at a particular voltage, in response to channel opening events.

1.3.1 Activation, inactivation and window currents

T-type calcium chnnels are distinguished from other calcium channels for their tiny
conductance and transient currents when barium is the charge carrier based on single channel
recordinggPerezReyes,2003) They are activated at low voltages, hence the classification of
low voltage activated calcium channels. These channels are quick to inactivate atal slow
deactivate (transition to closing from apen state). The activation voltage that triggers the most
modest channel opening fort§pe channels occur arourds to-60 mV in physiological
solutions, with half maximal voltages £)/for channel activation betwee@0 to-40 mV (Perez
Reyes, 2003; Talavera & Nilius, 2006}type channel currents typically peak arouB@ mV
for Cav 3.1 and Cav 3.2 isoforms atab mV for Cav 3.3 (Chemin et al., 2002). Increases in
depolarizations will recruit more channels to a maxingenerating aigmodal curve function.
Activation kinetics can be fiedwith a tau constant {9, (the time constant to reaefd/3 of
maximal channebpening). Tau decreases as the channel is triggered to open with stronger
voltages for depolarization, which ranges from 8 to 15 ms decreasirg taslduring maximal

activation voltage (greater tha®0 mV) (Pere-Reyes, 2003) The increasingly faster responses
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to channebpening_atWith increasing depolarizations is a property share@lfaecombinant T
type channels. Although, Cav3.1 and Cavshare similar kinetic mperties to one anotheCav

3.3 displays a much shker _,; decreasing from ~80 ms to 10 ms at voltages more positive than
10 mV (Monteil et al., 2000).

Steady state inactivation is often studsddngside activation, which reeasured as the
percenage of channels that are imedractorystateand un&ailable at a given transmembrane
potential and can be described using a Boltzmann equation. Inactivation is measured at a
Ast sdcat ed0 where the cells are held at differi
equilibrium of available and umailable (inactivated) channels at that particular voltage. It is to
measure the voltagéut not the timedependence (kinetics) of the inactivation process
(Molleman, 2003)

T-type channels typically exhibit a rapid inactivation rate with a half maximaativation
range betweefr5 to-70 mV (Chemin et al., 2002; Talavera & Nilius, 2006). Similarato the
tau inactivation (nac) is a curve fit of the rate of current amplitude decay with increasing time,
that corresponds to an increasing fractidichannels migrating from the available to inactivated
state when cells are held at a particular potential. The exponential decrease in the rate of
inactivation decay varies in different channel isoforms (Chemin et al, 2001). The kinetics of
inactivatian, like activation increases exponentially with stronger depolarizations. There is an
apparent coupling of the mechanism that governs inactivation and activation kinetics, because
when mutations are made that alter the inactivatiaimilarly alters tle rate of activatiom the
same directiomnd viceversa(Talavera & Nilius,2006Hille, 2001)

HVA calcium channels such astipe channels have a rate of inactivation that is highly
modified by the presence of calcivzalmodulin bound to the chanr@laiakina et al., 2013)
This means that when the channel is depolarized the influx of calcium flows into the cell
increases intracellular free calcium, that in turn activates calcalmodulin and rapidly
increassthe rate of inactiation of these caiem channel¢Simms et al., 2013ille, 2001).
This form of calciumdependent inactivation is not present in Cav3 channetypd channels
have a rapid calciurmdependent inactivation that is rapid for calcium channels, but is slower
than the inactiation kinetics for classical Navl sodium chanrieléle, 2001)

One of the unigue biophysical characteristics in alye channels ithe presence of a

window curren. A window current is defined as an overlappregion between the activation
10



and stedy state inactivation curvéSenatore, Zhorov & Spafford, 201ZJhere is a

measureable fraction of channels at the base of the activation curve that are open and also are not
in arefractory, inactivated stat®lost channels are not open and are inréfiectory state, but

up to 2% of channels are both open and availatde ati wi ndowo of vithé t ages,
resting membrane potential-65 mV), where there is ateady stream of calcium influx

(Serrano, PereReyes & Jones, 1999; Talavera & Nilig06; Senatore, Zhorov & Spafford,

2010). Researhers have proposed that this dribble of constaniural influx contributes to

pacemaking activity during the late phase of diastolic depolarization (Zhou & Lipsius, 1994).

1.3.2 Recovery from inactivation

Recovery from inactivation, also known as reactivatiorasureshe duration it takes for
a channel to transition from an inactivated state to one where it is available for opening
(activation) again. The mechanism behind this process is thought tlateel te deactivation.
Burgess et al. (2000) showed that gating charge from tail cukehish provides aneasure of
the rate of deactivation) recovered &dthan gating currenggenerated by activation first and
made the conclusion thattype channels recovered from inactivation via a deactivation first
pathway. In terms of the three human isoforms, Cav 3.1 recovers the girickestactivation
between from 12140 ms, then Ga3.3 and Cav 3.2 at 26850 ms and 40@40 ms respectively
(Klockner et al, 1999; Chemin et al, 2001; Talavera & Nilius, 2006).

1.3.3 Deactivation

Deactivation is the rate of channel closing from the open state and is measured by tail
currentsin whole cellelectrophysiology recording$he cell is held at a highly depolarized
membrane voltage telicit maximal channel openingthen after a short delay, the membrane
potential is dropped from this highly depolarized potential to differing voltddeleman,
2003) The decay rate of the current at these different voltages reflects the rate at which channels
transition from the open to the closed state. The deactivation rate is very sletwpie dhannels
compared to HVA calcium channels, and the ratdeattivation tends tincrease with

hyperpolarization (Talavera & Nilius, 2006).
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1.4 Current theories on ion selectivity and permeability

Most mechanismsurrounding ion selectivity and permeability have been focused on the
selectivity filter locus howevery it is important to distinguish the two terms ion selectivity and
permeability first. l on selectivity refers t
the pore, whereas ion permeability is defined as how readily an ionic substanee can b
transported ttough the membrane. A coupléexperiments are commonly performed to
investigate these properties, (1jidmic reversal potential and (2) the anomalous mole fraction
effect.

The btionic reversal potential approach is one that lookbetelative permeabilities
(P«/Py) of two ions (eg Pca (permeability of calcium ions) /\R (permeability of sodium ion})
measured by their relative contribution to the reversal potential. The reversal potehgal is
voltage at which the currentzero and is a characteristic fach calcium and sodium ievhich
varies depending on the concentration gradient and electrical charge (valence) of éddlejon
2001) Calcium ions and sodium ions are set up to have very different reversal potentials
because one ion is set up asravard current (with high rative concentrations of calciuam
the outsi@ compared to inside the cedijid the sodium ion is set up as an outward current (with
high relative concentration of sodiuonsinside compared toutside the cell). In thedibnic
model it is assumed that the calcium influx and sodium efflux are permeating through the ion
channels independently from each other. Typically ions with smaller atomic radii will permeate
more than an ion with a largatomic radii Hille, 2001;Sather & McCleskey, 2003Josko &

Roux, 2006).

In addition, we can directly measure how two different ions (calcium versus sodium
ions) compete anmhterferewi t h each ot hersdé permeation throu
experimendl outcome is known as the anomalous mole fraction effect (AMFE). The setup is one
where the concentration of one ion is at a fixed concentration (60 mM sodium ions on the
outside) and we measure the relative change in current size to increasing dose®ofdetig
ion, inthiscasecalcium. t | eads to an @ an ocomedntyatioroftleer e t he
second ior{calcium)leads to a decreasing size of the total current, as the second ion blocks the
first ion (sodium) But at higher doses, the sad ion dominate§Sather & McCleskey, 2003)

The typical AUO shaped dependetheseondidreflectse curr
the secondioms a b i | ithe frstion® It loo dkhisléadsim a monotonic decline in
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the current ad with increasing doseshe molar fraction of the second ion increases far beyond
the first ion and becomes magoermeant as doses increé&dlespie & Boda, 2008)T he i Uo
shaped dependence thus refidwiw multiple ions compete for a limited number of binding sites
in the pore which must pass in single fition (Hille, 2001;Gillespie & Boda, 2008). A basis

for understanding how channels reguldte selectivity and relative permeation of ions haseo
from detailed structural models derived fréfrray crystallography studies.hi is introduced

in the next section.

1.4.1 Potassium channels

A breakthrough in understanding the permeation of ion channels was in the work of
Roderick Mackinnod s | a lbwbadetdrnained/the Xay crystal structure afbacteria
inward rectifying potassium channel frddtreptomyces lividan&csA) (Doyle et al. 1998)
This work provided Dr. Mackinnon a share in the Nobel Prize for Medicin80d8,2and a
created the foundatidior understandingpn selectivity and permeatidn calcium and sodium
channed.

The KcsA channel is formed aseiramer of tworansmembrane segments that fahe
pore domain of voltaggated potassium channels witkr@atedsignature selectivity fier
sequence of TVGYG (threonirievalinei glycinei tyrosinei glycine) (Doyle et al., 1998).
Like other voltage gated ion channefmtassiunchannels have the ability to highly
discriminate amongst other cations, for exanguitassium (K) channelswill select for K over
sodium (N&) molecules at ~1000:1 (Nosko & Roux, 2006). The selectivity filter of KcsA lines
the narrowest constricture of the channel pore. It is a long and narrow pore with five binding
sites (S6S4), with SO located near theteacellular mouth of the pore and-S# are located
inside the pore. The pore is formed by the carbonyl backbone of the signature selectivity filter
residues TVGYGsee figurel.4 (Nimigean & Allen, 2011). Potassium ions can reside in every
other positim, either as S0, S2 and S4 positions or the S1 and S3 positions. The driving force
due to the electrochemical gradient and repulsion between ions in the posg@dtagsium ions
between binding sites in the muilbin pore and out through the chanfi¢imigean & Allen,
2011)

K" ions entering the pore selectivity filter must lose their hydration shell of water ions which

is replaced by coordinated carbonyl oxygen atoms within the hydrophobic internal pore that
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mi mics the pot as s i Doyle et alo98; Ndsy&dRoux,t2006).MAs K h e | |
ionsmove into the pore cavity, they must expend energy to shed their water molecules, but
quickly gain energy by association in the pore selectivity filter which is designed to
accommodate the dehydrated @siam ion (Berneche & Roux, 2003). The dehydrated sodium

ion is smaller than the potassium ion, but is not an optimal fit for the potassium pore, and thus is
not energetically favorable for passing through a potasselgctive pore (Armstrong, 1971,
Hille,2001; Nosko & Roux, 2006). The work performed on prokaryotichénnels has allowed
researchers to gain a better understanding of how ion selectivity and permeability works,
however, more complex voltage gated ion channels such as sodium and cal@upndvawn to

be more complicated.
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Figure 1.4 The pore structure of KcsA channel. A side view of a KcsA channel pore,
showing only 2 out of 4 subunits.

There are five binding sites (S), SO is located extracellularly aBdS4 reside

intracellularly. Potassium iorisecome dehydrated upon entering the pore from the inner cavity

and bind to the carbonyl oxygen atoms of the selectivity fikdraditional outward potassium

ion migrates from the por &1-883and32{4binding sitasras i t i o n
a dehydrated ion and then rehydrated at position SO on the extracellular side of thepdvannel
(Reprodweed from Nimigean & Allen, 2001
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1.4.2 The pore configuration of calcium and sodium channels

An understanding of the probable common structure of the sodium and calcium channels
was revealed in the-Xay crystal determination of the bacterial sodium channel, NavAb from
Arcobacter butzler{Payandeh et al. 201XJompared to the long and narrow potassium
selectivity filterof potassiunthannelssodium and calcium channels likdigve a much broader
and shorter selectivity filter. The equivalent narrow construction point of the seleattettyrf
Cavl and Cav2 calcium channels is a glutamate residue contributed by each of the four domains
DI,DllI, Dlll, DIV: (EEEE) which differs from the signature selectivity filter positions in
classical Navl sodium channels (DEKa#spartatglutamatelysine-alanine).Unlike potassium
channels, the side chains of the pore selectivity filter face into the pore and contribute to the high
selectivity of sodium and calcium chann@®ayandeh et al. 2011 Mutations of the DEKA
selectivity flter in sodium channels tBEEE of calcium channels generates a highly calcium
selectchannel in a sodium chanr(gleinemanret al. 1992 Schlief et al. 1996)L-type calcium
channels with the EEEE selectivity filter can effectively selective for calonen sodium ions
at a 1000:1 ratio even though the diameters-bfde calcium channels and Navl sodium
channels are nearly identical at 2 A (Sather & McCleskey, 2003). Two mechanisms have
emerged to explain the high selectivity of calcium channels;altjuen channels discriminate
ions based on ion affinity and (2) ion flux through calcium channels is a-iowilprocess.

Hypotheses surrounding ion binding in the pore comes from stexkesiningthe
relative germeability of differing ionsHagiwara etl. (1974)demonstrated that cobalt blocks
calcium currents more effectively than barium curredesgiwara and colleagu€$974)
suggest the likely cause ighat calciumcan bindmore tightlyto the channel pore than barium,
therefore calciumpermeatesslower through the channglovidinga greater resistance against
the blockage by cobalt ions. This was further supported by single channel recordings to
investigate how rapidly aniocould pass through the pofighe overall unitary conductance
values 6br calcium channels is €< B&* < Li* < Na < K* < Cs". These findings indicate that
calcium ions pass through the pore at a much slowerE@enman et al., 196 Hess, Lansman
& Tsien, 1986). The high binding affinity and slow rate of passagelatioaion channels has
beendubbet he Ast i cky Iprstha bind myrgtighthhtetseipare will have high

selectivity but lower conductance (eg. calcium ions in calcium channels) whereas ions that bind
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less tightly will have a low selectiyi with high conductance (egodium ions in a calcium
channel pore) (Sather & McCleskey, 2003).

Observations frorthe anomalous mole fraction effe(AMFE) studies are consistent
witht he fisticky Plhhe eAMyFPosthedi e® .shapedadase a cl assi
response curve. At very low calciutoncentrations, the inward current is large and is
predominatly conducted by sodium ionds calcium concentrations increase 1@), the
current sizes get smaller, indicating that calcium ions are biwdiighigh affinity to the pore
and are preventing sodium ions from flowing through. At calcium levels above physiological
concentrations (IOM), the current will mostly bearried bycalciumionsand begin to saturate.
This saturation is seen as the nmaxim rate of bindingunbinding of calcium ions (Hille, 2001;
Sather & McCleskey, 2006). It is thought that the carboxyl side chains of the EEEE locus
protrude into the pore lumen to tightly bind a singlé*@an at low calcium concentrations and
to blocksodium ions, while at high concentrations of calcicarpoxylateside chainsvill
spatially rearrange themselves to accommodate for multiple calcium ions as shagurén
1.5A(Yang et al., 1993; Shuba, 2014).

Models were formulated to explain how@alm channels were highly sodium permeable
in the absence of calcium ions, but were higtalcium selective and resistant to sodium
permeation irthe presence of calcium iorRRate theory models have attempted to explain this
behavior in HVA calcium chanels. These two models al®sed on (1) iofion interactions and
(2) a stair step mechanism (p& McCleskey, 1998).

A topological map illustrates potential binding sites and energy barriers that ions need to
overcome in order to permeate throughpbee. These diagrams are typically represented as
valleys and hills, where the valleys are the binding sites and hills are the relative energy barriers,
with the largest hill being the ratieniting factor of ion movementee Figurdl.5b(Dang &
McCleskey, 1998) In the ionion interaction model, iis assumedhat the pore has two identical
high affinity binding sites. When only a single®C#n is bound, it struggles to escape because it
does not have enough energy to overcometieegybarrier. Howeer, when both binding sites
are occupied, the energy barrier is reduced and electrostatic repulsion between the two ions
promotes calcium flux (Sather & McCleskey, 2006; Shuba, 2014). A better theory for
explaining multiion permeation behavior is a staieps mechanisnthe stair steps

represented by a single high affinity binding site flanked by two low affinity sites on each side of
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it (Sather & McCleskey, 2006; Shuba, 2014). Based on this model, high calcium flux occurs
when a calcium iosaturates the high affinity binding site. Calcium ions cannot occupy the same
site at a time, so residual calcium smverflow to low affinity sites. The lower energy barriers

are easier to overcome in the lower affinity sites, leading to a rapid arg tegtiumselective

ion flux once a calcium ion is saturated at the high affinity site (Dang & McCleskey, 1998;
McCleskey, 1999).
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Figure 1.5 Various mechanisms and theories on ion selectiyitand permeation in calcium
channels.

(A) At low calcium concentrations (< £aM), monovalent ions such as sodium can easily pass
through, however once the concentration of calcium reach®es1a calcium ion will bind to

the high affinity binding sitend prevent the passage of sodium ions. At higher levels of calcium
concentrations, the glutamate residues will rearrange themselves to create multiple binding sites
to allow the passing of calcium. (B) Two proposed mechanisms of ion permeation in-multi

pore based on rate theory. Calcium ions are depicted by red circles and the relative energy barrier
needed to exit the binding site is represented by a double blue arrow. Tlmnioneraction

states that there are two high affinity binding sitelsen a single calcium ion enters, it cannot
expend enough energy to get to the next binding site. However, when a second calcium ion is
present, it reduces the energy barrier and causes an ion repulsion. The repulsion is enough force
to allow the passagd mns through the pore. A stair step mechanism hypothesizes three binding
sites, one high affinity site flanked by two low affinity sites. A calcium ion entering the pore will

be drawn to the high affinity binding site but cannot leave due to the highydverrier. Since

two ions cannot occupy one site, the incoming ions will residue in the low affinity sites. The

|l ower affinity sites require |l ess energy to
through the pore.

19

0



1.4.3 Less calcium selective T-type calcium channels

T-type channels ardifferent than Ltype calcium channels in bgmmuch less calcium
selective Normally in the presence of calcium ions at physiological (mM) levetgpk calcium
channels will not pass sodium ions, wlesd -type channels will pass 20 to 40% of their current
as sodium ions even in the presence of calcium ions at physiological (mM)(leertore,
Guan, & Spafford, 2014)

A major difference between-fiype channels and the more calcium selective HVipe
channels is the selectivity filter locus, containing EE@Ditamateglutamate aspartaté
aspartatejnstead of EEEE of HVA channels. Since aspartate side chains are one matpyl gro
shorter than glutamates, itssggested that these residues were figurable in stabilizing
divalent cations, allowing for-type channels more rapadicium influx (Shuba, 2014).hHE
consequences to mutations of the EEDD selectivity filter of Cav@ypd chanels to resemble
the selectivity filter oL-type channel$EEDE, EEED and EEEEgeneratd calcium channels
that wereeven lesgalcium selectiv€Talavera et al, 2001; Talavera et al., 2008rk et al.,

2013. The counterintuitive results indicate that the EEDD selectivity filtdr-type channels is
not theonly determinant responsible for the high sodium permeability-typ& channels.

