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Abstract

The T-type calcium channel from the pond snajimnaea stagnaljd.Ca,3, undergoes
alternative splicing in exon 12.xBn 12codesfor the L5 structure (S®)in Domain Il (Dll),
which is dubbed théturret". The turret is a cysteifreeh extracellular loop near the selectivity
filter. The selectivity filter is critical foron selectivity.The DIl turretis capable of ifluencing
ion selectivity in the LC& channel, possiblthroughinteractions with the selectivity filter.

LCa,3 with exon 12a isighly sodiumseletive, whereas LCavad2b is more calcium
selective The turret of exon 12a is different from the turretebn 12b in its size (number of
amino acids) and cysteine configurati@enome and transcriptome analyses havealed that
somecnidarianspossess two versions of the genesogling Ftype calcium chianels, and that
these generoducts differ from onanother based on the size and cysteine configusatictheir
Domain IV turretsWe hypothesize that the Domain IV turret is playing a role in determining ion
selectivity in Ftype calcium channels.

We created fype calciumchannelchimeras andnvestigated their ion selectivityn
whole-cell patch clamp recordings of transfected HEK293T céllimeraswere created, in
which the Domain IV turet from LCa,3 was replaced byhe Domain IV turrefrom Cg3.2.
Cav3.2is a highly calciurrselective human -tfype channelEach of the chimerapossessed
increased calum selectivity. @lcium selectivity inthe LCa,3-12b DIVy 1 chimeraapproached
the levels ofcalciumselectivity observed in human channels. Howewes, found that the
Domain Il turret hag dominat influence on selectivity.

The research presented é&g@rovides support for a role in ion selectivity éxtracelular
turrets A structuralmodel, based on the recently resolved1Cicryo-EM structure, is proposed

here to explain how turrets coultfluenceion selectivity.
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1. Introduction

lon channels are numerous and divergigh as many as 235 genes in the human genome
coding for ion channel pofi®rming subunitgJegla et al., 2009 his accounts for nearly 1% of
the erire proteinrcoding genes in human@egla et al., 2009)These diverse channels are
grouped into many different familieBigure 1.).

Channels arelassified based upon ion selectivity and gating properties. A common
feature of ion channels is the ability to form an-permeable ghway to allow ions to flow
down their electrochemical gradientsing the potential energy generated from electroctamic
gradients.The vast majority of ion chamels have evolved to derive tlemergyrequired for
gating fromone of three sources: transmembrane voltage, mechanical force, and ligand binding
(Jegla et al., 2009 hose channels that open in response to transmembrane voltage changes are
referred to as voltaggated ion channels. The physiological ions for these channels are generally
cations, but this supexfily of proteins is often broadly referred to as tlodtagegated ion
channels

Different voltagegated ion channels are classified on the basis of their ion selectivity,
and ion selectivity is critically important to the functional character of diftefamilies of
voltage gated ion channels. For examplcgmaking currents in mammalian s@oial (SA)
nodes have seven identifiable ioorent types. These include tlsestained inwardodium
current (L), the delayed rectifiepotassiumcurrent (K;), the muscarinic potassium current, the
sodium/potassium pump current, funny currents) (lcontrolled by nonselective
hyperpolarizatioractivated cyclic nucleotide gated cmel (HCN), and Land T type channel

calcium currentgGrant, 2009; Mitsuiye et al., 2000; Ono and lijima, 2010; Zamponi, 2005)



Evidently, there is a vast functional diversity of ionic currents through maferefit channels

in the sineatrial node; in contributing to the shape of the action potential(s) in the SA node, each
channel must preferentially pass specific ions with high probability at a certain time. In the heart,
and on the membranes of many cdilotghout the body, the proper functioning of ion channels

is highly dependent on their ability to preferentially select some ions over others. Despite the
critical importance of ion selectivity, the mechanism(s) responsible for ion selectivity in these
channels are not fully understood.