Examinations of the anomalous mole fraction effect (AMFE) using calcium/sodium
solutions showed a much weaker calcium selectivity #ype channels. While calcium blocks
sodium currents in HVA channels at M, it takes a higher IDM concentration of calcium to
block the sodium current in -fiype channels indicating thattype channels have a reduced
affinity for calcium binding and that they will accommodate bottiwm and calcium ions at
physiological levels$hcheglovitov & Shuba, 2006; Shcheglovitov, Kostyul, & Shuba, 2007) .

1.5 T-type channels in biological systems and diseases

Calcium channels have both dglagenic and regulatory rolés biological systems
Activation of T-type channelshrough membrane depolarizatioanfacilitate the gaeration of
actions potentiald e monst r at i ng c ananelestrogesic peotefRiseésiny t o
intemal calcium ions as a resulf T-type channel activitactivates calciundependent cell
functions such as muscle contractibormonal secretion, gene expression and synaptic
plasticity (Hille, 2001; Zamponi, 2005).-type channels are abdantly expressed in the brain,

heart, smooth muscle, sperm, kidneys androthelocrine ogans (PereReyes, 2003). The wide
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tissue distribution of fype channels suggest that theywe a wide diversity gfhysiological
roles. Mydiscussion will be limited to the possible functions efype channels in the heart and
the brain.

1.5.1 Cardiovascular system 1 the heart

Thecardiovascular system supplies blood, nutrients and eliminates. whstsinocatrial
node is the primary pacemaker that generates the hearAbgon potentials generate
pacemaker currentfhatspread througthe atria to the atrioventricular node, delayed at thé A
bundle (Bundle of Hisand then the excitation progresseshe right and left bundle branches of
the right and left ventricles to the Purkinje fibers which excites the ventricles to promote a
syrchronous alternating contractions of the atria and the vent(Mieins, 1981; Langer,
1990) Action potentials spread along muscles into membrane invaginations deep within heart
muscles (Ftubules) where ltype calcium channels are present in highsity. The influx of
calciumthroughL-type calcium channg] triggerthe release of intracellular calcium through
ryanodine recepts(RyR2) in the intracellular membras of storedtalcium inthe
sarcoplasmic reticulurwhich envelope heart muscle cellstype channels and
hyperpolarizatioractivatedcyclic nucleotide gatedHCN) channels are implicated in generating
the pacemaker current in the siatrial node, that drives the heart beat and synchronous calcium
release ad contractions of heart muscge figurel.6 Mullins, 1981; Langer, 199@amponi,
2005;Silverthorn, 2007; Grant, 2009).

Spontaneous and repetitive pacemaking occurs in cells when there is an absence of a
stable resting membrane potenti&fter repolarization in phase (§eneratedyy delayed
rectifying potassium currentghe Ttype channels and HCN channels are recruited, producing a
rising baseline and depolarization during $dd that reaches thredd to generate an action
potential spike (phase 0) carried bytype calcium channelsee Figure 1.6 (Grant, 2009)
Pacemaking currents are spread to other areas of the heart via the heart conduction system, and
through gap junctions thaonnect between heart celldie more rpid upstroke and conduction
speed of the cardiac action potential @eghe primary pacemaker, statrial node (and
atrioventricular node), is carried by rapidly activating Navl sodium channels, mostlySNav
mammalian cardiac cel{fangers, 1990; i&verthorn, 2007) Pacemhking currents in

mammalian sineatrial nodes have sevedentifiableion current types. These include the
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sustained inward current§l the delayed rectifier current (K the muscarinic potassium

current, the sodium/potassiysamp current, funny currents jlcontrolled by hyperpolarizatien
activated cyclic nucleotide gated channel (HCN), andrid T type calcium channels

(Zamponi, 2005¢Grant, 2009; Ono & lijima, 2010). Pacemakers set the rhytohoccur
spontaneously whout the aid of electrical stimulatipalso known as autorhythmicity-type
currents are found athigh density in pacemaker cells located in thesitrt@l node of the

atrium in the heart, and not present outside of pacemaker cells of the heaals suelventricles.
Although calciunchannels act as an important second messenger, their role as a pacemaker is
related to its voltage dependerfetlle, 2001, Vassort, Talavera& Alvarez, 2006).

T-type currents are most abundant in the embryonic irebdth the atrial and
ventricular chambers, and this current either becomes absent or significantly reduced in the
ventricle after birth (Vassarialavera & Alavarez, 2006). Mouse studies demonstrated that
MRNA levels of Cav3.2 is the predominant varismthe heart during early stages of fetal
development (embryonic 9.5 days (E9.5)), that later gets down regulated, while mRNA levels of
Cav 3.1 are upegulated in later stages of fetal development (E18) (Cribbs et al, 1998; Cribbs et
al, 2001; Larsen, Mchell & Best, 2002 After birth, T-type channel expressi@ontinues to
decline.T-type channels can be recorded from 8 day old mice but disagpeamweekgpost
natal, &en though the mRNAelelscanstill be measuretbr Cav3.1 and Cav3.2 channé@no
& lijima, 2010). There is a strong correlation between the size of the animaltype Thannel
current densitySmaller animals have a higher heart rate and increase current densitypef T
channels. As body size increases (mouse >gipiggaabbit> pig), T-type channel density
dropsto levels where they are not readily detectibléhe human sinatrial node Hart, 1994;

Ouadid et al, 198 Ono & lijima, 20085.

T-type current density dramatically declines over the course of development but a spik
in re-expression of these channelassociated with heart diseaBéses in Ftype channel
expression has been associated watitiac arrhythmias, pressure overload cardiac hypertrophy
and heart failure (Martinez, Heredia & Delgado, 1999; Nuss & Hpd883; Vassort, Valavera
& Alvarez, 2006). It is proposed that theexpression of Jtype currents in ventricular
hypertrophy is associated with €averload(Huang, 2000)Abnormally high levels of Fype
channel expression provide a continuous leadalcium into heart calthroughtheir window

currentswhichis expected to exacerbate heart dis¢Bkaily, 1997) The only Ftype channel
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blocker that has been marketed was mibefradil, which was used to treat high blood pressure,
angina (heart pa) and ischemia, especially in patientth congestive heart failurdlibefradil

was taken off the market because of side effects on drug metabolism in tifediiee et al.,

2000. Current research in development of more specHigpe channel drugsave potential

therapies for treating heart disease.
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Figure 1.6 Cardiac and pacemaker action potentials

(A) A cardiac action potential is initiated by a pacemaking currentp@bemaking current
depolarizes the cell to activate voltage gatedlNadium channels. Strong depolarizations
above threshold activatdigh voltageactivated LType calcium channels. Thetlpe calcium
channel are delayed opening because they are higiitageactivated, and have slower kinetics
of opening compared to the faster sodium chanaslgs, resulthe L-type current contributes to
the plateau in the cardiac action potential. The plateau is generated lefcautseard, delayed
rectifying K* currents opposing the depolarization induced by titgple calcium channels.

Once repolarizing Kcurrents begin to dominate, thetype calcium channels turn off, and
membrane repolarization of the cardiac action potential is rapid. (B) The pacemakat curr
occurs in three stages, stage 4 is a diastolic depolarization, phase 0 is the upstroke and phase 3 is
repolarization. Potassium chammeépolarizeén phase 3it recruits HCN and fype clannels,
which open upon strongembrane repolarizatipand deplarize the membran&he pacemaker
current generated by HCN anedtyipe channels activates thetype calcium channels athigh
threshold to create phase 0. Potassium currents hyperpolarize the cells during phase 3.
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1.5.2 Central nervous system i the brain

The highest levels of-Type channel expression in adult mammals is the thalamus. LVA
T-type channels contribute to lethreshold calcium spikes (LTS), which have been described in
the thalamocortical neurons but also other areas of the brain stiehthalamic relay nucleus
inferior olive, and the hippocampus (Deschenes et al., 1984; Highasima, Kinoshita & Koshino,
1998; Llinas & Yarom, 1981).-Type channels are tonically inactivated in these cell types, so
low threshold spikes are triggered byosiy hyperpolarizations, whictemove theT-type
channel refractorines3-type channel activityriggers a burst of action potential spil@sa
plateau(known as a rebound burst) carried by activatethgel gated N4 sodium channels
(Cheong &Shin, 2013; PereReyes, 2003)Low threshold spikes in burst firing and rhythmic
oscillations are observed in physiological states such as sleep (Lee, Kim & Shin, 2004; Steriade,
2005) and pathological conditions such as absence epilepsy (Cheong, 2 Etdh

The phase of sleep which involvedype channels is mainly during noapid eye
movement (NREM) sleep. NREM sleepdivided into three stagsow waves (<1 Hz), delta
waves (14 Hz) and sleep spindles-(A Hz). Delta waves originate from th®alamus, which is
known to have a rhythmic pattern generated Hyple currents. Mice with the knockout gene,

Cav 3.1 lacked the production of delta waves due to the loss of low threshold spikes and, this
results in observable abnormalities in sleep benglee, Kim & Shin, 2004; Lee & Shin,
2007).

Absence epilepsy is associated with a brief loss of consciousness and marked by a 3 Hz
spike wave discharge (SWD) on electroencephalography (EEG) recordings. During an epileptic
episode, oscillations ithethalamcortical region often shifihe firing pattern from tonic to
bursting behavior and these sustained abnormal oscillations during the epileptic SWD are
mediated by LTSKim et al., 2001) The involvement of Tftype channels in epilepsy was first
demongrated by Kim and colleagues (2001), who showed that knockout mice of Cav3.1
channels both demolished the presence of LTS in the thalamocortical region and provided a
resistant to absence epilepsy induced by agonists. On the other hand, overexpressich bf C
was sufficient to generate spontaneous SWDs in transgenic mice, that replicate a similar pattern
of oscillations observed in absence epilepsy (Zhang et al, 2002). Mutations of Cav3.2 channels
led to enhanced-type channel activity has been foundai population of Chinese patients with
childhood absence epjpsy (Vitko et al, 2005). Modely suggestthat the enhanced-fiype
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channel activity in these rants contributéo a lower threshold fathe generation of LTS, and
asynchronous neural firing the thalamocortical regiaa consistent with the outpduring an
epileptic seizureThese gaiof-function mutations are clustered in th# linker, associated
with enhanced membrane expression @yde channel current density that would contriliote
absence epilepsy (Vitko et al., 2007).

1.6 Lymnaea stagnalis Model

The Spafford lab has adopted an invertebrate model to stigpeTcalcium channels.
Lymnaea stagnalis a freshwater pond snail, that has accessible heart cells and brain neurons
for culturing and physiological measurement using electrophysiology. It is also a simple model
where there is only one Cav3 channel gene expressed in thd §i®8) versus three in
mammalgCa 3.1, 3.2 and 3.3)Prior tostarting thishesiswork, initial characterizationsf the
snail T-type channel geneerecompletel (Senatore & Spafford, 2010)he full length cDNA of
LCa,3-12bis the largest known voltaggated ion chann@hRNA transcript ever identified,
producing a >2.8 kB transcript. It is als@thnly known description of a-fiype channel outside
of the manmalian Cav3 channel isoforms. Preliminaspression of LC8-12b reveals a-Type
channel with typical features forffpe channels including a low threshold for activation, a
window current arest, rapid activation and inactivation kinetics, and slow destaiin
(Senatore & Spafford, 20).0

More recently SenatoreandSpafford (2012)eported conserved exon splicingexfons
8b and Bc regionsn theLymnaearl-type channel (LG8), whichis conserved amongst
particular mammalian Cav3 channeDptional exon 8b is found in tHell linker, upstream of
thegatingbrake and has been shown to contribute to the total surface expression of e LCa
channel protein§enatore & Spafford, 2012A 50 % reduction in surface expression is
observed when this exas present. These resufiarallelthe findingsfrom human Cg8
channels, where researchers have located alternatively spliced exon 8b in rat Cav3.1 channels
that controls surface membragepression in the same manner (Ar@lsiin et al., 2008;

Baumgart et al., 2008). Exon 2clocated in the IHV linker and has been shown to alter
biophysical properties of LGaand a similar exon 25c¢ regulates mammaliagBdaand CgB.2
channels (8natore and Spafford 2012)Ca,3 transcriptdecline from embryonic to

juvenile/adult life stage like their mammalian counterpartd is a gene that is abundantly
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expressed in the brain and hg@enatore & Spafford, 2012)The description of snail LG&
provides a fundamental basis for fugt investigation of snail-tfype channels.

1.7 Objectives & Hypothesis

There are two maifocuses in myresearchthefirst is an examination abn permeability
and selectivity irthe T-type calcium channel isolatdéebm the freshwater pondnail, Lymnaea
Stagnalis(LCa,3). The second focus is to examine the differences between snail LCav3 and
mammalian Ttype channels (hGa). Dr. Adriano Senatordiscovered novel alternative splicing
in an extracellular turret regiocoded by exon 12 in LG& The wo isoforms of LC&3 with
alternativeturrets are dubbe@sexon 12a and 12b. Exon 12 is located in the pore of domain Il
between S5 and S6 transmembrane segments, just upstream of the selectivityidilter.
hypotheszed that the location of exon ir2the channel pore domalivas potential associations
with roles in regulatingon selectivity and peneabilityof LCa,3 channels (Senatoet al.,
2014). Based on the sequences of exon 12 the following hypotheses were made:

1. Alternative splicing of exon 12 would differ in their ion selectivity anchpbility
from their mammaliacounterparts due to theliffering turret sizes and conseved
cysteine reidues Exon 12acontainsa tri-cysteine motif, while 12land hCa3
channels contain a pentand uni cysteine(s) in their turret respectively.

2. Senatore & Spafford (201&)und thatLCa,3 with exon 12a but not exon 12b is
expressed icardiomyocyteslt is hypothesizd thatsnail T-type channkcurrents in
snail heart cellsvould exhibit the expression of vitro expressed features of the
LCa,3-12a gene isoformm recombinant heterologous cells

3. In addition, itis hypothesized that highly conserved cysteine residues in the dteret
responsible for calcium selectivity in mammaliaitype channels. gsteine
substitution to alanines within exon 12a and eX@h turretsvere createtb mimic
the unicysteineframewok of mammalian hC@ channelso generate a calcium
selective snail ftype channelout of a more sodium permeable one.

4. Finally, substitutingthe snailexon 12 with the correspondimggionfrom mammalian
Ca 3. 2 ( ULA43 (generdtimy LCB-U 1 Hig expected teonfer mammalian
Ca3.2 ion selectivity and permeation characteristics onto the snajBLTCg/pe

channel.
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The objective of thisesearch projedbcuses on Jlcharacterizing Ftype calcium
channel isoforms with novel &acelllar turretsin domain Il in LCg3 2) investigatingthe
features of ftype channels expressedvitro from LymnaeacardiomyocytesS) Comparing and
contrastinghe differences and similarities in LEaand the three mammalian h@ahannel
genesThis research was cduacted by utilizing the following methods fi)epping DNA
plasmidfor transfection and performing electrophysiological recordingsnail and mammalian
T-type clannels 2 maintaining, culturing and expressingype channels in humambryonic
kidney cels (HEK293T) and 3) developing a protoct culture snaientricular myocytes
Transfected Ttype calciumchannels in HER93T cells and snailentricular cardiomyocytes
were recorded usindpewhole cell patcltlamp technique. fie electrophysiological data
collectedis subtractedor leak currents, and anag@dandT-type channelare measured for their
biophysical properties, ion selectivity, permeability and drug sensitivities.

Dr. Adriano Senatore aridr. David Spafford perfoned sequence alignments from
availablegenomes of species in the animal kingdorgain insight into the evolutionary origins
of T-type calciumchannels and how invertebrates have diverged from their vertebrate
cownterparts irnon selectivityand permeabn propertiesWe sought to understand the
physiological relevance behind the need for alternative splicing in exon 12 in invertehsates.
result,| modified aprimary culture protocdb isolateLymnaeacardiomyocytes to record their
basic kinetics, dig sensitivity and ion permeation/selectnéind compareéthese features to
recombinanfT-type channel genesxpressedh vitro. The discovery of significant differences in
ion selectivity and permeation between the snail,B&hanels with differing exons (12a or
12b) and the vertebrate h@achannels led to the speculatwirhighly conserved cysteinesd
differing turretssizesand their potential roléA fourth year undergraduate studéRbbert
Stephensyvorking in the Spaffad laboratory constructihreeturret mutatsin LCav3
channés. Mutantswere created witkysteine substitutioto a neutral amino acid alanintg
transform exon 12a witthreecysteinesand exon 12b with five cysteine onesreduced down to
one cystine, whichwe dubas LCg3-1 2 a @C &h2b L@P@ r eWepalsaeplacede | vy .
the snail exon 12 with theorrespondingegionfrom human Cg.2, this generated a construct
known as LCavaJ 1 .HThe production of thesehimeric and mutagenized channfetsm snails

were compared to tireoriginal counterparchannels and the expression of theeeé human Cav3
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homologs.The overall goal of this researaimed to create a comprehensive structural model of
how variations in the Type chanel pore altered fictions ofion permeability and selectivity.
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Chapter 2
Materials & Methods

2.1 General cloning methods

The snail LC&3 calcium channels presented in this thesis were cloned by Dr. Adriano
Senatore (Senato&e Spafford,2010) and the mutations of L¢3acalciumchannes were carried
out by Robert Stephens faurth yearundergraduate project student lie tSpafford laboratory.
Human Cal.2, Cg3.1,Cav3.2andGa. 3 cal cium channels as wel
andp subunits wSpafferd laborajaryffrom BdwardtPéxReyes (University of
Virginia) or Gerald Aamponi (University of Calgary) ad/mnaeda.-type channels (LGA)
cloned by Dr.J. David Spafford (Spafford et al. 2006).

2.1.1 Preparing electrocompetent E. coli Copycutter

lon channel subunits in bacterial plasmids were transformed by electroporation and
grown as bacterial cultures and thmmified in a plasmid maxpreparation.Electroporation
was carried out witprepared electrocompetent celBlectrocompetentopyQutter™ cells
(Epicenter Biotechnologies, #C400EL10) were streaked onto a Luria Bertani (LB) agar plate
without antibioticsand incubated at 37°C overnight. The next day, a single bacterial colony was
inoculated into 250 mL of Super Broth (SB) with@auitibiotic into a 37°C shaking incubator
spun at 300 rpm until an optical bacterial density was reached that measured in the
spectrophotometer at 600 nm (g3E),or until 0.3-0.6 was reachedn the nanodrapCells were
then chilled on ice for 20 minutes atrdnsferred to a cold centrifuge bottle and spun down at
4000 g for 15 minutes in a 4°C centrifuge (Beckman Coulter Allegra 25R). The supernatant is
discarded and the pellet wassespended in 250 mL of ia®ld 10% (v/v) glycerol (Fischer
Scientific, #5681-5) and centrifuged for 40009 for 15 minutes at 4°C. This wash step was
repeated again. Afterwards, the supernatant was discarded and cells-steseereded in 20 mL
of ice cold 10% glycerol and transferred to a 50 mL falcon,twbhere it was centrifged at
4000g for 15 minutes at 4°C. Once again, the supernatant was removed and the cells were re

suspended in a final volume ofZlmL of ice cold 10% glycerol for a total cell concentration of

1-3 x10'° cells/mL. Cells were then aliquoted into microgemtf uge tubes, 25 ¢lL

stored in &80°C freezer until use.
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2.1.2 Bacterial transformations

Two types ofE.coli derivatives were used for bacterial transformations, chemically
competent Stbl2 cells (Invitrogen, #102689) and electrocompetent Copytau ™ cells. Splice
isoforms of LC&3 channels were transformed using electrocompetent CopyClttes | 1 s . 1 ¢ L
of plasmid was mixed intoa 1.5 mL microcenfruge tube with 20 eL of t
electrocompetent CopyCuti&rcells, and placed on ice for nminutes. The mixture was then
pipettedintoapre hi | | ed 90elL el ect r op 06pand etectroporatede t t e (
at 1200 mV using an Eppendor Electroporator 2510. 1 mL of Super Broth (SB) media without
antibiotics was mixed with the cells andrtséerred to a new 1.5 mL centrifugation tube and
incubated for 1 hounia 37°C shaking incubator, rotatiag350 rpm. Afterwards, the
mi crocentrifuge tube was spun at 4000 rcf for
supernatant was removeddant he r emaini ng 100 terksuspdndtekeu per nat
cells andplated onto a LB agar plate containingd®@ / mL of Kanamycin (Omni F
Plates were inverted and placed int®74C incubator for 3B6 hours foigrowth, afterwards
isolated coloniesvere inoculated

All human Cg@3 channels (Ga3.1, 3.2 and 3.3) underwent a heat shock bacterial
transformation using @mically competent Stbl2cels.0 ¢ L of t hawed chemica
Stbl2 cells were pipetted and mixed witt81 o©flplasmid into a 0.2 mL micro centrifuge tube
and placed on ice for-50 minutes. Cells were then heat shocked for 30 seconds at 42°C (MJ
Research PTQ00 Peltier Thermal cycle) and incubated on ice for 1 minute afterwards. Then the
mixture was pipettéand mixed into a 1.5mL centrifuge tubertaining 1 mL of SB media
without antibiotic and incubated for 1 hour in a 3&aking incubator at 350 rpm. The tube
was then centrifuged at 4000 rcf for 2.5 minu
was removed. The remaining 1-fuSpentlthecellsandthgyer nat a
were plated onto a LB agar plate conPlaesni ng 1

spread with bacteria wefeft inverted in a 30°C incubator overnight.

2.1.3 Culturing bacteria for plasmid isolation

Large quantities of plasmidsere prepred with the maxprep methodSingle pinprick
sized colonies that grew within &b hours after bacterial transformation on the agar plate using

electroporation were chosenanchhocul ated into 250 mL of SB med
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Kanamycin and grew for ~36 hours in a 37°C shaking incubator at 350 rpm. Heat shocked
plasmids were inoculateafter~16-20 hoursof growthi nt o 250 mL of SB cont a
of Ampicillin from a single bacterial colony and were grown overnight in a 30°C shaking
incubator at 300 rpm.

Once the bacterial culture reached its optimal cell density, the cells were transferred to a
250 mL centrifuge and spun down at 4500 rcf for 10 minutes at 4¥€silpernatant was
discarded into bleach and the cells wersuspended in a mixture ofBL glucoseTris-EDTA
(50 mM glucose, 25 mM Tr8ICI, pH 8.0 and 10 mM EDTA, pH 8.012 mL of a lysis buffer
containing 1% (v/v) sodium dodecyl sulfate (SDS) aridDsodium hydroxide (NaOH) was
added to the centrifuge tube and the tube was gently rotated to lyse the bacterial cells and placed
onice. Then 9 mL of an ia®ld solution containing 3Ndotassium acetate (KoAC) and 11.45%
(v/v) of glacial acetic acid wasdded to the centrifuge tube and the tube was inverted and rocked
a couple times until a flocculent white precipitate formed. Then the centrifuge tube was spun
down at 7000 rcf for 10 minutes at 4°C to pellet the precipitate. The supernatant wasé@nsfe
to a 50 mL Falcon tube containing 16.2 mL gi@dpanol, then the sample was vortexed and left
in a 4°C fridge overnight to allow for DNA to precipitate for maximal yield. The tube was spun
at 9000 rcf for 10 minutes at 4°C to isolate the DNA peltet the supernatant was discarded.

Next, 3 mL of Milli-Q-water was added to+suspend the pellet and 3mL of ice cold 5M
lithium chloride (LICl) was pipetted in and vortexed, and then left on ice for 20 minutes before
being spun down at 9000 rcf for 16nmates. The supernatant was then transferred to a 15 mL
centrifuge tube (Cell star, #188 1) with 7mL of 2propanol and mixed, then left overnight in a
4°C fridge. Afterwards, the centrifuge tube was centrifuged at 7000 rcf for 12 minutes at 4°C and
thesipernat ant was removed while tQueatempard | et was
transferred to a 1.5 mL microtube. 1 €L of 20
pipettad into the tube and vortexed, then incubated at 37°C-fbh8urs.

The final tretéiment to purify plasmid DNA was to remove any remaining protein. This
was done by adding 400 €L of 50:50 phenol/chl
spun at maximum speed for 4 minutes at room temperature to separate two different phases. The
upper aqueous layer was transferred to a new 1.5 mL micro centrifuge tube and the
phenol/chloroform step was repeated until there was no more white ptecipéile between

thephased.astly, 400 €L of pure chl or adatomaximumwa s adc
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speed for 4 minutes at room temperature, and then the supernatant was transferred to a new
centrifuge tube.
Subsequently2 1¢e L of 10M ammonium acetate was pip
100% ethanol and vortexed. The centrifuge tubetivas incubated on ice for8hours to allow
for plasmid DNA precipitation, then the tube was spun down at maximum speed for 10 minutes
at 4AC. The supernatant was removed and the p
vortexed and spun at maximumme®d for 5 minutes at 4°C. This wash step was repeated twice.
Finally, the pellet was reuspended in sterile MillQ-water. The volume of the final DNA
solution depended on the size of the pellet but typically ranges betweén@@ ¢ L. A
Nanodrop (Theno Scientific, Nanodrop 1000 Spectrophometer) was used tosaBBEA
concentrations and purifjpé DNA using an absorbance reading afofeo Sterile Milli-Q-
water was added to adjust the DNA concentrati

andstored in a20°C freezer until use.

2.1.4 Restriction digests

Restriction enzymes were obtained from New England Biolabs (NEB) and used to digest
plasmid DNA as a diagnostic tool to determine whether or not the correct plasmid was properly
grown. Typicallyl unit of restriction enzyme was used
were carried out in a 1.5 mL microcentrifuge tube incubated at 37°C; to check the sequence of
ion channels, mixtures were incubated for 1.5 hofunsuncut plamid was always rumi
parallelwith each restriction digest serving as a diagnostic control sample.

All full length variants of LC88 wer e digested in 3¢L of 10x
3eL of 10x bovine serum albumin (BSAKF (#B9001
(#R31® ) , 1#HF S4#WIR3138) and l1legL of plasmid. A to
this reaction, the remaining volume was filled by water. The expected bands consi260®f
bp, 4300 bp and 6400 bp for LCav3 lacking exon 8b. With LCav3 vamatiiexon 8b present,
four expected band sizes should occur, 6453 bp, 4349 bp, 2168 bp and 930 bp.

HumanCa@3 . 1 was digested with 1¢L of 10x NEB &
lelL oHFSalleL of plasmid and 6¢lL DG alater, fo
Expected band sizes include ~7600bp, 3300 bp and 1200 bp.
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HumanC@3 . 2 was carried out in 1egL of 10x NEB
EcoRV (#R0915), 1 eL of plasmid and 6¢L of wa
present reactioshould produce band sizes of ~ 8800 bp and 4300 bp.

Finally, Ca3. 3 was <carried out in 1egL of 10x NEB
BamHFHF, 1 eL of plasmid and 6¢L of water, for
result in band sizes of7/500 bp, 5000 bp and 640 bp.

Once restriction digest reactions were completed, each mixture had a 6x loading dye
pipetted in, the volume added varied depending on the total reaction volume. Each mixture was
loaded onto a 1% (w/v) agarose gel containiBgnl of Trisacetate buffer, 0.75g of agarose
(BioShop, #AGA001250) and ethidium bromide (EtBr) and ran on a-&id Power Pac200 set
at 100 mV for 1 hour. Gel bands were illuminated with a UV light source on an Alpha Innotech

Alphalmager HP gel documtation system.

2.2 Primary tissue culture of Lymnaea ventricular myocytes

Animalswere kept on a 12 holight-dark cycle at 22 + 2 °C feldomaine lettuce once a
week as well as fish pellets (Nutrafin max) twice a wddiey were raised at University of
Waterloo.

The age of hatched snails and their sexual maturity was determined by their shell length
as described bylcComb, Varshney, & Lukowiak, K. (2005)luvenileLymnaeahave shell
lengths less than 15 mm atieey reach adulthood at 20 mkfentricular cardiomyocytes were
taken from juvenile snails with a shell length betweeri3thm, while adults had a shell length
between 2025 mm. The original protocol for culturingymnaeacardiomyocytes was adapted

from Gardner & Brezden (199®ith sonme modifications.

2.2.1 Dissection of the Lymnaea ventricle

Four to sixadultsnails were typically dissected for extraction of hearts. Snails were de
shelled with Vannas spring scissors (Fine Sciences, #180)18nd anesthetized in 10% (v/v)
Listerine for 10 minutes. The dissection and dissociation of snail hearts took pdasteiiie
environment, using a laminar flow work station. Tools and the work station were sprayed with
70% ethanol before animal surgery. Thennaeasnailswereplaced in tank water mixed with
Listerine and pinned down with Austerliz insect pins (0.22, #8%4020) and the heart

ventricle was extracted using a Carl Zeiss SteREO Discovery V8 microstopg into smaller
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pieces using Vannas spring scissors and placed in 0.5 riM.€hovitz media (Gibco,
FormulaNo.85 154 EB) s upp!l e melwotthedntiviotict gentabnzio suléatg / m
(Sigma, #G3632).

2.2.2 Dissociation of ventricular cardiomyocytes

Ventricles cut up into small pieces, were treated with trypsin to isolate the
cardiomyocytes. The heart pieces were placed in a 15 mL centrifuge ®ilbBtéc #188271)
with0O.5mMC&'Lei bowitz media containing 0.25% Tryps
of gentamicin sulfate for 12 minutes onto a rocking platform (VWR rocking platform, model
200). The cells were spun down at 700 rpm (Hettich Zentrifugen Rotofix 32A) for 3 minutes, and
the media was aspirated and replaced with 0.1% Type Il collagenase (Sigma, C6885) in 0.5 mM
C&* Leibovwitz containing gentamicin sulfate. Collagenasated heart cells were incubated
for 35 minutes on the rocking platformhe media was then spurodn at 700 rpm for 3
minutesandaspiratedhenreplaced wit8.5 mM Ca2+ Leibovwitz supplemented with 2% (v/v)
fetal bovine serum (FBS; Sigma, F105) and 500
high calcium and FBS was used to inactivate amyairing collagenase and trypsin. Cells were
washed three times with 3.5 mM Caeibovwitz and the isolated cardiomyocytes were re

suspended in a final volume ohfL in this media.

2.2.3 Plating cardiomyocytes for electrophysiological recordings

Circular glass coverslips (Fischer Scientific, Circles N©.Q.13to 0.17 mm thick, size:
12mm, #12545-80) were treated with hydrochloric acid (HCI) and sodium carbonat«<C(Dn
Eight to ten coverslips were placed in a 60 mm petri dish (Corning Life Sciencest84,381d
6 mL of 3% HCI was added to the dish. Acid etching of the coverslips was carried out for 30
minutes and was then aspirated and thenL of neutralization solution 0.1% (w/v) Na0Os; was
added for 30 minutes. Afterwards, the,N&; was aspiratedral the coverslips were left to dry
in a 50°C oven for 2 hours. The coverslips were kept in a 4°C fridge until use.

Once the cardiomyocytes were ready to be plated, the acid etched coverslips were
transferred to a sterile 60 mm petri dish (Corning Bifgences, #430166), and 3 mL of cells
and 3mL of fresh 3.5 mM Ca2+ Leibovitz media was added to the dishes and left at room

temperature for 24 hours before electrophysiological recordings took place. Spontaneous
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contractions could be observed 24 hoatsr, which was an indicator of viable and healthy heart

muscle cells.

2.3 Mammalian cell culture

Human embryonic kidney celllEK293T)c el | s wer e cul tured i n D
Eagleds medium ( DMEM) ( Si g mractivaRbI0B ethl suppl em
bovine serum (FBS; Sigma, F1051), 1% sodium p

penicillin/streptomycin (Sigma, P4458). Madvas prewarmed in a 37°C water bath prior to
use. All manipulations of HER93T cells were performed under a laminar flow hood. Fetal
bovine serum was heatactivated by a 56°C water bath incubation period of 30 minutes.

2.3.1 Thawing HEK cells

HEK293T cels (obtained from ATCC) were stored in aliquots, frozen in liquid nitrogen
for long term storageA new batch of HEK293T cells weraised after 30 to 40 passage®ne
aliquot of stored HER93T cells in liquid nitrogen were thawed in a 37°C water batillsad
mL of prewarmed media wasixed with the cells and placed in 5 mL of warm media in a
50mL, 25 critissueculture flask (Cell Star, #69070). Afterwards, cells were incubated in a
37°C CQincubator for 34 hours to adhere cells. The media wWesn replaced with 6 mL of

fresh warm media and placed back into the 37°Gi@€bator until fully confluent.

2.3.2 Cell culturing

The original protocol for HEK cell culturing and transfections was adapted from Senatore
et al. (2011), although some modificatsowere made. Cells were splitveeekly from a
monolayer that was ~9000% confluency, to a 1:8 dilution on Monday and a 1:12 dilution
Thursday. To split thelEK-293T cells media was aspirated and 1 mL of 0.25% Trypsin
(Sigma, T4049) solution was added. The flask was inverted and gently rocked by hand to help
deattach the cells frm the flask surface. Thenthey psi n was removed and 5
wasapplied directly onto the cells and the flask is incubated at 37°gincbator for 23
minutes Afterwards, 6 mL of media is pipettedarthe flask to inactivate theypsin, and the
cells were resuspended and mixed by pipetting up and down ~10 tidi#ferent ratios of cells
to fresh media were added into a new flask. A 1:4 split from a confluent flask is carried out 4

hours prior to a transfection to allow for cell attachment
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2.3.3 Transfections of recombinant ion channels cDNAs

A standard calciumphpsh at e protocol was wused for tran.
the ion channel plasmid construct was introdu
600 €L of transfect i on-trasstettiontofinultipleionchanaets,la f | as k
too al of 20&gg of DNA was wused. Each transfectic
tube, one containing buffer ancetbther containing calcium ionshe DNAwas added to the
tube containing calcium ions alongwh0 € L o f , @&1d MilMQ iQvaté€r for a total
vol ume oThe @&herGubecbntaindl0 0 ¢ L chuffets&8ireEHES) solution.

The calcium ion mixture was added to the HES tube drop wise #ieinmm phosphate crystals
were facilitated by blowing bubblegith a pipettanto the tube 5 times and finally pipettitige
solution to mix 5 timesThe microcentrifuge tube containing the calcium phosphate treated
plasmids were left to incubate for 20 minutes before being added in a dropwise zigzag motion
into the flask and then thask containing media was left overnight in a 37°C,@0ubator.

The next day, the transfected flask was washed three times with warm media to remove
the calcium phosphate solution, which is toxic to the cells. Old media was aspirated and
replaced wih 6 mL of fresh warm media onto an inverted flask. The flask was then slowly
turned over and rocked gently over the attached cells and then the media was removed. Washing
the cells with media was conducted an additional two times and placed back BTGEheQ
incubator for 24 hours then transferred to a 28°C i@ ubator for several days. The use of
28°C was a temperature which facilitated the heterologous expression of the ion channel
proteins, andimited the cell division of HER93T cells. Theime duration for incubation at
28°C dependdon the efficiency oéxpression of ion channels.ygically snail LC&3 and
human Cg3.3 was ready to record two days after transfection. HumaB.Cand 3.2 and €o
transfections of G& channels with GA channels required 6 days of incubation at 28°C before
adequate expression was achieved for electrophysiological recording. Successful transfections
was confirmed using an epifluorescence microscope since all ion channels were contained in a
bicystronic vetor pIRES2EGFP which expressagteen fluorescent protein (eGFP) from the
same MRNA as the ion channel contained within the multiple cloitmg@fsthe vector. Cells
emittinga green fluorescence when exposed under mercury lamp illumination light were an

indicator of positive transfection of the ion channels.
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2.3.4 Plating transfected HEK cells for electrophysiological recordings

One hour prior to recording, transfected HEK cells weratteched from the flask by
trypsinization. The same trypsinization procedure was used as cell culturing. However, after the
37°C incubation, the cells were-saspended in 10 mL of fresh media and plated onto uncoated
circular glass coverslips (Fischeri@ific, Circles No.Zi' 0.13to 0.17 mnthick, size: 12mm,
#12-545-80). Coverslips were placed in a 60 mm petri dish (Corning Life Sciences, #430166),

2.5 mL of fresh media and 2.5 mL of cells was added to each dish. Petri dishes were then placed
in a 37°CCO, incubator for one hour, this will allow the cells to recover from trypsinization and
attach to the coverslips.