This thesis is concerned with exploring some distinct structural featurestyyeT
calcium channels which allows them to alter their ion selectivity to be either more or less
calcium selective. In 2014, the Spafford lalblished an article on the presence of two splice
isoforms of the type calcium channel frorhymnaea stagnaljswvhich are dubbed LG&-12a
and LCa3-12b (Senatore et al.,, 2014) Ca,3-12b is relatively calcium selective, whereas
LCa,3-12a is essentigl a sodium channel (Figure 114 he structural difference between these
two channel isoforms is within the extracellular loop in Domain I-FELB6), also referred to as
the turret(Senatore et al., 2014krurther analysis revealed uniquely cysteine rich turretsin T
type channels. The Domain Il and Domain IV turrets from invertebratgpds have a
distinctively different cysteinarrangement when compared to théypes of vertebrates (Figure
1.13, 1.151.18. The calcium versus sodium selectivity is also different between invedsbra
and vetebrates (Figure 1.)}4Besides cysteine arrangements within the turrets, the lengjtle of
turret sequences might also be playing an important role in infgemen selectivity (Figure
1.16. This thesis will explore the role of the extracellular loops in Domain Il and Domain IV in

determining ion selectivity in the-flype calcium channdtom L. stagnalis LCa,3.



| Support For This Study

It should be noted that alternative splicing in LE&om Lymnaea stagnalito generate
two isoforms with different Domain Il extracellular turrets was discovered by Adriano Senatore
as a part of hisattoral thesis (2013). The involvement of these turrets in the regulation of ion
selectivity formed a chapter in Dr. Senatore's thesis. From there, a description of the altered ion
selectivity of Ftype channels in the snail heart, a description of variabtium selectivity in
wild-type human Ttype channels (i.e., Ga 1, Cg3.2, and C¢.3), electrophysiological analysis
of snail Ttypes lacking cysteines in their Domain Il turrets (82 2 a @Cy s,3-d2bd L Ca
pCys) and a c¢hi merHhe®®omaim latareteffom fumanCad.2 mismaity t
LCav3(LCav3Dlly; ) formed the Master's thesis of a previous MSc student in the Spafford lab,
Wendy Guan (2014).

This thesis expands into the analyses of more turret chimeras generated bety8ezn Ca
and smil LCa 3, including Domain IV turret swaps. Domain Il turret swaps, in which,8Ca
turrets 12a and 12b are cloned inta,&2, and a mutation in the Domain Il pore (D to N), are
also briefly discussed. The molecular cloning work to generate two of émaehchimeras that
are included in this thesis (2a2-12a and Cg8.2-12b) were carried out by MSc student Amrit
Mehta. One of the Domain IV chimeras, L,Bd2b DIVy:, was created by undergraduate
project student Omar Mourad. Modeling of the folding pattern of the snail Domain Il turret,
based on the amino acid coordinates derived from the-tlmeensional structure of Ghl
(resolved by cryeelectran microscopy, was carried out by Dr. Boris Zhorov (Unpublished;
McMaster University).

Before introducing the objectives and hypothesis of this research, there is a brief introduction

to voltagegated calcium channels, important functional and structural featurea, ®fT@ype
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calcium channels, and a discussion of lstending and widely accepted theories regarding ion

selectivity in ion channels.

Il Voltage-Gated Calcium Channels

The different calcium channels were first distinguished based upon their voltage
activaion. In 1975, Susumo Hagiwara and colleagues identified two separable calcium selective
currents in recordings of starfish edé¢tagiwara et al., 1975)'hese distinct current peaks were
assuned to be facilitated by two different calcium channels, which were named 'channel I' and
‘channel II'. As it turns out, channel | and channel Il were not simply two different channels, but
instead represent two broad groups of calcium channels: thedlbage activated (LVA)
calcium channels and the higbltage activated (HVA) calcium channels, respectivéeg
Figure 1.2. The LVA channels open after small depolarizations, and can therefore open at
potentials neathe resting stateThe HVA channels opefrom larger depolarizations. In the
decade following the groundbreaking work of Hagiwara et al., LVA and HVA currents were
identified in mammalian inferior olivary neurons, mammalian thalamic neurons, the lateral
thalamic nuclei from cats, and embryorgbick neurons, and several othgBean, 1985;
Carbone and Lux, 1987; Kostyuk et al., 1983inas and Yarom, 1981; Matteson and
Armstrong, 1986; Nilius et al., 1985; Veselovski and Fedulova, 1983)

The LVA and HVA currents were further characterized in 1985 by Nowycky and
colleagues. The calcium channels were differentiated based upon thgie €hannel
conductance, utilizing the barium ion @pas a charge carriéNowycky et al., 1985)The

LVA channels were characterized agype calcium channels due to theansientopening and



tiny single channel conductance. Nowycky et al. further differentiated the Eh&knels as
either L-type or Ntype. L-type channels displayed a single channel conductance thaangeas
and long-lasting whereas the Nype channels weretermediateand neuronal The Ntype
channels are intermediate in the sense that they requorgylst negative potentials for removal
of inactivation (unlike Etype) and strong depolarizations for activation (i.e. HVA, unlike T
type). Other nofL-type HVA channels have also been described. These include thiyd@/Q
channels and the-Bpe channels.