2.4 Electrophysiology recordings

Coverslips containing attached cells were removed from the DMEM media contained in
the 60 mm petri dishes prito recordings, The coverslips were lifted by tweezers into 35 mm
petri dishes (Falcon, #3109617) filled with external bath solution for electrophysiological
recording.The gound electrode contained 1.25% agarose inc8sumchloride (CsCl) filled
with 3M CsCI. Pipettes were pulled prior to recordings with a Sutt€d@ or P97
micropipette puller containing a troughaped platinum filament for HEK293T cells or a box
shaped platinurfilament for cardiomyocytesAn outer dameter of 1.5 mm and an inner
diameter of 0.86 mm borosilicate capillary glass containing filament were used for pulling
pipettes (Sutter Instruments, #BF186-15). Each pipette was fire polished with a microforge
(Narishige, #MF830).

Whole cell patcttlamp recordings were performed in both cardiomyocytes and HEK
cells at room temperature. Recordings were obtained using an Axopatch 200B amplifier,
sampled through a Digidata 1440a A/D converter to a PC computer. The pipette resistance for
cardiomyocyts were set between4¥0 Mq, whi l e pipette resistance
line recording were maintaindmttween 25 Mq . Only cells with a typ
<10 Maeprdings with minimal leak (<10%) and small current sizes (<1nA) werefaised
analysis. For all recordings, offline leak subtraction was carried out and data was filtered using a
500 Hz Gaussian filter in Clampfit 10.2. Microsoft Excel, SPSS, and Origin&®&algoused

to handle and analyze the data.
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2.5 Electrophysiological analysis and solutions

2.5.1 Characterization of basic kinetics in all T-type channels in HEK293T
Solution
The externatecordingsolutionfor patch clamp recording wereatched close to
physiological leveldor cardiomyocytes and neurons, and wasd tocollect dataonthe
biophysical properties of calcium channels such as #ogivation, steady state inactivation,
recovery from inactivation and deactivatidixternal recording solutiotonsisted of 2mM
CaCp, 160mM tetrag¢hylammonium chloride (TEACI) and10 mM 4-(2-hydroxyethyl} 1-
piperazineethanesulfonic acidEPES) pH to 7.4with TEA-OH.
Internalrecordingsolutionwithin the recording pipett®r all the experiment@unless
otherwise stated) contained 14 CsCl, 10 mM HEPES, 10mMthylene glycol tetraacetic
acid (EGTA)3 mM MgATP and 0.6 mM LIGTRpH to 7.2with CsOH) Recording solutionvas
filtered t hr omcelulose acktatd sgrimge éltprior.t?2usefNalgene, #171).

Activation and IV curves

A step protocostarting froma holding potential of110mV (below resting membrane
potential) to a wide range of voltages 5nhmV incremental stegsom -100 mVto +80 mV, was
used to evaluate voltagkependent regmses otalcium channelsThe raw data was
transformednto a curremvoltage (IV) curve by taking the rapeakcurrent sizegt each given
stepped/oltageand normalized using the equation.d where I refers to the current in
picoamps (pA) and.hx represented the maximum currefrom each IV curve, threversal
potential (k) was calculated to measure at what voltage the overall net flowiofdomentis
zero. The linear portion of the IV curve was calculated to determine the slope (mjraectgpt
(b) using the equation y=mx +b and the,vas determinedt the abcissavhen y = 0.

The whole cell onductancas the rate of ions flowingcrosgshe membraneandwas
determined by the following equation:

g = 1 /(VeommanaErev)

Where, g is the conductance value, | refers to the current ata gitage step andcynmandlS
the command voltage membrane potentite conductance was then normalized usingg/g
where ghaxrefers to the maximum conductance in a given set of voltages. Next, each cell

recording was fitted to the Boltzmann eqaati
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V12 represents halinaximal activation, while k is the slope of the activation curve.

Using the same data file, the time to peak (ms) and tau inactivatigh ¢an be
determined. The time to peak is the amount of time it takes for the average channel in a patch to
reach its peak current at a given voltage step. This calculation involves subtracting the time
point at which the current maximal peak from the tpo@t after the capacitance transient
occurs which represents the onset of the step depolarization.,;Efmeeasures the time it takes
for the average ion channel to inactivate ~2/3 of its channels. Inactivation is denoted by the
decay in current aftats peak. To obtain tau, the following standard exponential equation is
used to measure the decaying portion of the current:

Q0 sQl 6

Steady state inactivation
The steadystate inactivation protocol involves a step depolarizatovarious potentials
(known as a prepulse), held for 10 seconds to generate a-stagaljraction of channels that
migrate from the open to the inactivated state. Following the inactivating prepulse, the cell is
tested immediately at a step depolai@ato peak current, to measure the perceduction in
maximal currents from open, available channels as a result of the increasing number of refractory

channels in the inactivation state wiifeater depolarizing prepulses.

Calculations of the steadyate inactivation fraction of the maximal currentgl{k divided by the
voltage of pre pulse potential. The fraction of maximal currents generated from the steady state

inactivating prepulse was fitted with the Boltzmann equation:
P

V12 represents halinaximal activation, while k is the slope of tinactivation curve.
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Recovery from inactivation

Recovery from inactivatiomeasureshe time it takes fothe averag@n channel to
recover froma state of maximahactivaion (or refractoriness). The recorded cell is sulgdtd
a depolarization step to peak current (first pulse) that maximallysogrehinactivates ion
channelsThen different wait times are provided before the cell is subject to aespearization
back to its peak current (second pulse). The time points between the two pulses were (in ms) 10,
50, 125, 250, 500, 750, 1000, 1250, 1875, 2500, 3750, 5000, 6250, 7500, 10 000, 12 500, 15 000,
17 500, 20 000 and 30 000 ms. During the waiperiod between pulses, the ion channels
recover from inactivation, and the fraction of maximally recovered current ébrveait time can
be measureds the percentage of the maximal current recovered was at the second pulse
compared to the first pulse.

Deactivation
Deactivation refers to thmeasurement of the rate of ion channel closure from their open
state. Inthe deactivation protocol, the cell is subject to a step depolarization to generate its peak
current.which will maximally open channelsOnce maximally opened, the cell is subgettb a
range of hyperpolarizing steps to differing potentisfore any significant inactivation takes
place Because of the increase in driving force
visible. The measurement of the decay of the tail current at differing hyperpolarized potentials is
the rate of the channels migrating from the open to the closed state. The tau values from the

decay of the tail currents are measured by a standard exponguétibe:
QG 6Ql 6

Ca?* vs. Ba*

2 mM C&"* and B&" were used to examine the effects of similar sized divalent ions in the
pore. B&" differs from C&*because it mimics calcium in the pore, but does not activate Ca
dependenregulatory mechanism$he external solutions ataining either barium or calciuas
the charge carrier were loaded intv'avelink 8.2 Telfon perfusion systeamnd a step protocol

was used for each solution on the same cell.

2.5.2 Investigating ion selectivity and permeability in Ca,3 channels in HEK 293T

Bi-ionic reversal potentials
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A family of voltage steps generating curreatitagecurvesused for measing activation
was applied to thbi-ionic reversal experiment. The purpose of th@hic reversakbxperiment
was to measure the relative permeability of an inward calcium current (with 2 mM external
calcium), compared to the relative permeability of outward monovalent ions (with 100 mM
external monovalent ion). The more permeable the monovalerdierc®mpared to the
calcium ions, the larger the outward monovalent ion current compared to the inward calcium
current. Also the neersal potential would reflethe reversal potential of the outward
monovalent ion if it is much more permeable than tisana calcium current.

Four different monovalent ions were tested, lithiun)Lsodium (N3), potassium (K) and
cesium (C¥. See Table 1 for a list of internal and external solutions.

Permeability ratios were calculated based on the following equation:

0 » 0 O
—-— —AGD "AY'YAOB— p
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Where [X] is the concentration of the monovalent ion, [Ca] is the concentration for calgiym, E
is the reversgbotential, F is the Faraday consta@66x10' C  rhd, R is the universal gas
constani(8.31J ' K moj land T is absolute temperatpeat 298K. See section 2.6.1.2 on how

to calculate k..
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Table 1. External and Internal solutions used for the btionic reversal potential

External ionic compaosition (mM) solution

CaCl, TEA-CI HEPES

4 155 10

pH 7.4 with TEA-OH

Internal ionic composition (mM) solution

Solution CsCl NacCl KCI LiCl EGTA* TEA-CI HEPES
1 100 0 0 0 10 10 10
2 100 0 0 10 10 10
3 0 0 100 0 10 10 10
4 0 0 0 100 10 10 10

pH 7.2 with XOH, X = Cs+, Na+, K+ or Li+
*pH 8.0 with XOH
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Anomalous mole fraction effect

| carried out the analyses of the anomalous mole fraefiect to measure the
competition of sodium and calcium ions through thgyde calaum channel pore. This study
required theperfusion of differing concentratioms external calcium solutionssing a gravity
flow Valvelink 8.2 Telfon perfusion systen®olutions were prepared from low concentrations
(1x10° M) to high concentrationd x10% M) levels of @lcium, in the presence 60 mM
external sodium concentration. The internal and external saduterm be found in Tab2 The
peak of the currerghifts with each differing solution, so the voltage step level for generating
maximal currents were adjusted for each solution. TiontbEh voltage step levelenerated the
peak current, the cell is stepped to a range of voltage close to its peaky (#su0mV) in 10
mV increments.Then the solution was switchealtest differing solutions. The concentration of
free calcium in the external solutions were calculated using the following website:
http://maxchelator.stanford.edu/CaEGTS.htm The pealcurrent for each solution was
divided by the largest current overall to obtain the fractional of maximal currepi,§ Value of

differing calcium solutions.
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Table 2. External and Internal solutions used for the anomalous mole fraction effect

External ionic compaosition (mM) solution

Solution Ca*" free CaCl, NacCl TEA-CI EGTA HEPES  Glucose
1 1x107° 0.01 60 90 1.246 10 26.3
2 1x10”’ 1.00 60 90 2.236 10 20.4
3 1x10°° 1.00 60 90 1.002 10 24.1
4 1x10™ 0.1 60 90 0 10 29.7
5 3x10™ 0.3 60 90 0 10 29.1
6 1x10°® 1 60 90 0 10 27
7 3x10® 3 60 90 0 10 21
8 1x107? 10 60 90 0 10 0

pH to 7.4 with TEA-OH

Internal ionic composition (mM) solution

CsCl EGTA Mg-ATP Li-GTP HEPES

110 10 3 0.6 10

pH 7.2 CsOH
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Ramp protocols
Ramp protools involved looking at the currents elicited froma@id and continuous voltage
change from100 mV to +100 mV in 1 second. The point of carrying out a ramp protocol is to
look at the separation of differing voltagetivated currents (low and high voltage activated)
during the ramp range. The voltagenps were repeated every 10 seconds in a sweep. The cell
was held for a minimum of three sweeps at a stabilized current level in the ramp before
switching external solutions to examine changes in the ramp generated currents. To measure the
change in cuent size, | normalized the sodium current to the size of the current substituted with

large monovalent ion, and weakly permeant, NMDG+ ion.

Table 3. External and Internal solutions used for the ramps

External ionic composition (mM) solution

BaCl, NaCl' NMDG+ 2 TEA-CI MgCl, HEPES
2 100 0 50 1 10
2 0 100 50 1 10

1 pH 7.9 TEA-OH
2pH 7.9 HCI

Internal ionic composition (mM) solution

CsCl 4-AP EGTA Mg-ATP HEPES
135 5 10 2 10
pH 7.7 CsOH

Inward sodium permeability

Inward sodium permeability was measured as a percentage of current that is contributed
by sodium ions compared to large monovalent, and weakly permeant ion, NMID@ cell was
subjecedto voltages to generate maximal peak currents, repeated everyohdsedth a

inter-stimulus period where thmembrane was held &10 mV. A minimum of three sweeps
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where there was no observed change in current size was collected before switching to a new

external solution to evaluate the change in peak currenasiagesult of the solution change

Table 4. External and Internal solutions used for the inward sodium permeability

External ionic compaosition (mM) solution

CaCl2 NacCl NMDG TEA-CI HEPES
2 135 0 25 10
2 0 135 25 10
pH 7.4 TEA-OH

Internal ionic composition (mM) solution

CsCl EGTA Mg-ATP Li-GTP HEPES
110 10 3 0.6 10
pH 7.2 CsOH

2.5.3 Dose responses with drugs and metal cations

Dose response curves firugs werecarried out with concentrations that spanned the low
concentrationsggeneratingno drug block to theconcentration that generated a re@ximal
drug block. The effect of the drug block was measured as the change in peak current as a result
of drug additionStabilized current results in a minimum of theseeeps separated by 10
seconds eachvas used to determine the effect at each drug concentration level. Percentage of
current blockwas measured by taking the current from each concentration and dividing by the

baseline maximal control current size witih@rug addition

Mibefradil
Mibefradil was tested as a classical blocker @ffe channelsMibefradil wasprepared
in a 5 mM stock, dissolved in distilled water and kept frozen until used. This drug permeates

relatively slowly and requires the uskthe Valvelink 8.2 Telfon perfusion systenfinal

47



solutions concentrations were constituted

needed in the external solution.

Isradipine

Isradipine is a dihydropyridine that is highly selectivelfetype calcium channels, and
was used to test for-type channel currents in heart cells. Isradipine wapgred as a 10 mM
stock in DMSO and kept in a 4°C fridge until uderadipineprecipitates at cooler temperatures
and needed to be fully dissotv&efore preparinfinal concentrationsA Smart Squirt
microperfusiorsystem(Automate Scentificjvasused to carry out thexperiment In the Smart
Squirt system, the drug delivery lines are minimized because the drug vials are directly
connected tohe perfusion pencil allowing for faster delivery and measurement of rapidly

activating drugs like isradipine.

Nickel and Zinc
Solutions are made fresh on the day and dissolved in the external solution. Drugs were
applied with the gravitflow perfusian system controlled by teflon pinch valves operated using

external buttons on¥alvelink 8.2controller(Automate Scientific).

2.5.4 Cardiomyocytes

We did not measure any Navl sodium channel or Cav2 channel gene expression in
cardiomyocytes. The only majpacemaker sodium or calcium currents that we could
measurablgonceive are #type channels (LCavl gene) that are abundantly expressed in snail
cardiomyocytes and the Cavatype channels, exon 12a isoform, that are expressed in snail
cardiomyocytes. A HCNiomology is also likely expressed in snail cardiomyocgiteimay
also contribute to cation currentsutthis remains to be investigated-type currents and-type
channel currentare measureih 2 mM B&*/ 100 mM NMDG (see section 2.6)2looking ata
range of responses to differing voltagteps generating currembltage relationships. Barium
wasusedas a charge carrier instead of caieiions because-type currentare dramatically
slower and easier to kinetically separate from the fastgpé&currents inexternal barium
solution. Current voltageelations were assess from a holding potential @@ mV with voltage
steps in 10 mV increments frorH00 mV to +60 mV. | also repeated the step protocol from a

holding potential of60 mV. Previoustudies in snail neurons (Staras, Gyori & Kemeri&3)?2
48
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and ourin vitro expression work suggest that most of thg/de channel current is inactivated at
a holding potential at60 mV. The difference between currents generated from the holding
potentialof -110 mV and-60 mV was thus likely to be thetype channeturrent component
that is most fiected by this change in holding potential. The external solutionstastady
drugs and metal cations bloiksnail cardiomyocytes was 2 mM Band100 M Na', see
section 2.6.2

2.5.5 Statistical Analysis

Numerical values in all electrophysiological experiments were compared using a parametric one
way ANOVA when three or more data sets wapmparedn SPSS. Ithe one wayANOVA results were
statisticallysignificant, a StudeaNewmanKeuls post hodestwas performed and reported, unless

otherwise stated.
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Chapter 3

Results

The research conducted in this thesis is a collaboration of Dr. J. David Spafford, Dr.
Adriano Senatore, Dr. Adrienne N. Boone, Robert F. Stephens and myself (Wendy Guan). Dr.
Spafford provided the figures of sequential alignments across various invertahdavertebrate
species. Dr. Senatore cloned and characterized the electrophysiological characteristics of the
Lymnaeasnail T-type channel, LG8 (Senatore and Spafford 2010) and later conducted a study
of splice variants of exon 8b and 25c (Senatore et al 2012). Dr. Senatore discovered novel exons
12a and 12b, anditiatedthe comparative study of thggmnaeaCa,3 channels for novel exon
12a canpared to exon 12bExon 12bwas the native isoform describedthe first publication
describing LCg (Seratore and Spafford 2018gnatore et al. 2012)n this thesisPr. Senatore
carried out a comparisons of the basic kinetics, nickel bloekni reversal potential and the
anomalous mole fractioior LCa,3 channels with exons 12a and 1HurthermoreDr. Adriano
Senatore performed gPCR to detect the expression Bl & splice variants, and other
calcium channels (LGa, LCa2) and sodiunthannels (LNgd and LN&2) in Lymnaeatissues,
from thebrain, heart, glands and muscle. Robert Stephens, an NSERC undergraduate summer
studentand fourth year project studesreated three mutagenized channels for,BGathe
domain Il turret including_Ca,3-12a (DIIS5P™), LCa,3-12b(DIIS5P™) and
LCa\,3(DIISSF*le) in this chapter. Dr. Boone recorded the activation kinetics of calcium currents

in cardiomyocytes.

Part of this thesis is published in the jourdalirnal of Biological ChemistrySenatore,
A*., Guan, W*., Boone, A.N., anBpafford, J.D( 2 0 1T4type dihannels become highly
permeable to sodium ions with an alternate extracellular turret regiel)(8%tside the
selectivity filteid Journal of Biological Chemistryoi:10.1074/jbc.M114.551478* indicates

theseauthorshavecontributedequally).
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3.1 Alternative splicing changes ion selectivity and permeation in Ca,3 channels

The diversification of human-fype calcium channels are rooted as a single gene in the
great pod snail,Lymnaea stagnalidubbed LCav3. Through sequencing of different brain
cDNAs coding for LCav3a unique mutuail-exclusive exon was identifiefldr exon 12. Two
forms of exon 12 (a and b forms) have been identified in most protostome invertebypge T
calcium channels, including nematodes (alnadiyt arthropods and mollusk$:latworms, some
nematodes, some annelids and all lower deuterostomes have an exon 12a, but lack exon 12b.
One annelidCapitellais unusual in possesg only an exon 12isoform. Exon 12 codes for the
region thatspans fronthe S5 membrane helix in domain Il to the extracellular relgmmwn as
the Aturreto, to the descending pore helix t
As part of my thesis, | @mined the two splice variants, exon 12a and 12kcamparedheir
differences, this includesheir ion selectivity and permeability with mammaliattype calcium
channels, hCav 3.1 (U1G), hCav 3 .tgpedcaldiirH) and
channel functionsequire repeated successful transfections and expression in HEK293T cells.
All the snail plasnds of LCavl and LCav3 wemnstructed into a bicystronic vectmyntaining
pIRES2 EGFP.Mammalian Cavl.2, Cav3.1, Cav3.2 and Cav3.3 chamanetxpressed from
transcriptional fusion vectors (pMT2 or pcDNA3.1) which lacked the bicystronic vector
expression of EGFP, were insteadtansfected with EGFE.  Positively transfected HE2Q3T
cells were evaluated by thejreen fluorescence under marg lamp illumination with an
epifluorescence microscope. Primary cultured cardiomyouytes dissociated 24 hours prior
andhad a muscular and elongated appearance. A small percentage of muscle cells may
spontaneously contract immediately after dissti@n, which was an indicator of healthy, viable
cardiac cellsSee an illustration ofecordable HEK293T cells (Figure 3.1a) and snail

cardiomyocytes (Figure 3.1b) below.
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LCav3 Plated DIC LCav3 Plated eGFP LCav3 Plated Merge

Figure 3.1. Transfection and expression of LCav3 in HEK293T cells and dissociation of
cardiomyocytes.

(A) Successful transfections of LCav3 channels are trypsinized and plated onto glass coverslips,
isolated for electrophysiology recordings. Images were taken using Differentigerence

Contrast (DIC) on a &iss AxioObserver Z1 microscop@®) The left panel shows the typical

density of ventricular cardiomyocytes obtained from four adult snails immediately after
dissociation, zoomed at 10x magnification. A close up of thastiac cells reveal their

muscular appearance at 40x magnification in the right panel.
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3.1.1 Biophysical properties of LCav3 and hCav3 channels

A notable differenceletet¢ed between 12a and 12b variana ierge outward currerthis
is present in LCavd.2a with voltage steps above 0 mV that is not presdheiexpression of
LCav312b (Figure 3.B). It is suspected that this large outward current is carried out by internal
110 mM cesium ions from the intracellular patch pipette, sinises the only major cation
within the pipette. Replacement of internal @sth a large monovalent cation-iethy}D-
glucamine (NMDG), diminishethe large outward curremt LCav3 isoforms. Despite
differences in outward currents, LCav3 isoforms resamilar kinetics to activation,
inactivation, tau inactivation, time to peak
concentration. The 12b variant differs slightly from 12a for recovery fnactivation, with
exon 12b occurring at a slower rateddmaving a faster deactivation rgsee Figure 3.2 Q).

Overall the biophysical properties of snail Cawvdype channels are reminiscent of the
characteristic features of mammalian Cav3 calcium channels, simh @sltage activation

rapid inactivatio kinetics, slow deactivation and possessing a window current maximal near the
resting membranpotential of-65 mV, see Table r kinetic values.

Comparison of hCav3 channel currents through a series of voltage steps, reveal a minor
outward current bs" ions, indicatingess permeable chans¢han snail LCav3 channels (see
Figure 3.3). ftype currents generated fnodifferent hCav3 channel genleave distinct kinetic
properties. hCav 3.1 produces a faster activation and inactivation kinetics t8.2Caat they
both activate and inactivate at similar voltages. A slower and positively shiftiedje
sensitivityis producedvith the hCav 3.3 channel subunit and is nearly three times slower to
activate than Cav3.1 or Cav3.2 channels and posseds\hestskinetics of inactivation
compared to the other mammaliastype channels Another significant difference beeen
hCav3 channel isoforms ikeir recovery from inactivation. hCav3.1 recovered the fastest
followed by hCav3.3 and hCav3.2. The exaduga differ from that reported by Chenand
colleagues (2002) but thCav3 channels follow a similar trendtast reported b hemin et
al.(2002) The differences can be accounted for by experimental parameters and the different
hCav3 splice isoformshatwere included.

The snail LCav3 Ttype channels are negatively shiftedheir activation and
inactivation threshold properties by ~10 mV compared to their mammalian counterparts.

Furthermore, LCav3 isoforms have a faster time to peak, tau inactizatibdeactivation
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values, but are slower to recover from inactivatBnail T-type isoforms were not statistically
significant from hCav3.2 kinetics in recovery from inactivatign~1.3 increase in current when
barium is the charge carrier in LCav3 neddes hCav 3.2 (Shcheglovitov, Kostyuk & Shuba,
2007). A summary table of allype channel kinetics are presented in T&béend & one way
ANOVA combined with a Student Newmageuls post hodestcomparing Cav3 channels is
presented in Table 6.
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Figure 3.2. Characterization of biophysical properties of LCa,3-12a and 12b.

(A) An illustration depicting the aligned turret sequences in Domain Il in LCav3, comparing the
sequence between exon 12a and 12b in the top pBaakath the panel is an illustration of the
extracellular turret region for exdr2a and 12b in Domain II. (B)ifferences in outward Cs
currents were observed without major differences in biophysical properties betwe@All2@a

and LCa3-12b in 2 mM CaGlfrom a holding potential 0110 mV. (C) A normalized curreift
voltage (IV) curve (D) Activation and steady state inactivation curves with a noticeable window
current (E) Similar properties in tau inactivation (ms) and time to peak (ms) are plotted. (F)
Current size differences between fBaxvs. [Cd"] e currents in both LCav3 isoforms are ~1.3
times larger when barium is the charge carrier. (G) Percentage of nickel block at a concentration
of 300 ¢ Ml12a and 12b £e37.38 151% (n=5) and9.10 + 1.84% (n5)

respectively. (H) Recovery time from inactivation is slower in LG&28. (I) Deactivation

kinetics are slower with LG3-12a.
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Figure 3.3. Characterization of biophysical properties ofmammalian calcium channels
hCav3.1, hCav3.2 and hCav3.3.

(A) Typical current recordings generated from hCav3 subunits using wstage from a
holding potential 0f110 mV. hCav3.3 is significantly slower to activate than hCav3. h&ad
3.2. (B) }V curves of human hCawhannels, illustrating the relatively minor outward current
compared to snail LCav3 chann€® Activation and steady state inactivation curves reflect the
low voltagesensitivity of Ftype channels. (D) Tau inactivation (ms) isvedw in hCav 3.3 than
hCav 3.1 and hCav 3.2. (E) Time to peak (ms) values are also slower in hCav 3.3 and the fastest
in hCav 3.1. (F) Tau deactivation is similar between\h&4 and hCav3.2, and slowest f@Cav
3.3. (G) Recovery from inactivation is tfestest for hCav3.1, followed by hCav 3.3 and
hCav3.2.
56



Table 5. A summary table of biophyical kinetics in LCav3 and hCav3 calcium channels.

12al 3 3 3.2
LCav3-12a n LCav312b n 3 hCavd1l n hCavd2 n hCavdd n 12 13 13
Activation
Vi -53.6310.35 2 -53.4810.34 13 n.s. -43.7510.94 7 -48.58  0.54 13 -4216+1.24 11 ** n.s. **
K 5.60+0.09 23 546+0.14 13 n.s. 3.8810.18 7 3.851 0.14 13 3.95+0.24 1 n.s. n.s. n.s.
PeakofIV -40 mV u -40 mv 13 -30 mV 7 -30mvy 13 -25my 1

Inactivation
Vi -70.21+ 0.38 20 -70.89+ 0.45 16 n.s. -60.33+1.71 6 -62.88+2.25 5 -58.72+1.42 8 n.s. n.s. n.s.
K 2.7310.04 20 2.9310.08 16 == 475+ 0.23 6 4.78+0.37 5 6.56+ 0.38 8 n.s. = **

Activation kinetics

TTP -55 mV (ms) 14.68 £ 0.63 u 12.62£0.70 16 * 2393207 9 7611227 12 94.33 £5.60 9 n.s. ** w*
TTP -10 mV (ms) 3.19£0.39 2 2351012 16 n.s. 3531019 9 571+0.37 12 23+1.39 9 ** ** w*
Inactivation
kinetics 38.40 £1.67 24 40.07 £ .56 16 n.s. 64.83£ 10.56 9 91.91+7.27 12 = 9 == = =
T -35mV (ms) 17.20 £ 0.48 24 15.67 £0.56 16 ** 16.99 £ 0.87 9 19.45 £1.50 12 1257117.91 9 n.s. ** **
1-10 mV(ms)
Deactivation
T -100 mV {ms) 1.97 £0.06 12 1.37£0.05 19 #* 2731£0.20 8 2.45%0.20 1n 2.5710.060 8 n.s. n.s. n.s.
T-60 mV (ms) 6.05£0.30 12 5.4510.52 19 n.s. 7.88 079 8 8.49£0.68 1n 13.94 £243 8 n.s. ** w*
Recoveryfrom
Inactivation
Y%recovery at0.25s 7.81+0.37 13 533 0.30 13 ** 35.24 £0.01 10 8.7210.0054 10 19.64 £ 0.0080 10 ** ** **
% recovery at5s 6571113 13 62.50 £1.00 13 * 97.78 £ 0.070 10 62.08 £ 0.013 10 100 £0.021 10 ** * **
Tgs(ms) 1859.74 £93.14 13 2243.09 £82.26 13 ** 337.49£19.99 10 2093.79 £95.69 10  559.69 +35.57 10 ** * **

Values are expressed as means + standard error mean (S.E MJemates the number
recordings performed for each data set. Statistical comparisons of{12awa. LCav3l2b and
hCav 3.1, hCav3.2 vs. hCav 3.3 were performed using-avageANOVA combined with a
StudentNewmanKeulspost hodest in SPSS with * p <0.05, ** @01 and n.s., n&gnificant.
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Table 6. Student-Newman-Keuls post hocresults on LCav3 vs. hCav3 kinetics

12A13.1  12AI3.2 12A13.3 12B/3.1 12B/3.2 12B13.3

Activation
V * % * % * % * % * %k * %
1/2
K * ok dk # % * ok £ £
Inactivation
V y * % * % * % * % * %k * %k
1/2
K * 3k dk # ok * 3k Fk £

Activation kinetics
‘l—l'P _55 mV(mS) * %k * %k * %k * %k EE 3 * &

Inactivation kinetics
T -55 mV(ms} *k * _ *k * * ok
T -10 mV (ms) n.s. n.s. n.s. n.s. n.s. o

Deactivation

T -100 mV (ms) *x n.s. * *x ** *H
T-60 mV (ms) n.s. n.s. *k n.s. n.s. *k
Recoveryfrom
Inactivation
%recovery at 0.25s e n.s. it e w et
% recovery at 5s gk n.s. wE gk n.s. s
Tos (Ms) o n.s. o o n.s. o

Statigical comparisons of LCav32a /12b vs. hCav 3.1, hCav3.2 d&t@hv 3.3 were performed
using a onavay ANOVA combined with a StudelewmanKeulspost hodest in SPSS with *
p <0.05, ** p<0.01 and n.s., nagnificant

58



3.1.2 Comparison of ion selectivity and permeability

Calcium channels have a high affinity for calcium ions, and monovalent ions are
normally excluded in the presence of physiological levels of extracellular calcium due to the lack
of monovalent ion permeabilityThe addition of physiological sodium leve]$35 mM sodium)
in the presence of 2 mM &4for snailLCav3-12a generated a >¥6ld increase in peak current,
whereas LCavd2b was significantly less permeable with afelél increase compared to 2 mM
C&* and 135 mM of NMDG in theexternal bathNMDG" is a large, relatively nopermeant
monovalent ion that was used in place of as. The hCav3 channels produced a modest
increasdn current sizevhen external Naions replaced NMDG hCav3 channels araore
calcium selectivavith a1.27, 1.32 and.45- fold increase in the presence of sodiftonhCav
3.1, hCav 3.2, and hCav 3.3 respectively. See Figure 3.4 for the comparisons ofdrgirease
currents in the presence of 135 mM'ms. The permeability of calcium selectiveype
channelsaare hGv3.1/ hCav3.2 < hCav 3.3< LCav32b < LCav312a, with hCav3.1/hCav 3.2
being the most calcium selective (~~3/4 to 4/5 of ions permeating would be calcium ions) and
exon 12a being the least calcium selective (>9/10 of the ions permeating would be isodium
not calcium iongs It is important to note the extracellular turret only make up 1% of the
c hannel 6 sweblsarvwgsigrificant giketences in permeability between two splice
variants withrelatively minoreffect on biophysicgbroperties

To quantify ion permeability differences, we measured peak sizegypelcurrents
generated in bionic conditions. The bionic conditionshasone ion (calcium in this case) at
high concentratiosion the outside, and another ion (in this case a moeotwan) at high
concentratioson the inside. The relative contribution of the influx of calcium versus the efflux
of monovalent ion, provides a relative measure of permeability, based on their influences on
where the reversal potenti@sides Youcanalsogauge the relative ionic contributions as
measured in the slope conductance, which is the relative change in slope in the IV curve as the
linear slope change in current size over the voltage ranges for calcium influx or monovalent ion
efflux.

Bi-ionic conditions included an internal solution containing 100 mM of differing
monovalent ions (Li+, Na+, K+ or Cs+) in the presence of 4 mM external calcium. Currents
were elicited from a holding potential €f10 mV to steps ranging frorB0mV to +80mV in 5

mV increments. The relative permeability of monovalent ions followed the ion selectivity model
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of Eisenman et al. (1967), Li+ > Na+ > K+ >Cs+, where Li+ ions are the most permeable and
Cs+ are the least. This is consistent with decreasing permeabttitysaal radii of monovalent
ions increase from Li+ < Na+ < K+ <Cs+, A = 0.60, 0.95, 1.33 and 1.69 respectively. The
change in reversal potentials contributed by each monovalent ion reflects its relative permeability
to the reference external calcium iamdasignifies an increase in current contribution, shifting the
reversal potential to the left, see Figure 3.5. The more permeant the monovalent ion, the more
the reversal potential would shift to the left for an outward monovalent ion versus the more
postively shifted reversal potential for inward calcium ions. Calculating the relative permeability
using the biionic Nernst equation reveals aP, average of 23, 32, 50 and 114 fof,lNa’, K*
and C$ respectively for LCav@2a and 26, 41, 78 and 114 faCav3-12b. The relative
permeability ratis for hCav3 channels are higher®,INa’, K" and C$, hCav3.1: 45, 89, 140,
155, hCa®.2: 45, 84, 172 and 44&nd hCav3.3: 32, 55, 151 and 1d68Cav3 with exon 12a are
significantly more permeable than LCa%3b and the mammalian-fiype channelsRelative
permeability ratios indicate that hCav3.1 and hCav3.2 have similar permeability ratios for Li
and N4 ions compared to calciufans. L-type channels are more selective for calcium ions
and their monovalenon permeability is barely detectable inibnic conditions, with relative
ratios of 424, 1170, 3000 and 4200 for Li+, Na+, K+ and Cs+ respectively (Hess, Lansman &
Tisen, 1986).

Another method of examing relative permeability ishe linear slope awuctance
between voltage steps +70 to +80 mV, where the outmargvalent ion currents possesses
steeper slope conductance refiscimuch grear outward monovalent current (see Figure 3.6).
LCav312a has a greater outward slope conductance, comgphgarsnail Cav3 isoforms and the
three hCa8 channels One deviation between the relative permeability and slope conductance
measurement is that hCav Z8annelsas a larger outward slope conductance fdahd N&
ions than LCav3l.2b, but hCav 3.3 has a lower relative sodium and lithium permeability as
reflected in their contribution to changes in reversal potential. The lower relative sodium
permeability of hCav3.3 compared to LCalb is consistent in the foldcrease in current size
of 1.45 in the presence of sodium, while LCaZb had a larger, two fold increase in current
size in the presence of sodium ions. A potential issue with the accuracy of the slope conductance,
is that the IV curves represent botie tdriving force and the voltagiependence of channel

opening, the latter of which can alter the relative conductance values. Cav3.3 is notably
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positively shifted in its IV curve. We could have measured channel activation from protocols
that generate tiecurrents to avoid this issue, which circumvents the voldegendence of
channel opening. Another issue is that the relative sodium permeation inidhebi
experiments is a measure of the outward sodium flux instead of an inward sodium flux. The
relatively high slope of outward currents at very depolarized potentials is not very physiological
relevant, when sodium is usually entering aghavard ion competing with calcium entry into the
pore. Values for reversal potential, relative permeabilitgd #lope condttance are summarized
in Table 7

The anomalous mole fraction effect experimental set up is used to evaluate how
monovalent ions such as sodium enter from the outside of the channel through the pore and
competes with calcium ions for limitgmbre binding sites. We measured the changing peak
amplitudes of inwargbermeating calcium current in 60 mM extracellular Na+ ions, ok
increment doses of external calcium ions, in a range fromd.@0® M. As calcium levels rose,
there was amcreased blocking of the sodium currents by calcium ions (Figufg,3é&flecting
a decrement of the sodium current with increasing external calcium. A striking difference for
channels with exon 12a is a weak calcium blocking effect (44.5 £ 4.0%) compitined more
conplete block withexon 12bture ( 81 . 2 N 1. 6%) at 10 &M of ext
mammaliant ype channels show a greater calcium bl
93.62 £ 2.73% for hCav 3.2 and 96.78 £ 0.34% for hCav@i;h are consistent with the
results obtained from Shcheglovitov, Kostyuk & Shuba (208&vhbove 10 €M of cal ci
calcium ions are more numerous and now outcompetes sodium in the pore and ion currents rise
dramatically for mammalian-Type channels asatcium ions reaches physiological (millimolar)
calcium levels.An increasing block of the sodium curreleadsto a decrement in current size,
followed by an increasing permeation of the calcium current with increasing calcium
concentratioras the calcim ion concentration overwhelms the sodium ion contribution. The
anomal ous mole fraction ef fhapedtcurvieé atugprgntisicea |l |y r
versuscalcium concentration graph. Typically a two Hille equation is applied to measure the
rate of block for sodium ions and the saturation ratafcium ion permeation, however, this
could not be measured accurately in LCav3 chanr@lsrent sizes through hCav 3.1 rise 9.1
fold from 10 €M to 10 mM, 7. @8.f WMheérfears, h€Caw m3

to 10 mM, current sizes monotonically declined for snail Cav3 channels, with a 6.9 fold and
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2.1fold decreasdor LCav3 channels with exon 12a and exon 12b, respectively. These changes
in current sizes reflect the greater calciunnpeability of mammalian Eype channels and a

weaker calcium permeability of snail LCav3 channels through the physiological concentration of
calcium ions. The relative increase in sodium ions in the presence of calegucalculated

relative permabilitis and slope conductances fromidaic solution experiments and the

anomalous mole fraction experiments,dd@monstrat@a simila trend in calcium selectivity:

hCav3.1/ hCav3.2 >hCav 3.3 > LCa¥2b >LCav312a.
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Figure 3.4. Sodium ionsincrease overall calcium currents in Cav3 channels.