In the mammalian genome, ten calcium channel prateting genes are known. These
genes are distinguished on t he -formiag ssbunti8 sequ
There are four itype channel genes within the Zagene family (Cd.1-1.4). The nonL-type
HVA channels (i.e. Nype, P/Qtype, and Rype) are within the G2 gene family (C&.1-2.3).
T-type channels are within the Bagene family and include Gal, Cg3.2, and Cg@8.3
channelgErtel et al., 2000)Most invertebrates have only a single representative gene for each
of the classs of calciumchannels(Senatore and Spafford, 2010; Spafford et 2006, 2003)

For example, e great pond snailymnaea stagnalibas only three calcium channel geries
LCa/l, LCg2, and LC& (see Figure 1.2)In some organisms, such as LBaalternative
splicing of voltage gated ion channels has been disco(€eds et al., 2015; Senatore and
Spafford, 2012; Senatore et al., 2Q1%he T-type calcium channels will be the focus of this

research, in particular LG&and Ca3.2.
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Figure 1.1 Evolutionary Relationships and Origins of the Conserved Metazoan Families of
the Voltage Gated Cation Channel Superfamily

Branches are labeled by gene family at the bottom and brarloh iodicates K
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et al., 2009)
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Figure 1.2 Low- and High- Voltage Activated Calcium Channels

(A) Hagiwara et al. discovered two calcium channels in starfish eggs based hgion t
voltage activation. The low voltage activated channelsyp€s) open nead0 mV membrane
potential, and high voltage activated (N, P/Qtypes and Ltypes) open near 20 mV. (B) Gene
tree showing various calcium channels from humans (10 geneghambnd snailLymnaea
stagnalis(3 genes) with the otgroupsS. cerevisia@andS. pombencluded. A:(Hagiwara et al.,

1975) B: (Senatore et al., 2012)



[l T-type Calcium Channels (C@3): Structural and Functional Features

T-type calcium channels are 4x6TM voltag@ted ion channels of the gene family&a
in mammalsLike other Cq Na, and NALCN channels, the 4x6TM-{ype calcium channels
contain a single long polypeptide trencompasses four BV Domains (DiDII-DIlI-DIV) of
twenty-four segments; each domain is connedigctytoplasmic linkers betweenoains 41,
[I-111 and 11I-1V. There is strong evidence to suggest that the 4x6TM channels arose as a result of
gene duplication events of the, lWoreforming geneqStrong et al., 1993)Typically, in K,
channels, four @M suhkunits are arranged within the membrane to create thefponeng
subunit of the channel. These subunits can combine to form homomultimers or heteromultimers
with members within the same potassium channel fafAihderson and Greenberg, 200The
genes encoding Gaand Ng might have evolved as a result of two rounds of gene duplication
of the singledomain channel gene encoding the ancestyalhtannel subunit. This is supported
by evidence that DI is ore similar to DIIl and DIl is more similar to DIV in NayStrong et al.,
1993) The similarities between DIl and DIV will be of importance in the research presented
here. A summary of these proposed duplication events is providiegure 1.3

The predicted topology for-fype channels can be seenkigure 14. Note the presence
of four homologous domains (ED1V) each comprised of a voltagensor domain (VSD) and a
pore domain (PD) and are connected by cytoplasmic linkers.

The domains DDIV fold up in the channel membrane to create the voltage sensor
doman (VSD) which is connected to the pore domain (PD) via the linker helix between S4 and
S5; this linker helix is denoted as L45. Movements in S4 of the VSD in response to voltage

changes in the membrane are transmitted to the S5 of the PD through thénis4allows the



channel pore to op€iCatterall, 1986; Gugnd Seetharamulu, 1986; Oelstrom et al., 2014; Zhao
et al., 2004)

The process of channel opening in response to membrane depolarization is known as
activation. The mechanisms of activation in the pore domain of 4x6TM channels have been
inferred from stidies of other voltaggated ion channels, including NaChBac, bacterial K
channels, and th&hakerchannels fromDrosophila (Doyle et al., 1998; Jiang et al., 2002a,
2002b; Webster et al., 2004; Zhao et al., 2004 evidence provided by the aforementioned
studies indicates that movements transmitted to the PD from the VSD cause movements in S6,
which lines the channel pore. In the closed state, S6 is in a straight conformation and the S6
helices from thdifferent domains (BDIV) are crossed in a bundleosle to the pore at the
intracellular end (see Figure 1fér positions of S6). Upon activation, pulling on L45 leads to
bending of the S6 segment and separation of the S6 helical bundle at the intracellular mouth of
the porei this leads to channel openifGatterall, 2010; Oelstrom et al., 2014; Stihmer et al.,
1989) Due to overall structural homology, it is assumed that the process is similar, if not
identical, in other voltaggated ion channels.