(A) T-type currents are generated from 2mM calcium and 135 mM NMDG. The addition of 135
mM sodium instead of NMDG increases the overaitent. The top row are the relative fold
increases in snail Cav3 channels and the bottom are the hCav3lshénBar graph to
illustratehow permeable LCav32a is, in comparison to otheft¥pe calcium channels. (C) A
summary table of the averagestarglard mean error (S.E.M.) of relative sodium increase,
denoted as the number of recordings per datd\sestatistical analysis was performed.
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Figure 3.5. Monovalent ion (Li*, Na', K" and Cs") permeability through snail Cav3 and
mammalian Cav3 T-type channels.

(A) Inward calcium currents in 4 mM external calcium and outward monovaigelcurrents
generated with 100 mM of internal’l.iNa’, K" and C$, elicited from a110 mV holding
potental. Representative currents for LCal3a and 12b are shown in panel A. (B) Curent
voltage relationships among all Cavaype channelsn values are shown in parentheses. A
closeup of currents crossing the reversatgntials (inset) illustrates howffdiring ions shift the
reversal potentials.
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Relative Permeabhility
LCav3-12A LCav3-12B hCav3.1 hCav3.2
2B 31 32 33 | 31 32 33 | 32 33 3.3

Li+ n.s. ok o *k * ¥ *k ok n.s. *k ok
Na+ n.s. *ok Hk ok ok ok * n.s. *ok *k

K+ dok dok dok ok ok ok ok ok n.s dok

Cs+ n.s. * * * ¥ * >k *% *k n.s.

Slope Conductance
LCav3-12A LCav3-12B hCav3.1 hCav3.2
128 3.1 32 33 (31 32 33|32 33 33

Li+ *k *k Hk * ok ok n.s. n.s. *ok *k

Na+ n.s. L it n.s. U n.s. i n.s. i o

K+ n.s *k Hk n.s *¥ *% n.s n.s *k *k

Cs+ £23 £23 * *k *k *k * n.s n.s. n.s.

Figure 3.6. Relative permeabilitiesand slope conductance®r Cav3 T-type channels.

A oneway ANOVA was performed combined with a Stud&l@wmanKeulspost hodest. A

line over all bars represents the significance wittlithe groups, unless otherwise stated. *
p<0.05, **p <0.01 and n.s., not significant. (A) A bar graph illustrating the relative
permeabilities (B/Px) amongst Cav3 -Type channels. LCav32ahas a greatenonovalent ion
permeabilitythanthe other channel typeSlope caductances are compared. LCd&\&a has the
greatest outward slope conductance, indicative of a more permeable channel. (B) A table to
illustrate the StudertiewmanKeulsposthoctest results for relative permeability and slope
conductance between LCav3 and hCav3 channels.
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Table 7. Summarized table of values for reversal potentials, relative permeabilities and
slope conductance of Cav3 channels.

Reversal Potentials (E,.,)

Li* SEM n Na* SEM n K* SEM n Cs* SEM n

E.,LCav3-12a 9.91 0.27 8 15.54 0.31 b 22.19 0.44 12 34.06 1.02 9
E.oyLCav3-12b 11.99 0.33 5 19.31 0.27 5 28.74 0.65 9 34.48 1.10 10
E hCav3.1 20.62 0.72 6 29.21 1.84 7 38.47 1.82 6 39.93 1.58 6
E . hCav3.2 20.19 1.41 6 29.81 0.88 6 40.13 0.74 4 54.71 1.74 3
E.,hCav3.3 16.39 0.30 6 23.69 0.58 7 39.53 0.89 7 38.22 0.68 7

Relative Permeability (P../P,)

Po/Pi SEM n  Po/Pw SEM n  Po/Pk SEM n Pe/Pe SEM n
Peafpx 22.74 0.41 8 32.01 0.71 6 50.25 1.53 12 114.51 8.85 9
LCav3-12a
Peapx 25.59 0.59 5 41.32 0.75 6 78.04 2.81 9 113.84 6.97 10
LCav3-12b
PCa‘;pxhCa\.'S.l 45.28 2.11 6 89.56 8.21 6 140.16 12.02 5 154.65 7.99 5
Ph‘;pxhCa\.'S.Z 44.80 3.79 6 84.30 5.32 6 172.49 9.12 4 444.82 21.06 3
PCa‘;pxhCa\.'S.S 32.24 0.66 & 55.49 2.22 7 151.00 6.90 7 166.37 9.64 7
Slope Conductance
Li* SEM n Na* SEM n K* SEM n Cs* SEM n
Outward g, 0.10 0.0057 8 0.079 0.0042 6 0.0051 0.0037 12 0.027 0.0017 9
LCawv3-12a
Outward g, 0.075 0.0046 5 0.060 0.0047 5 0.042 0.0032 9 0.014 0.0008 10
LCav3-12b
Outward g, 0.026 0.0018 ] 0.033 0.0046 7 0.014 0.0014 & 0.0033 0.0012 ]
hCav3.1
Outward g, 0.041 0.0065 6 0.037 0.0097 6 0.014 0.0025 4 0.0022 0.00066 3
hCav3.2
Outward g, 0.083 0.0050 6 0.089 0.0095 7 0.041 0.0044 7 0.0084 0.00073 7
hCav3.3
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Figure 3.7. The anomalous mole fraction effect on snail Cav3 and mammalian Cav3type
channels.

(A) An increasing block of maximal ionic current g4)) in 60 mM N& external with increasing calcium
coneentration. The drop in current size with 1€ 10° M external calcium reflects the competition of
calcium ions preventing sodium permeation through the pore. The left panel represents snail LCav3 exon
12a and 12b turrets and the right compares the nadianmil-type channels. (B) The percentage of
calcium block is represented in a bar grapith its standard error ahean. (C) Comparing the relative
rise/decline from 1®to 102 M external calciumLCav3-12a shows the greatest decline and hCav 3.1
exhibited thelargestrise in currensize (D) A summary of calcium block at calcium concentrations
ranging from 10 to 10°M with log concentration of calcium comparing all Cav3 channels. Average
means of percentage current blocknpared to maximum current siaee shown with their standard error
means (S.E.M) andvalues, the number of cellE) A oneway ANOVA was performed combined with
a StudenNewmanKeuls posthoctest.* p<0.05, **p <0.01 and n.s., not significant.
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3.1.3 Investigating LCav3-12a in Lymnaea ventricular cardiomyocytes

We evaluated the mRNA expression density of differing extracellular turrets, exon 12a
and 12b in adult and juvenile snail tissues by-twa¢, quantitative polymerase chain reaction
(gPCR) to determe where sodium permeable channels were found. gPCR is used to quantify
the quantity of cDNA template derived from the reversascript of mMRNA istated from
differing tissuesA fluorescent label, SyberGreen is incorporated into the DNA strands eaaplif
in the PCR, and the amount of fluorescence as a measure of DNA synthesis is measured by a
charge couple drivéQCD) camera associated with the PCR machine. A cycle threshold (CT)
for PCRamplificationcan be extrapolated from the fluorescence cureeemgted during PCR
amplification, which provides a quantitative measure of the amount of original cDNA template,
and mRNA from the sample. Gene expression levels are compared to a control, hypoxanthine
phosphoribosyltransferase 1 (HPRT1) gene, a housekpepzyme that is presumed to be
expressed consistently in all cells and display a stable amount of expression under varying
experimental conditions. The highest density 4yde channels was detected in the snail heart,
where expression is exclusivelye sodiurrpermeant L@v3-12a isoform with the abseat
LCav3-12b (Figure 3.8A). WholenailCav3 transcript levels steeply decline during embryonic
development and LCavB2a falls from juvenile to adulthood.Cav3-12b is equally abundant in
the brain as LCawv32a but is almost exclusively expressed in secretory reproductive tissue
(prostate and albumen gland), where LCav3 expression rises from juvenile to@aetsally
playing a role in sexual maturatiohhe relative density of mRNA for all relevant voltage gated
channels comparindné heart and brain is shown ilgére 3.8C Snail heart®xpress twanajor
cation channels, itype calcium channel (LCav1l) and highly sodium permeatyp@ calcium
channe(LCav3-12a). While sodium channels (LNavl), and LCav2 calcium chaanels
abundantly expressed in the brain, mRNA transcript levels are absence for these cation channels
in the heart.

Wecoexpressed and analyzed ,iCaudandéyChvB@s it s
12a in HEK293T, a configuration expected to mimic the major cation channels in snalil
cardiomyocytes. Voltage ramps were generated #1080 mV to +100 mV to separate low
voltage activated -Type and high voltage activatedtype channels inraexternal of 2mM
barium and 100 mM NMDG as seen in Figure 3BDA sodium current is revealed through

LCav3-12a when 100 mM NMDG is replaced with equimolar sodium ions, while, LCav1l current
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remains unchanged when external NMDG is replaced with sodiflegtieg the lover sodium
permeation of the LCavl,-type calcium channelRemarkably, thén vitro expressed subunits
of LCav312a and LCavl generatesiailar profile of ramp currents as adult snail
cardiomyocytes, with roughlynall fold increase inwgrent size in external sodium and barium
ions compared to NMDG and barium ions. The only major difference is thattipe Thannel
currentin cardiomyocytesind LCav3n HEK293T peak at different voltages in snail
cardiomyocytes because LCas@diomycytechannels contaianoptional exon 25c (Senatore
and Spafford 2012), while the vitro translated versiothat was recorded in Figure 3.8Racks
optional exon 25c. Also the snailtype channelwasee x pr essed wi tph rat acc
subunit whichhas different consequences to voltagasitivities compared to the snail accessory
b s u imvitroi(Ctawson et al. 2014).

Comparing Ftype channel voltageamp curents, only a 2.00 + 0.24 (n=fld increase
in current size in the presence of sodiumsicompared to NMDGis observed in HEK cells
transfected with LCav3d2b and 1.27 £ 0.089 (n=9), 1.36 + 0.085 (n=7) and a smaller 1.50 +
0.17 (n=6) fold increase for hCav 3.1, hCav 3.2 and hCav 3.3 respectively, reflecting the lesser
sodium permeation throudgiuman Ftype channels

To test our hypothesis that the low voltaaggivated sodium currents were frortype
channels, we used 2 mM barium and 100 mM &ldernal solution to separate the kinetics of
slow barium Ltype currents from fast-fype currents carried mostly lspdiumions. Snail F
type currents are mostly inactivated from a holding potentis8@mV, so theurrentdifference
generated from holding potentials-400 mV and60 mV reflect the Ttype calcium current
with rapid kinetics (Figure 3.9). We alssad pharmacology to differentiatetyipe channel
currents from the itype calcium channel currents in snail cardiomyocytes. In voltage ramp
currents, isradipine, a classical dihydropyriding/pe channel blocker, blocks snaitype
calcium currents atel Min vitro (Senatore et al2011). Isradipine blocked the high voltage
activatedt ype channel current at 1¢Mpexhannel mi ni mum
currents (n=6). Nickel (n=8) and miberfradil (n=8) similarly blocketyjhe calcium channel

currents and Ttype channel currents (Figure 3.9, panel B,C).
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Figure 3.8. Snails express two cardiac cation currents, the highly sodiupermeant T-type channel LCav3
and the calciumselective L-type channel LCavl.

Al C, quantitative RTPCR standardized toymnaeaHPRT1 control geneA) relative mRNA expression levels of
exon 12a and 12b in juvenilpiy) and adult &d) snails,reflecting the almost exclusive expression of exonl2a in the
snail heart and exon12b in prostate and albumen gléBdBramatic decline in LCav3 channel expressiowhole
animals can mostly be attributed to the decline of LEE& expression in the wdoping heart(C) Snail hearts

lack mRNA expression of any sodium channel (LNavland LNav2).Snail hearts also lack any expression of the
LCav2 synaptic noi.-type channel or the Cav3tJpe channel gene with exon 12b. Note the biedkey axis

scale, llustrating that the range of expression of the sodium channel gene of LNavl in the snail bréahdis 30
higher than the control HPRT1 gene, compared with the low levels of expression of the other calcium channel genes
(which vary up to Jold higher tha the control HPRT1 gend)i G, ramp protocols-10 to +100mV in 1 second)
carried out in the presence of external solutions 2 mM barium and 100 mM NMD@D)l& sodiumpermeant, T
type current is revealed and superimposed on the barium current onegodites in the presence of a sodium
impermeant, Ltype curren{E) Cotransfection oL.Cav3 with exon 12b (F) The sodium permeastyge currents

in cardiomyocytes are indistinguishable from mammalian FBRT cells transfected with LCav@xon 12&co-
expressed with.Cavl and accessory suburth  gin)(3) hdman Cav3.1 has some sodium permeability but is
not as sodium permeant as the LGAZ2& variant expressed in cardiomyocy{&. A bar graph representing

average means with standard error me&s i) for relative increase of combined barium and sodium current.
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Figure 3.9. Separation of L-type and T-type currents in cardiomyocytes and drug response profiles.

(A) A fast T-type airrent (red)s isolated fronsubtractinghe current at110 mV versus60 mV in 2

mM barium and 100 mM sodium-type currents are elicited from a holding potentialéf mV shown

in gray. The top panel is a-t@nsfection of LCavd2a and LCavl, while the bottgpanel shows a
recording from a tyigal cardiomypcyte. (B) Ramp protocols are used to profile drug responses, sample
tracings of the inhibitory effect is shownttvisrapidine , nickel and mifradil on the left, along with the
percentage of block relatite drug concentration on the right. (C) Dose response curves with SOE.M f
israpidine, nickel and mibeddil.

71



3.1.4 Genomic analysis of exon 12

Analyses of Cav3 genomic sequence reveals that alternative splicing generates two forms
of exon 12 (exon 12a and@x12b) Exon 12Jike in snailLymnaea stagnalis widely present
but limited to protosome invertebrates (ie. femhinoderm invertebrates), see Figure 3.10. Exon
12ais short with 3846 amino acids lon¢average of 40.7 amino acids) witlt@nservedri-
cysteine structure , GCXyXxsGéeCi.n ek xsotnr ulc2tbu rhea sC éaC X(
protosomes or CXXCé CéCXC in some nemat-odes a
55 amino acids (average is 52.1 amino acids). The more calcium selective rizanTrtgbe
channels differ from exon 12 turrets with a-ggsteine framework, suggesting that cysteines
play a potential role in modulating ion permeability and selectivity. The next section examines
the consequences to ion permeability and ion selegtaitd other properties offype channels
After substitution of all but one of tlmmnservedri- and pentacysteine residues of the snail

LCav3 channels witbthe neutral amino acid, alanine.
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Figure 3.10. Phylogeny and sequence alignment of exon 12 across species.

(A) Aligned amino acid turret sequences for exon 12a, 12b and hCav3 turrets. Conserved
cysteine residues are highlighted (B) A phylogentic tree illustratingahservation of exon 12a
(in blue exons) and 12b (in green exons), vertical black lines depict the location of cysteine
residues in the exons. Triangles indicate introns.
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3.2 Cysteine substitution alters LCav3 channels properties

The presencef aconservegattern of extracellulacysteines in th®omain Il turret
suggest that the cysteines contribidespecifically organized structure above the membrane pore
ofT-t ype channel s. I nterdomain di sulhgslhden es con
determined in the crystal structure inpwo pore potassium channels above the porepf K
channels (Miller & Long, 2012)T-type channels likely have an analogous extracellular cap
structure above -Type channels. Insights into a possibled¢tioap structure can be inferred by
the conservation pattern of cysteines in theetutslomains of ftype channelsAn alignment in
Figure 3.11of the four Domain turretare shown for all snail cation channels, such as NALCN,
(LNALCN), sodium channels: (Navl, LNav2), calcium channels (LCavl,LCav2,LCav3),
human TFtype channels (Cav3.1,Cav3.2,Cav3.3) and the simplest unicellular eukaryotes to
containa voltagegated cation channel atlee apusozoarThecamonas trahepand the
coanoflagellateNlonosiga breicollis). All cation channels ifigure 3.11, including unicellular
organisms, have a conserved set of cysteine residues with four cysteines in Domaln D1
2, D1-3, D1-4), none in Domain II, two in Domain Il (B3, D3-2) and two in Domain 1V (D4
3, D4-4), however this does not apply Tetype calcium channelsTechnically the conserved
cysteines in Domain IV are outsidhe extracellular turrebutthey are conserved in all voltage
gated cation channels. The only voltagged cation channelsahbreak the 49-2-2
arrangement of eight cysteines are some vertebrate sodium channels atypalcihannels,
which have many additional cysteineb-type chanels have an extra two cysteine residines
Domain | (D15, D1-6), two extra cysteines iDomain 11l (D3-1,D3-2), and two extra cysteines
in Domain IV (D41, D42). Vertebrate ftype channels have an additional cysteine in Domain
I, with a 6-1-2-4 arrangment of 13 cystines. Invertebrates have masesteines than the
vertebrate Ttype chanels. There arenorecysteines in Domain Il as a tricysteine turret (exon
12a) or pentacysteine turret (exon 12b) and two additional cysteines in Domain &\& for
(30r5)2-6 arrangement of 17 or Igsteinedor exon 12a or exon 12b respectivdtyseens
conceivable that the Domain Il turret cysteines interact and form an extracellular cap structure
with interdomain disulphide bonds with uniqudype channel cysteines in Domain IV.
Mammalian Ftype channels with a unicysteine arrangement in Domalikely form a

different folded structure than the invertebratgyfle channels.
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To evaluate the role cysteine residues play in ion selectivity and permeability, novel
turrets with substituted cysteines with alanines were created, with the excegéavrgf a
single cysteine inhe position that resembléke conserved cysteine in mammaliatype
channel turret in Domain Il. Mutated cysteine residues were introduced by cassette insertion of a
purchased synthetic gene, insert sizes of ~200 base p3ai(@(bpasic) between AvriAfel
restriction sites introduced by Quikchange mutagenesis onto a subcloned 3kb plasmid (between
Bglll i Sall) restriction sites from snail LCav3type channel. These mutations will be denoted
aslLCaB-12a @C a-hdbLwp&aasdhe original LCav3 channels akaown aswild
type It should be noted that LCad®a contained four cysteines in its turret region and three of
these cysteines are highly conserved, however, for the mutant channel, all cysteines except the
cysteire conserved in mammals were muta#tiexpressed plasmids were confirmed by

sequencing at TCAG DNA Sequencing Facility at Sick Kids Hospital, Toronto.
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321Basic biophysical properties for LCav3 @C mut at

Identical protocols and external and internal solutionsilstypes were carried out on
the LCav312 gp Cmutations. Evaluation of biophysical kinetics revealetaistically
significant change in activation for LCad2a and LCavd2aq G with a5 mV shit to the left,
but not a significant change with LCat2bg Cand LCav312h Steady state inactivation did
not change significantly between LCa%3a and LCav32aqg Cout astatisticallysignificant
change was seen in LCa®2bg Cand LCav312b with a ~5mV shift to the right. Other
differences include a faster time to peak for LGa¥a C but slower time to peak in LCav3
12bgp Ccompared to thewvild type counterpart LCav3-12ag Chas a faier inactivation than
LCav3-12a Inactivation of LCav3l2b Cs slower aimore negative voltages bistfaster at
higher voltages than LCavBb. Deactivation kinetics are significantly faster in the mutants and
the mutant$ake longer to reager from inactivation. Table Summarizes the biophysical
kinetics of LCav3l2ag Cand LCav312bg C The kinetics changes for exon 12a and 12b in the
cysteine mutants do not resemble each other, whileiteype versions do resemble each
other. There are statistically significaritferences in théiophysical properties of theysteine
mutants but neither are these differenaeevery striking and there is no obvious trend to their
deviations from thevild type condition. The lack of consistency and dramatic change suggest
that he changing kinetic features in the mutants is a secondary feature of dismantling the
cysteine framework in extracellular turrets.

A more striking feature in these mutants are a much larger outward current with cesium
as the charge carrier than theild typecounterparts. Both LCavB2ag Cand LCav312bqgpC
exhibit similar large outward monaient ion currents ( Figure 3.Jl1&uggesting they are highly

permeable to monovalent ions.
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Figure 3.12. Biophysical kinetics of LCav3 mutantslacking cysteines in domain |II.

(A) Representative traces of LCat¥2aq Cand LCav312bg Cfrom a holding potential ofL10
mV. Large outward currestare elicited from both mutantglicating an increase in ion
permeability. B) Currentvoltage relationshipputward currents are significantly larger than
their wild types and reversal potentials are negatively shifted. (C) Activationteadsstate
inactivation curvest.Cav3-12aq Cis negatively shifted. (JpoTime to peak in milliseconds.
LCav312bgCis slower at negative voltages. (E) Tau inactivation values, LQab2p Cis
significantly slower than LCav32a Cat negative voltages. (F) Tau deactivation, LCa23a
o Cis slower todeactivate than LCavB2bqg C (G) Recovery fromriactivation is slower in
mutantsthan their counterparts, while LCaxt2b Gss slower than LCavd2aqpC
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Table 8. Biophysical kinetics of LCav31 2 @Cntsnut a

LCav3 - LCav3 -

aAC anC/ baC/ anc bA C/
12a AC n 12b AC N jpac  WT-a WT-b IWT-b WT-a
Activation
Vi -57.35+0.84 16 -55.86+0.51 21 n.s. ** n.s. *H n.s.
K 3.31+0.093 16 3.25+0.096 21 n.s. ** * *H **
Peak of IV -40 mv 16 -40 mv 21
Inactivation
Vi, -71.62+0.78 16 -66.50+ 0.57 12 h n.s. o n.s. n.s.
K 3.30+ 0.068 16 2.97+0.06 12 W o n.s. et A
Activation kinetics
TTP -55mV (ms) 12.72+0.73 15 14.46+£0.78 21 n.s. o *ok ** **
TTP -10 mV (ms) 2.19+0.077 15 2.4+ 0.076 21 n.s. *E *k *ok *k
Inactivation
kinetics
T -55 mV (ms) 31.14+2.49 13 57.03+3.51 18 s n.s. b i i
T -10 mV (ms) 11.41+0.28 13 11.6+0.37 18 n.s. ks ek ki s
Deactivation
T -100 mV (ms) 1.02+0.050 16 0.55+0.030 11 ok o *ok ** **
T-60 mV (ms) 7.17+£0.37 16 3.40+0.44 11 ok n.s. *ok ** **
Recovery from
Inactivation
%recovery at 0.25s 4.0 £0.0040 13 6.36+ 0.0071 8 e b n.s. n.s. e
% recovery at 5s 80.85 +0.013 13 58.20+0.010 8 e b & e e
Ty.s (Ms) 1481.19+64.60 13 2492.6+85.75 8 o W © i B

Values are exmssed as means + standard error mean (S.E.M) dedotes the number of
recordings performed for each data set. Statistical comparisons were performed usHagag one
ANOVA combined with a StuderilewmanKeuls post hodest in SPSS with * p <0.05, **
p<0.01 and n.s., not significant. It should be noted, WT standsilidtype.
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322 LCav3 @C mutations become more permeable to

LCav3-12 g Cmutationsexhibit a large outward current from internal cesium, suggesting
a high monovalent ion pemability for these mutants. As predicted, the mutations are
significantly more permeable to sodidoms whenl35 mM NMDG is replaced with equimolar
135 mM sodiumin the presence of 2 mM calciunb.Cav312ag Cgenerated a 19.83 £ 0.71 fold
increase in thenesence of sodium compared to LC&Za with a ~15 fal. LCav3-12bgpC
produced a 3.42 = 0.14 fold increase compared tdodddncrease of its wildype counterpart.

See Figure 3.1®r comparisons of relative fold change in current sizes.

As previouslyshown, we can use the-ibinic reversapotential experiments to measure
the relative permeabilities aiward flow of calcium ions with respect to the outward
monovalent ionsL.Cav3-12ag Chas relative permeabilties of 13, 17, 19 and 39 farN&’, K*
and C$ respectively LCav3-12b Chashigherrelative permeabilities for monovalent ions of
15, 23, 26 and 34. The relatipermeabilitiesfor monovalent ions compared to calcium ions is
significantly morethanwild type LCav3-12a or LCav3l2b.It is interesting to noteyild type
LCav312a is more permeable than LCal/Boqp Cwith a 15 fold increase in sodium current
versus a 4old increase, yet relative permeabilties of LCa\2b ¢ Ccalculated by the kbnic
reversal potential experiments indies LCav3L2bg Cis more permeable than LCai2a.In
the native case, inward calcium and sodium currents are filtered through the cysteine turret
framework from outside the channel, and then compete for inward passage for binding sites
through the porselectivity filter. A significant difference in the-mnic reversal experiments is
that the driving force and direction for ion flow of the monovalent ion is now in the opposite
directions (inward to outward) compared to the influx of calcium ionstlaEdutward
monovalent ion currents are not encountering the extracellular turret tHatgosetheir ion
passage until after they pass through the ion selectivity filter. Thus the relative permeabilities
calculated with the cysteine mutations using bhionic reversal experiments, is likely not an
accurate reflection of the relative permeability of sodium ions as an inward current competing
with inward calcium ions. The calculated relative permeability change are more dramatic than
expected for theysteine mutations, which likely reflect the greater immd¢he outward
monovalent iorcurrent compared to when they are inward currents competing as inward currents

with calcium ions.
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Another striking feature obtained is the convergence of outward slmpductance in
internal Li", Na" and K’ ions for the mutations at high voltage potentials (+80mV), showing no
significant difference between LCaxi2aq Cand LCav312bg C with the excption of cesium,
see Figure 3.1#br comparisons. Outward slope coothnce for LCaval2ag Cis 0.090, 0.1,

0.12 and 0.048 fari*, Na', K" and C$ respectively, similar values were observed with LGav3
12b g Qwith 0.095, 0.10, 0.096 and 0.5Reversal potentials are negatively shifted ky05mV
in LCav3channeldacking g/steines from thewild type counterparts, and the reversal

potentials differ depending on the monovalent ion present, suggesting that the pore discriminates

between different monovalent ionsThe convergence of outward currents at high voltages, likely
reflects a saturation of maximal conductances in these cysteine mutants. There is a maximal
driving force for outward current flow at steps to extremely positive potentials (+80 mV) and
where the outward monovalent ion currents are not competing with any inalaight currents
at these extremely positive potentials. Only the largest of the ions, cesium does nottsatiurate
outward currents to this maximal conductance level. The saturation of conductances$,with Li
Na" and K suggest that the cysteines in theer turret normally limit outward monovalent ion
conductances, and the removal of this outer cysteine framework allows a maximal whole cell
conductance to be achieveétke Figure 3.15 for values and comparisons of mutant LCav3
channels with its wildtype

Turrets with areduced number of cysteines havi®wered capacity to block the sodium
currentwi t h 10 e€M calcium ions, where inhibit.i
81% to 72% of the total current in cysteine mutants of exorah@d 2byespectively inthe
anomalous mole fraction efft experiments (see Figure 3.16he change in fold current from
10 ¢eM to 10 mM ext er na lrtrend Where there isreora s , refl
exaggeratedhonotonic decline in calcium current fron®@o 7.7 fold drop in current size and
2.1 to 2.5 fold drop in current size in LCav3 channels with cysteine mutations in exon 12a and
12b, respectively. Over the same range of
mM, there is a 9.1, 7.9 a9 fold increase in calcium current for human Cav3.1, Cav3.2 and
Cav3.3 channels, reflecting their higher permeation rates for calcium ions at physiological mM
levels, compared to the low permeability for calcium ions for snail channels, especially those

with the cysteine mutations.
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Most of the intervening amino residues between the cysteine framework in the
extracellular turret are highly variable between species containing exon 12a and 12b. This means
that the size and arrangement of cysteines arekelg tritical features that are responsible for
the altered monovalent ion permeation of snaiye channels. These are critical amino acids,
and there are only 7 and 8 amino acid changes that exist between the highly sodium permeable
LCav3-12a withLCav3-12ag Cchannel and the calcium selective hCav3.1 chaonelxon 12

A LCa,3- 123aC LCa3- 128 aC LCa3-12
N A hdca A o
500 pA
100 ms
—~ 254 * ok
B 8 {1 20x C
= 204 //J, ) Channel Increase+ S.EEM n
-{D 4 1 15x
S 154 A LCav3-12a AC 19.83+0.71 7
= ] |
& 107 * LCav3-12bAC  3.4240.17 8
S 5 | 3.4x 2 5
2 10 777 e
g; acys wildtype acys wildtype
. LCa 3-12a LCa 3-12b

Figure3.13. LCav3-12 @®@C are more permeable to 135 mM ex
counterparts.

(A) Sample traces of 2 mM calcium and 135 mM NMDG (shown in black) replaced with 2 mM
calcium and 135 mM sodium (red/gray). Channels are organized from most permeable to least,
LCav3l 2a @C -22ablCCawsB32 b @C -42blL(K) A baBgraph illustratg the

relative fold increase in current size, a Studdsst was perform between LCa¥32 a @C and
LCav312a, andLCav3l 2 b @C a-a2b. *p&@&01.3C) Average fold change for

LCav31l 2a @C a-bhd b L @e@vi3standard error means (S.E.Migfers to the

number of recordings per set.
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LCay3- 12a AC

Litn=7) Li*(n=12)
Na"’(n:m) Na+(n=11)
K*(n-9) T K*n=15)
Ccstpn=12)
cstin=13) _
LCav3-1Za AC
0 - T T T 7T T 1 - T T 1
|8 40 80 | 40 80
) V (mV) V(mV)

Figure 3.14. Monovalent ions are more permeable in LCav3 mutations lacking cysteines.

(A) Representative traces of 4 mM external calcium with outward mésvatype currents
generated from 100 mNinternalLi®, Na', K" and C$ionsin LCav31 2 pC muB)A nt s
currentvoltage (1V) relationshipl.i*, Na" and K ions have convergent slopes at +80 mV.
values are shown in parentheses. A close up of curtesgsing the reversal potential is shown
within the IV curve(inset)
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LCav3-12a AC
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LCav3-12a AC
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Figure 3.15. Relative permeability ratios and slope conductances of LCavB 2 C ..
Statistical comparisons were performed using awag ANOVA combined with a Student
NewmanKeulspost hodest in SPSS with * p <0.05, ** p<0.01 and n.s., not significant. A black
line over the entire group set indicates the p value between each griesg, atherwise labeled
differently. (A) A bar graph comparing relative permeability ratios between LCav3 channels
with domain Il turret cysteine mutations versugd type. (B) Comparison of slope
conductancegC) Average alues for reversal potentialglative permeability and slope
conductance for LCav31l 2 qe@annelswith their standard error mean (S.E.M) amdenotes

the number of recordings.
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Figure 3.16. Comparison of the anomalous mole fractioreffect in snail LCav3 exonl2

channels.

(A) A comparison of LCavd 2

pC

t h

LCav3

wit h

60 mM sodium, with increasing external calcium, ranging fromtb010% M. (B) A bar graph

depicting

t he

decline in current sizefom 10
summarized table presenting the average block at vargiogim concentrations, with standard
errorsof the mean (S.E.Mh denotes the number of recordin§satistical comparison using the
StudentNewman Keuls (SNKpost hodest was performed p<0.05, ** p<0.01 and n.s. is not

significant.
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3.2.3 Kinetic and ion permeability changes when barium is the charge carrier.

Barium as a charge carrier defines the nonmenclature system used to identify calcium
channels. Ttype calcium channels are known as tiny and transient in the presence of barium.
Barium currents & always larger than calcium currents in high vokkagevated Cavl and
Cav2 channelg&Zamponi, 2005) The stiky pore hypothesisuggesthat there is &igher
affinity calciumbinding sitein calciumchanned and in the presence of bariuthe rate of
permeation is lowetdue to a weakeaffinity for barium iongSather & McCleskey2003)

Current sizes with barium can be measured when 2 mM external calcium is replaced with
equimolar barium. LCav3 with exon 12a and 12b have a consistent ~lidcf@ldse when
barium is present. However, LCav3 with exon 12 lacking cysteines have ~0.5 fold decrease in
current size, as seen in Figure 3AL7The greater barium currentsldCav3 channels resembles
hCav 3.2 Ftype channels, while the larger calciunorrents compared to barium currents for
LCav31l 2 C r e sredoctkd barsim pgetmeabilifgr native hCav 3.1 channels
(Shcheglovitov, Kostyul, & Shuba, 2007). Furthermore, barium ions positively shifts the peak
currentofLCav31 2 @C mut areditocaldumcurems,ayet the IV curves are
unchanged with barium and calcium currents in wild type LCav3 chatiigise 3.17B.

There appears to be more at play than justranutionof the size of barium currents
relative to calcium currents whegsteines are mutated in the pore of Domain Il. A major
observation ighat inward barium currents aysteine mutated channels exhibit a strange
behavior in the presence of monovalent ions, either in the presence of inward or outward
monovalent ion curréa. The monovalent ion in standard recording conditions is high cesium
concentration (100 mM) in the pipette. With calcium as the charge carrier on the outside of the
membrane, the inward calcium current reduces from a maximum at peak cudemM) toa
minimum at the reversal potential where the driving fosceinimal for calcium ion entry.

Beyond thisis a fluid transition to outward cesium currents increasing in size of outward
currents as the driving force increases above a particular revetsatial that reflects the

relative permeabilities of inward calcium and outward cesiumuctadces. Barium currents
diminish fom a maximum peak current-d0 mV, but there is very strange behavior in the
transition zone approaching the reversal paakat step depolarizations starting-20 mv. A

single reversal potential point is not apparent for the combination of outward cesium and inward

barium currents. As barium currents are reduced towards the reversal potential, outward currents
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are obserable as slower components of the recording, which grow in size from step2fom
mV, -10mV and 0 m\as the driving force increases for outward cesium sgi figure 3.18A
Unlike calcium as the charge carrier, inward barium flux do not impede theu@ubwrrent flow
in this transition of potentials where both inward barium and outward cesium currents are
evident. This suggesthdt delta cysteine mutations haadeered the channel structure to
accommodate both the simultaneous flow of barium and monovalent ions at the samathime,
both ions capable of transitionidgmost independently through the pore.

Kineticsdo not change for LCav32a or LCav3l2b chanals when cysteines anot
mutated in Domain Il turtevhen calcium is the charge carriahen barium is presentild
type 12a and 12bxhibit faster tau inactivatigbutcontinue to reemble or another Time to
peak is slower in LCavl2a and faster LCav312b when barium is preseMf.utations of
cysteines in LCawd2a or LCav3l2b channels also have alteét@rium current kinetics, where
they assumenuch faster kinetics faactivation and inactivation. The faster time to peak and tau
inadivation ae shown in Figure 3.18, C.

The independent flow of barium currents and monovalent ions is evident in a context
where sodium currents are inwarndrrents We examined the permeability of sodium ions in the
presence of either external 2 mM calcionbarium using a ramp starting from a holding
potential 0of-110 mV to + 100 mV in 1 second. As expectbeye was increase in current size
afterreplacing extracellular 100 mM NMDG with equimolar extracellglagdium ions in the
presence of 1M extracellula calcium ions, anthis sizeincreasd s gr eat eand12mr 12 a
g Cchannels than tlirewild type channeldbecause of the greater monovalent ion permeation of
cysteine modified snail LCav3 channels.