Comparedd the high voltage activated (HVA) @aand Cg channels, G& channels
are distinguished by low voltage activation (LVA) which allows them to function close to resting
membrane potentialSenatore et al., 201Z)he kinetics (i.e., rate of opening and closing) of T
type channels aressd more rapid compared to HVA channels. The proxirtllinker of T-type
channels contains a specialized structure involved in the regulation of the channel's kinetics of
activaion and inactivationKigure 1.4). This 'gating brake' is a heldop-helix structure that is
highly conserved, even within thetype channels of the most primitive multicellular eukaryotes

(Senatore et al., 2012)f the gating brake is deleted, the mutants display ‘runaway gating’,



whereby the channels activate at hyperpolarized potentials and display steerkii@etics than
normal T-type channels.

The biophysical characterization of channel behavior involves determining the kinetics of
activation, inactivation, recovery from inactivation, and deactivat{biile, 2001) The
biophysical properties of the channels studied as a part of this thesis will be a secondary
consideration of this research (with the primary consideration being changes in ion selectivity).
Activation is the pocess of channel opening, and deactivation is the process of channel closing
from an opened state which is usually studied by measuring the decay of tail currents
(Molleman, 2003) Inactivationrefers to the process of channels moving to a refractory state
after openingHille, 2001) After a period of time, or upon hyperpolarization, channels will
undergo adeinactivaton and leave the refractory state (i.e. recovery from inactivation). The
voltagesensitivity and the decay kinesicof state changesnéctivation, deactivation) can be
studied using tau exponential fits. For inactivation, a larger tau value means shsller
proportion of channels will move to the refractory state in a given period of Fionectivation,

time-to-peak current will be determined as an indicator of kinetics

10



NT
cT

1 domain, 2- TM (K;))

Duplication

A e

1 domain,4- TM 1 domain, 8 TM (HCN)
(2-pore K+)

NT
2 domain, 12- TM (TRP)

l Duplication
T

4 domain, 24- TM (Na, & Ca,)

|

cT

Figure 1.3 Evolutionary Diagram of lon Channel Domains
A proposed diagram of the evolution of 4x6TM voltageed ion channels through two
round of duplication of a-&M channel (e.g., . From(Guan, 2014)adapted fron{Strong et

al., 1993)
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Figure 1.4 Structure of the Voltagegated T-type Calcium Channel

The structure of the-Type calcium channel in the membrane displays critical features of
4x6TM chanmls, including 4 Domains (EDIV) each with 6 transmembrane segments$8)L
S1-S4 is the voltage sensor domain (VSD), and movements of the VSD are transmitted to the
poredomain (S5P(poreloop)S6) via the S45 linker. The pore loops create the narrow
constricture point of the pore domain, and the S6 helices line the aqueous pore of the channel.

From(Senatore et al., 2012)
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Voltage-sensor domain Pore domain

Figure 1.5 Folding of Domain | and Domain Il in the Membrane

Folding of the Cg channel (see Figure ).t highlight the projection of the-Bop into
the channel pore, the position of the S6 helical bundles, and t6& $dker(L45). The L5 and
L6 (extracellular turret) regions are indicat€nly Domain | and Domain Ill are shown for
clarity. The structurafeatures of the G& channels are elucidated from experimental results of
Ca3 channels, from analysis of the primary sequence(s) of th® Caannels, and from
structural data gathered from voltagated ion channels that are similar to,Lésee text fo

more details and referenceBjom (Senatore et al., 2012)
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IV Mechanisms oflon Selectivity and Permeaton