However, when barium was the charge carrier, two humps are noticeably visible in
currents elicited byamp, that was not observed when calcium is the clanger, as seen in
Figure 3.BA. Overlay of thecalcium and sodium current in LCa¢8Cwith barium and sodium
ramp recordings suggest that the difference imgpl&ehannels is the presence of a rightmost,
more depolarization activated hump, that contains the barium current. -lgpI2the leftmost,
sodiumcontaining hump is smaller than the largghtmost, barium hump, in proportion to the
lowered sodium permeatiaf 12b channels. The 12pCchannels have a larger, leftmost,
sodiumcontaining hump than the barium containing rightmost hump, which reflects the greater

permeation of sodium ions comamed to barium ions in 12g Ccompared to 12lp Cchannels.
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See Figure 3.19B for double hump analyRiss possible that this effect is occurring in the
presence of calcium, as evident by a slight hump in L&a¥3b C, but 1t is mas.|
affinity binding site for calcium and the large increase in currentdsizeto highsodium
permeatiorin LCav312apC The outcome of the ramps were not observed in mammalian Cav3
channels or snail LCav3 with cysteine residues presestainedin a previous sectiorof this
thesis

The independent flow of monovalent ions in the presence of bagiemdentin previous
experiments (Figure 3.)8lustrating that outward cesium currents moved relatively
independently from inward barium currents at potéh@a@proaching the reversal potential when
both barium inflow and cesium outflowing ions were both substantial currents. Here, in voltage
ramp studies, monovalent sodium and barium ions are both inward, aystdieemutants
reflect the observed weakened capacity for barium ions to interfere with the inflowing sodium
ions, creating conditions where barium and sodium ions are transiting almost independently
through the ftype channel when the cysteine residues in Doihaire modified.

Thedata clearly indicates that the mutationshefcysteine framework outside the
Domain Il turret has minor effectsiahe biophysical parameteré. major consequence of
altered cysteine residues of LCav3 channels containing tysteine turrets with exon 12a and
pentacysteine turrets with exon 12b, is the permeation of divalent and monovaleritaons.
summarize the effect we seemparing cysteine mutated turrets with wild type LCav3 channels:
1) inward sodium currents armsuchlargerin the presence of calcium ior®;The outflow of
monovalent ions is so substantial through the cysteine mutated channels that the whole cell
conductance can saturate mdteps to very high potentialshds differing sized monovalent
cations suclas Li’, Na" and K with different permeation rates, are equal and are moving
through the ftype channels at a maximal set saturation rate gnthémonovalent ion
permeation is so unhampered by the presence of divalent cations, we observe the owtflowing
inflowing of monovalent ions, movingemiautonomously through the pongnile barium ions
are The mechanism where alterations of the cysteine turret, increases monovalent ion
permeation and weakeretability of divalent cationdike barium ions tdblock the current)
may reflect a much wider pore or introduction of a completely separate ion conduction pathway
which would accommodate the simultaneous, independent flow of divalent and monovalent ions.

The Kop channels which has a similarly enlargadet, formsan extracellular cap structure. This
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cap produceside portals with charged residues that would screen arttprehe ions which

would be accessible to the selectivity filter belfMiller & Long, 2012. Our observations from

the differences in the behavior of outflowing versus inflowing monovalent ions in the presence
of calcium influx, is consistent with the hypothesis that the ion pore is not symmetrical, and that
the extracellular turret may bias the ion flow to alter the inwardlioq that is not consistent

with its behavior as outward ion flux.
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Figure 3.17. Barium currents are smaller in current size compared to calcium currents for
LCav3 channels lacking cysteines in th®omain Il turret.

T-type currents are generated from a holding potentidl @ mV and depolarized fror80 mV

to +40 mV in 5 mV or 10 mV increments. (A) Peak current trace40amV increase ~1.3x for
wild type LCav3 (red trace) and decrease ~0.5x i6akt31 2 (gr€en traces)B) Current
voltage relationshipsgeversal potentials cannot be accurately measured when barium is the
charge carrier. (C) A bar graph illustrating the relative fold increase/decrease in current size
when barium is presertlo statistical analysis was performed.

90



LCav3-12a LCav3-12b

J%J

calcium

calcium barum

omy
A0my
20mV

100 ms

LCav3-12b AC

calcium

B
20 - LCa,3-12a AC -
=—a—Calcium (n=8) b ] LCav3-12a
==e=—Barium (n=8) —e—Calcium (n=5)
LGa 3- 12b AC 30 4 L_C—BST;Em (n=5)
w - —_— - — av3-
£ S 2
; ~ Barium (n=5)
= © 204
& 104 g
3] £
©
£ g 104
= 54 =
0-
0 +-—r-—1T-—v-—T-—rT-rT-rT—rT —T—T T T T T T 7T
-70 60 -50 -40 -30 -20 -10 -80 -70 -80 -50 -40 -30 -20 -10 O
Mnlnmn [l Voltage (mV)
c 80 -
120 - LCa 3-12a AC LCav3-12a
=== Calcium (n=8) 70 = —e—Calcium (n=5)
~—s—Barium (n=8) —a— Barium (n=5)
z 1004 LCa 3-12b AC S 60 LCav3-12b
£ —4— Calcium (n=5) s — 4~ Calcium (n=5)
.5 80 4 Barium (n=5) % 50 Barium (n=5)
® @
= n c
"g 60 =
£
= 40 -
3
= 204
0 AL 60 -50 -40 -30 -20 -10

65 -60 -55 50 45 40
Voltage (mV)

Voltage (mV)

Figure 3.18. Comparison ofbarium and calcium inward currents and activation propertiesin
LCav3and LCav3-12qpC channel s.

(A) Current traces dfalcium vs. bariunshowing the influx of these ioris LCav3 and LCavd 2 pC

channels. LCavd 2 gm€nerate a simultaneous inward and outveairdent in the presence of barium

ions between20 to 0 mV, this behavior is absantwild type LCav3 channel¢B) Time to peakvalues

in millisecondswith their standard error meanshown for LCav3L 2 pC (| eft) and LCav3(
in calcium or barium ions. (Cljau inactivation in méor LCav31 2 pC (| ef t ) anihé LCav 3 (
presence of barium or calcium iomdl channe$ have faster tau inactivation in the presence of barium.

No statistical analysis was performed.
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Figure 3.19. Comparison of calcium and barium humps in LCav3 channels.

(A) LCav312a channels (top) adCav3-12b channels (bottongeneratesa large inwardamp
current when 2 mM CGa/Ba®" with 100 mM NMDG is replaced with equimolar sodiulm the
presence of barium iongCav3i (pC ¢ h gmdueela souble huntpat is not seeim
wildtype LCav3 channelgB) An overlap olL.Cav3i goGin calcium and barium iorsrovides a
closer inspectionf the double hump behaviofhe calcium’sodium hump matches the leftost
hump seen whebariumis the charge carriesuggestingt the left humps produced by sodium
ions while the rights generated by bariurho statistical analysis was performed.
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324 LCav3 @C mutations ardealemtanetaliopensi ti ve to

Nickel and zinc are common divalent metal cations that have affinity and discriminating
power for separating-Type calcium channel currents. We investigated the inhibitory effects of
these metal cations di€av3 channels expressed in HEX3T cells. Nickeblocks LCav3 with
exon 12b at a 50% inhibitory concentrationg)C o f  ~(Sehdores&pafford, 2010)n
contrast, nickel is a ~fdld more potent blocker of LCavB2b channels when they lack
cysteines, withanlggof ~32¢e M, sBRe Figure 3.20

Zinc is an even more potent inhibitor of native LCav3 channels compared to nickel with a
50% blocking concentration(lg) of ~ 137 andl2ad&@LCa2bf or L Cav 3
respectively. LCavd 2 qgh@nnels can bahibited at a concentration 4@ld lower than
their counterparts when cysteines are mutated, withgol€ 3. 3 Marfdr2 .12 ae C an
1 2 b rag@ctively (see Figure 3R

The increasélocking ability ofnickel and zinc is approximately equivalent for cysteine
mutations of both LC&+12a and_Cav3-12b channelssuggesting that the native 12a and 12b
exons contribute to a similar extracellular structure that shields snail LCav3 channels from
divalent cationblock5 0 % bl ock of native snail channel s b
eM) is in the hundr evkichis mthé mliparkhob blatkade doativeo f & M,
human Cav3.1 channels (nick€s,: 2 50 ¢CM;,82ezM)ncand Cav3.3 channe
ICso: 216 zndMCs@ 68 MJCataldi et al., 2007; Traboulsie @t, 2007) Cav3.2
channels are much more sensitive to divalent cation block with 50% blocking concentrations
(ICs0) of nickel at4.9¢ M a n d 0.Z8¢ Mc(Diez et al. 2005Lee et al.,1990

The removal of cysteines in the Domain Il turret, engebh@=v3 channels with a more
potent nickel and zinc block that is in the single ostehmicromolar concentratiorigr LCav3
12bp C (nickellCsq: 3 2 eziblgICspa2ti7d Mand LCav3dl 2 a C  ( gl c&k& 1l € M,C an ¢
zinclCso: 3 . fhat eedéinbles theative block of Cav3.2 channels. The involvement of the
extracellular turret domain as a determinant for the potency of nickel and zinc drug block is a
novel finding.

There are other resemblances with the high affinity zinc block of Cav3.2 channels
engendered to snail LCav3 channels when cysteinglues are mutated. One observations of
zinc block is thahigher concentrations are appliednM concentrations, the peak current is

increasingly blocked, but the inactivation kinetics of thiyde channks are increasingly slowed
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down. At higher concentrations, LCav3 containing exon 12 has a slower inactivation current.
LCav312b has a tau inactivation that i1ncreases
ms at 1 mM.LCav3-12ahasaneven sloweinactivation kinetiovhenl mM zinc is applied
with a tau inactivation of 81.29 + 4.55 msmpared td7.02+£0.34ms at .14 0 & M
comparison, LCav3 lacking cysteines show a negligible difference in their tau inactivation as
channel blockineases, with a 21.56 N 0.58 ms at 100 n
LCav312b ®@C and 13.70 N 0.71 -inBatsgeFRre3tD N 2. 97
This zinc effect onslowing inactivation kinetics is not apparent in LC&&a and12b channis
when the cysteines in the extracellular turrets are mutated. This absence of zinc effects on
inactivation kinetics is also common to Cav3.2 channels, but not for the more weaklgdblock
channels by zinc (Cav3.1 and Cav3Bjaboulsie et al.2007). t is important to note that zinc
is a complex modulator of-fype channeland hather known effectsuch ashifting the
voltagesensitivities for activation and inactivation actianges taleactivation kinetics

The highzinc and nickel sensitivity fo€av3.2 channels has been previously explained
by aninteraction site in the voltaggensor domain rather than the pore domain. A key residue is
histidine (H191) in the extracelld loop in Domain | connectin§3 S4 segments, which is a
glutamine in Cav3 and Cav3.3 channglKang et al., 2006) Snail LCav3 channels also lack a
histidine residue at position 191, but cledHis may not be a criticalontributing factorof
metal binding to the snail chanradthe extracellular turras in the Domairl pore.

The resemblances of cysteine mutations in snail LCav3 channels changing both the drug
binding affinity and kinetics of drug block for divalent cations, frarthannel thatighly
resembles Cav3.1/Cav3.3 channels to Cav3.2 channels, is consistent with the extracellular turret
playing a rolen differing affinities of mammalian fype calcium channe[®roshawn, del
Marmol, MacKinnon, 2012).
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Figure 3.21. Zinc drug response profile.

(A) Samplecurrent traces of zinc block IlCav31 2 b @®@C on the |l eft side.
illustrate zinc block over time, with each sweep lasting 10 seconds. LI2dv8hows a flatter

decay in current indicating a slower inactivation at higher concentrations of zinc. (B) Drug

response profilefwinc for LCav31l 2 a C ,-1 2.bC &@&B3-12a and LCavd2b with

ICshef fects at 2.7 &M, 3.3 &M, 158 cauM artd 1DO7 eaV
and 1mM for LCav3acking cysteines andild type channels respectively. (C) A bar graph

comparng percentage dafinc block at 0 ¢ (B). Tau inactivation of all LCav3 channels at
differing zinc concentrations
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33Ef fects of Cav3.inlCavd(lGay3-UedxHon 12

Snail LCav3 channels, likether invertebrate protostomes, uglian exon 12awitched
in repla@mentof exon 12b to generate highly sodium permeabtgpE channels. HumanT
type channels like Cav3.1 and Cav3.2, are much more cakmlguntive channels. We
introduced exon 1 2H)fno thesndll AGad .barkground (ctieg LCav3U 1)H
to address whether the human exon 12 from human Cav3.2 is enough to confer-calcium
selectivty to the snail LCav3 channelx&n 12 of hCav 3.2 turret was purchased as a
synthesized gene insert of 207 bp (Biobasic) that was flanked bigtiestenzymes, Avrll and
Eco47Ill (Afel). The synthetic gene insert was cloned into a subclone of LCzv8sing Avrll
and Eco47Ill, and then this subclone was introduced into the full length expressible LCav3
construct in pIRESEGFP vector. All plasid constructs were confirmed by DNA sequencing
at TCAG DNA Sequencing Facility at Sick Kids Hospital, Toronto.

It is clear from an examination of sequence alignments of exon 12, that exon 12 is not the
only structural feature that confers the differenoetsveen the high sodium permeability of snail
LCav3 and the more calcium selective human Cav3.1 and Cav3.2 channels. First, exon 12 of the
human channel€av 3.1hardly differ between Cav3.2 and Cav3.3 channels, but their sodium
permeation varies from 25% 40% of the totathannel current, respectivelyecond, the highly
sodium permeant variant of the snail channel, exon 12a is closest in sequence to the human exon
12. Human Cav3.2 in exon 12 differs from LCala by only twelve amino acids and is 39
amino acids, the same length as LGa¥a. Human Cav3.2 is dramatigadifferent in
sequencdérom LCav312b,which supports thenore calcium permeasnail LCav3 channel.

Cav3.2 differs from LCawa2bby thirty amino acids, eleven of which add to thegkl of exon

12b to its longer length of 50 amino acids.
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EXON 12

Cav3.l |l LGMHLFGCKFA-SERDGD - - - -« -« - TLPDRKNFDSLLWAIVTVFQ!I L TQEDWN
Cav3d.3 |ILGMHI FGCKFSLRTDTGD - - - - - -« - -+ - TVPDRKNFDSLLWAIVTVFQI L TQ4D[wN
Cav3.2 |I LGMHLFGCKFSLKTDTGD - - - - -« -« - - - TVPDRKNFDSLLWAIVTVFQ! L T{QEED[wN
LCav3-12a ILGMNLFGCKFCTLDGGF ----------- RKEDRKNFDSLLWALITVFQVLTQDWN
LCav3-12b ILGMSLFGGTFCETEEKKPSKDRLNASLSCDRANFDNLLWSLVTVFQVLTQDWN

LGMNLFGCKFATALDGGF - =-----=---- R K

LGMSLFGGTFHETEEKKPHSHKDRLNASLHS

LCav3-12acys DRKNFDSLLWALITVFQVLT[QEDWN

LCav3-12fcys

DRANFDNLLWSLVTVFQVLTQNSDWN

I=1=1

SEGMENT! TURRET DESCENDING

HELIX 1
SELECTIVI

FILTER

Figure 3.22. Sequence alignmenbf domain Il turret regions in LCav3 channels and
mutants.

Amino acid sequences are aligned for human, snail and snail mutgpe Talcium channels.
Conserved cysteine residues are highlighted in yellow and differences in amino acids changes
are indicated in red.
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3.3.1 Biophysical kinetics of LCav3-U1 H

A large outward cuent is present for LCavB1H turret channels, similar to the current
obsered in LCav312a, see Figure 3.23R comparison oturrent voltage curves reveals that
LCav3 U1H has a sodium perlBacaaddCavi2h.y bet ween LCav
Remarkaly, snail LCav312a and LCavd2b channels barely differ in biophysical
properties and drug block with nickel and zinc, even with their dramatic difference in sodium
permeation. The high similarity of LCav3 channeldwekons 12a and 12b suggest they
both optimized structures to maintain common electrophysiological properties outthed of
differing sodium permeabilitiesLCav3-U 1 Kas fewer differences in amino acid seqce
compared to LCawl2a,yet there are much larger changes to biophysgicgerties outside of
ion selectivity. The much larger biophysicdlfferences indicates that the exon 12 region can
modify biophysical properties, and that an artificial construct with a human Cav3.2 exon 12 is
not optimized for the snail LCav3 backgraln
LlCav3U1H generates a sinyga aclivatioraby 8 mVicemparédi v e s h
to LCav3 and 13 mV for hCav 3.2. Inactivation ai,¥ccurred at75 mV, a 5 mV and 10 mV
negative shift for LCav3 and hCav 3.2 channels respectively. Furthern@ae3 U1 H ha's
faster time to peak and tau inactivation than LCav3 and hCav3.2. Deactivation kinetics are faster
at negative voltagesi00 mV) but are significantly slower at depolarized membrane potentials
(-60 mV). No significant changes were observedrécovery from inactivation between LCav3
Ul H an dl24andhCav 3.2. Tablssummarizes the biophysical kinetics of LCaiB1 H

and a onavay ANOVA was performed combined with a Studdl@wmanKeulspost hodest.
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Figure 3.23. Biophysical kinetics of LCav3 U 1 H .

(A) Currents are generated from a holding potential @émV and depolarized fror®0 to +80
mV in 5 mV increments. (B) Current voltage relationship (C) Activation and steady state
inactivation (D)Tau inactivation in millisecond$E) Time to peak in millisecond$) Tau
deactivation in milliseconds (G) Recovergihn inactivation in seconds.
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Table 9. Biophysical kineticsof LCav3-U1 H ¢ o mp a r e idofotms and (Caw3.2.

Values are expressed as means + standard error mean (S.EMjemutes the number of
recordings performed for each data set. Statistical comparisons were performed usHagag one
ANOVA combined with a StuderilewmanKeuls post hodest in SPSS with * p <0.05, **
p<0.01 and n.s., not significant
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