The research presented in this thesis will largely be concerned with the structural
determinants of ion selectivity in-fiype calcium channels. But before we can interpret the
reallts presented herein, an understanding of the currently accepted mechanisms of ion
selectivity in different kinds of channels is necessary. Much of what we know about ion
selectivity and permeation has been conceived from the analysis of experimentasidgta
various tissue preparations and cloned channels in electrophysiological recordings. Through
interpretation of the results of various recordings in different conditions, permeation models
were proposed. In 1998, the first voltaggted ion channel wgavisualized as a crystal structure
(Figure 1.9) the KcsA structure confirmed a permeation model that was proposed 20 years
earlier, and shed light on the protein structures involved in ion selectivity and the permeation
pathways of ion channel(®oyle et al., 1998; Hille, 19755ince that time, a number of other
crystal structures of prokaryotic voltagated ion channels have been studied that have provided
support for some log-standing theories of permeation through ion chanflédsg et al., 2003,
2002b; Long et al., 2005; McCusker et al., 2011; Payandeh et al., 2011; Zhang et al., 2012)
Eukaryotic voltagegated ion channels from the Nand Ca families have been notoriously
difficult to visualize with techniques in crystallography. Recently, -@gatron microscopy has
been used to visualize voltagated ion channels from the electric eel and rabbit skeletal muscle
with some succeg$ato et al., 2001; Wu et al., 2QKee Figures 1.19 and 1)2Unfortunately,
the pore structure cannot be determined with the-EiMoimages currently available. Until
reliable structures are availablee turn to models of permeation determined experimentally and
make comparisons with known structures of ion channels to elucidate mechanisms of ion

selectivity in eukaryotic channels.

14



i  Models of Permeatian

First of all, it is important to define the terfnper meabi | i t yo. l oni c
membrane is measured in three distinct ways: tracer flux measurements, conductance or current
amplitude measurements, and reversal poterititille, 1975) The term fAper meab
to describe several different properties, and whenever this term is applied, the method used to
determire the permeability will need to be taken into account. This will be important to keep in
mind throughout the remainder of this thesis.

Prior to 1975, the GoldmaHodgkinKatz (GHK) equations were commonly used to
relate permeability, ion concentration, migrane potential and currerfGoldman, 1943;

Hodgkin and Katz, 1949)Although useful under certain conditions, the GHK equations relied

on assumptions of independence between ions. However, several studies indicate that ions
compete with one another for permeation through the pore, and some ions are capable of
blocking dhers at the channel pore.

In 1975, Bertil Hille published a groundbreaking paper in which he describes a
permeability model for Naions moving through the membrane of myelinated axgfile,

1975) Based upon the fact that the independence principle is untrue under most conditions, Hille
proposed a model in which the channelegpoonsists of saturable binding sites that create energy
barriers for permeating ions, and used Eyring rate theory to describe the igByffing et al.,

1949; Hille, 1975) I n Hi |l |l eds model of thér myelirated axanm c h ar
there are four energy barriers and multiple binding sites, and only one ion is allowed in at one

time (Figure 1.6) Hille proposed the presence of an extracellular binding site, called the

selectivity filter, which binds the cation ohit er e st wi t h particularly
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mechanism of permeation was supported by the crystal structure,Ab NseeFigure 1.10),
described in 2011 (Payandeh et al. 2011).

In 1977, another Hille model was proposed that involved a foumtporein potassium
channels(Hille and Schwarz, 1978) Thi s mo d e | indicated t hat
selectivity filter is made up of a linear sequence of binding sites @& barriers. The pore
was predicted to have at least three binding sites, and two ions could occupy the channel at a
time (Figure 1.6) The K ions hop in single file into vacant sites with rate constants that depend
on barrier heights, membrane potahtiand intefionic repulsion(Hille and Schwarz, 1978)

Agai n, Hill eds model was conf i‘rchaengls vehen ten ac c
crystal structure of the ¢6A potassium channel became availabled@8l(Doyle et al., 1998
see Figure 19

Currently, there are no structures available that show the pore structure of-gaiteade
calcium channels. For Gz hannel s, we rely on theimamt er pr e
sequences, hydrophobicity analysis, and experimental results gathered in electrophysiological
studies to elucidate their structures and mechanisms of permeation. In th880g] Tsien et al.
and Almers and McCleskey noted the presence of an anaesnalolei fraction effect (AMFE)
in preparations containing highbalciumselective Ltype calcium channelgAlmers and
McCleskey, 1984; Tsien et al., 198When C&" was introduced to channels being recorded in
Na' solutions, the total wholeell current decreased through atjatar [C&"] range, and then
the current began to increase as’[TChecame higher (See Figure )L/t first, the C&" blocked
the movement of the Naons through the channel pore and decreased theWNeent (and the
total current), but as the [€hincreased a measureable calcium current became ap(figene

1.7). Tsien et al. and Almers and McCleskey interpreted the AMFE as an indication that the
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calciumchannel pore contains two or more higffinity binding sites that select for €aand

that C&* occupancy of these sites guards the pore against permeation by other ions; this could
explain how Cachannels achieve é*aselectivity(Figure 1.7) Repulsion by Cd ions coming

into the pore may allow for the bound“C#o flow through the channefesulting in a C# flux

(Figure 1.8) The AMFE has also been observed ityfe calcium channels, although the rate of
block of the Na current tends to be slightly less than that of tHgde channelgKostyuk et al,

1984; Senatore et al., 2014; Shuba, 2014)

Currently there are two lorgtanding plausible mechanisms of calcium permeation and
selectivitybased on rate theofffigure 1.8;Almers and Mccleskey, 1984; Dang avidCleskey,
1998; Ellinor et al., 1995; Friel and Tsien, 1989; Hess and Tsien, 1984; Hess et al., 1986;
McCleskey, 1999; Sather and Mccleskey, 2003; Shuba, 2014; Tsien et al., TIg8#jst theory
is the ionion interaction theory, in which there aveothigh affinity binding sites. When two
C&” bind, the energy profile changes and the binding sites become low affinity; the repulsion
between ions allows one €4o exit(Figure 1.8. The second theory is the statep mechanism.
In this model, therera three binding sites: a single high affinity binding site (probably the
selectivity filter) flanked by two loweaffinity sites. As extracellular concentration of calcium
ions increases, the high affinity site becomes saturated and ions begin to owredltve lower
affinity sites. As a result rapid &aselective flux occuréFigure 1.8) A model proposebly
Cheng et al. is similar to the staitep mechanism and involves a highly conserved aspartate in
Domain Il (D2s1) of the L-type calcium channeThe aspartate at 2 acts as a molecular
beacon, binding Gaon the extracellular side of the pd@heng et al., 2010AAn aspartate
residue is found at this site in all voltagated calcium channels (i.e.,/&aCga2, and Cg). An

analogous structure in a pesaly derivative of BacNav Nael was recently discoveré8haya
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et al., 2014)X-ray crystallography shows that this site does, indeed, bifid Ba
electrophysiological studies, mutants lacking this "outer ion" beacon displayed reduced calcium
affinity. Similarly, the residues of the extracellular turrets ityge calcium channels could play

a role in attracting calcium ions to the pore or providing an extracellular binding site for ions

outside of the channel's pore.
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Figure 1.6 Models of Permeation: Occupancy, Binding Sites, and Energy Barriers

(A) Single-ion four energy barrier permeability model for'Ndannels in myelinated
axons proposed by Hille in 1975. (B) Muilin four energybarrier permeability model for K
channels proposed by Hille and Schw@dr277). (C) Anomalous mokéraction effect through
cardiac C& channels and frog skeletal musclé’Gzhannelsas observed by Almers and
McCleskey and Tsien et.alhis behaviour sygests that itype C&* channels have two ion
binding sites with high affinity for GAand lowaffinity for monovalent ions, and when two*Ca

ions bind they repel each other to allow for flux through the channel.
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Figure 1.7 Model of Permeation through a Twasite Calcium Channel Pore
(A) Above A cartoon of a calcium channel pore with two higffinity Ca®* channel
binding sitesBelow Energy profiles for a Gaion (solid curve) and a Naons (dashedurve)
moving through the calcium channel pore. (B) All possible states of occupancy with two
permeant ions, called A and B, in both intracellular and extracellular solutions where 0 indicates

an empty site. Fror(irsien et al., 1987)
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Figure 1.8 Current Theories on lon Permeation and Selectivity

(A) In the presence of lovevels of C&", calcium channelwill pass N& ions. However,

as [C&"] increasesC&" will bind the pore and block NaAs moreC&* approaches the pore,

the bound CZ will permeate though the pore. This results in Tanflux. (B) C&* permeation

could be accounted for by either the-ion interaction mechanism or the stair step mechanism.

Shown here are energy diagrafes the two modelsC&* are shown as red spheres. From

(Guan, 2014)adapted fronfShuba, 2014)
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il Structural Evidence to Support the Models of Permeation through Voltagé&ated

lon Channels

The research presented here involves exploring the function and structure of eukaryotic
T-type calcium channels, which are categorizedaaslass of eukaryotic 4x6TM channels.
However, the channels of prokaryotic organisms will also appear frequently in our discussions of
ion selectivity.

Voltagegated ion channels from prokaryotes have a different structure, consisting of four
1x6TM subunis. These channels can form homotetrameric structures or heterotetrameric
structures(Anderson and Greenberg, 200Despite the differences between the eukaryotic
4x6TM channels and thbeomdetrameric 1x6M channels from prokaryotes, there are many
important similarities between time In generaljt is assumed that all voltaggated ion channels
from all kinds of organisms achieve ionlesgivity using relatedstrategies Importantly,
however the selectiity filter of each channel is tuned to select the appropriate cation. There are
important differences between the 4x6TM channels from eukaryotes and the prokaryotic multi
subunit channels. One important difference is the structural asymmetry of the plx@Ti
channels, which is absent momotetramerigrokaryotic channelsvhich posses#our identical
subunits The structural symmetry inthe pores ofbacterial channelsesults insome obvious
limitations when it comes to using prokaryotic channels aseiaddr elucidating mechanisms of
ion selectivity and permeation in eukaryotic ion channels. Nonethelestying bacterial
channelgprovidesimportant insights for ion selectivity.

Prokaryotic channels have been crystallized to provide insights intistes responsible

for the functional behaviours of ion channels. There has been limited success with visualizing the
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3-dimensional structures of eukaryotic 4x6TM voltageed ion channels, so we rely largely on
functional comparisons and models deriveahf the structures of prokaryotic channels to draw
conclusions about the mechanisms of ion selectivity in eukaryotic ion channels. Therefore, an
understanding of the mechanisms of selectivity and models derived from both prokaryotic and
eukaryotic channelis important in accomplishing the objectives of this thdsis.the most part,

the structure of the pore domain (PD) will be discussed to highlight key residues involved in ion

selectivity.

iii lon Selectivity and the Pore Domain

Interestingly, the pordomain (PD) and voltagsensing domain (VSD) are semi
autonomous. Some voltagensing and porforming modules exist as natively expressed stand
alone proteins. One such example is the bacterial KcsA potassium channelaciivakéd
protein that has onlyhe pore modulegDoyle et al., 1998) Truncated subunits of badedr
sodium channels can forimm vitro functional tetramers without the voltagensor domains
(McCusker et al., 2011; Shaya et al., 2014; Tsai et al., 201®Yye is also a voltaggensor
domain containing phosphatise fro@iona intestinalis called CiVSP (Murata et al., 2005)n
the 4x6TM channels, the VSD and PD aombined to form a fully functional voltaggated ion
channel.

The poredomain (PD) is critically important in ion selectivity. Each channel is able to
preferentially select particular ion(s) with high affinity and probability, and the residues within
the PD are essential for this function. The outer vestibule is made up of S5 and S6 linkers that

containan outer turret, descending helix, a selectivity filter and an ascending helix (SeesFigure
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1.5and 1.2). The extracellular turrefL5 portion) emergedrom the S5 transmembrane helix
and then descends into the pore with a descending pore helix, which then turns upwards to a
selectivity filter residue. From the selectivity filter residue, thereams ascending pore helix
(which creates a loop called L6ljogether, the L8>-L6 structure generateshairpin shaped P
loop (Catterall, 2000; Hille, 2001Senatore et al., 2012Yhe L5 and L6 regions will be
particularly important to thithesis (see Figures 1.5 and .21

In generalfour residues of the channadntribute to the selectivity filtdo determine the
K*, C&*, Na', or mixed ion selectiwt and divide the ion permeation pathway into an outer pore
above and the inner pore below the selectivity filldre selectivity filter, discussed in the next

subsection, is a critical deteiant of ion selectivity in all knowmoltagegated ion channsl

Iv The Role of the Seletvity Filter : Evidence from Crystal Structures

(a) lon Selectivity in Potassium Channels

Published in 1998, work completed in Roderick Mackinnon's laboratory provided a
foundation for understanding the mechanisms of ion seleciivityoltagegated ion channels
(Doyle et al., 1998) The crystal sticture of the bacterial potassium channel KcsA from
Streptomyces lividanadicated a selectivity filter of carbonyl backbones that line the pore of the
potassium channel and convey potassium seigcon the channel (Figure 1.9The selectivity
filter sequence of KcsA is TVGYG, and it is the carbonyl backbone of these refidties the
narrow constricture point of the channel's pore. This narrow pore has five binding sites for

potassium (S&4) with SO occurring at the channel's mouth and 8isde the pore. Potassium
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ions can occupy every other position in the selectivity filter. So at one time, potassium ions
might be bound to positions SO, S2, and S4 or they migltddoind to S1 and S3 (Figure )1.9

The driving force and the iel@n repulsiveinteractions within the pore allow the potassium ions

to flow through the pore in singlde (Nimigean and Allen, 2011)

In general, potassium channels are highly selective for potassium ions. The selectivity
filter contributes to this high degree of selectivity. Although sodium ions, (Bl&9 A ionic
radius) and patssium ions (K 1.37 A ionic radius) are quite similar in radius and charge, the
KcsA channel is able to select fof Kver Nd at a ~1000:1 ratigNoskov and Roux, 20067 his
is due to the shape and size of the KcsA selectivity filter. Upon entering the pore of the
potassium channel, the hydration shell of iK completely replaced by coordination with the
carbonyl oxygen molecules within the egivity filter in an energetically favorable reaction
(Doyle et al, 1998) The sodium ions, on the other hand, cannot be favorably dehydrated by the
carbonyl oxygen molecules within the selectivity fil{@ayandeh et al., 2011; Stepbkeet al.,

2015; See Figure 1.)0lon selectivity based on complete or partial dehydration in a favorable

step seem® be a common strategy employed by voltggeed ion channels.

25



Figure 1.9 Side View of the KcsA Channel Pore with K+ Binding Sites Indicated

There are 5 binding sites (§31). SO is located extraceldluly and SiS4 are
intracellular. K becomes dehydrated upon entering the inner cavity and binds to the selectivity
filter's carbonyl oxygen atoms. A traditional outward ¢urrentmigrates from the pore cavity
6transiti oni ng-S3fandoS#4 pindiag sitds @ & delfydrated ion and then
rehydrated at position SO on the extracellular side of the channel pore. Subunits 2 and 4 shown

for clarity. Reproduced frorfNimigean and Allen, 2011)
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Figure 1.10 Different Structures Underlying Different Mechanisms of Selectivity in
Potassium and Sodium Channels

(A) Bacterial K, channel. See Figure 3. (B) The narroywdkannel pore fits into the pore
of the bacterial NaChBac channel, AB. The selectivity filter of the Kchannel consists of
backbone carbonyl oxygen atoms from the residues of the selectivity filteteas the
glutamate residues (E177) make up the selectivity filter of the broagddbNhaannel. The broad
Na" cannot pass through the, Khannel, whereas 'Kions arecompletelydehydrated by the K
channel pore. (C) Side view of the A& channel, showig the pordoops creating the HFS site
of the NgAb channel (E177 residues). In each, only 2 subunits are shown for clarity. (B,C)

Reproduced fronfPayandeh et al., 2011)
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(b) lon Selectivity in Prokaryotic Sodium channels

Prokaryotic sodiurrseletive voltagegated ion channels haveeen crystallized and
studied(Figure 1.10. The first prokaryotic sodium channel to be crystallized is fAonobacter
butzleri,and is referred to as MWab. The structure oNa,Ab reveds a homotetrameric channel
with a selectivity filter composed of four glutamate residye&EE) within the Hoop
(Payandeh et al., 2011%00n after, other prokaryotic soditgalectivechannel structures ave
deternined and followa similar strategy for sodium selectiviylcCusker et al., 2011; Zhang et
al., 2012) Prior to the crystallization of sodium channels, the importancheo$electivity filter
residues within the fbops was established with the NaChBac channel Banillus halodurans
(Ren et al., 200; Yue et al., 2002; Zhang et al., 2012)

The strategy employed for sodium selectivity in the prokaryotic sodium channels is
markedly different from the strategy of Kelectvity in KcsA (Doyle et al., 1998; Payandeh et
al., 2011) Most notalyy, the Nd ions seemo move through the pore in a mostly hydrated from
whereas K ions are fully dehydrated by the KcsA selectivity fil{igures 1.9 and 1.)0 In
describing the movement of Naons through the NA&b pore, Payandeh et al. digd the
permeatiorpathway into three parts, named §ite (the highfield-strength site), Sitgn (the
central site), and Site(the intracellular site)The relative locations of thes@ées can be seen in
Figure 1.10A partially-dehydrated Naion can coordinate with Siiesthrough interactions with
the glutamate residues (E2); the E177 sidehain of one subunit interacts with the ‘Nan
directly, while the E177 sidehains from the other subunits participate in hydrelgemding
with the surrounding water molecules. This transition complex is inherently asymmetric. When

the Na' ion escapes the Siig; (presumably repelled by an incoming 'Nan), the permeating
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Na' ion is fully rehydrated as it moves through Siieand Sitgy. This permeation mechanism
probably refects the high free energy of Naydration, where furtheremoval of solvating
waters would present too high an energy barrier.

The mechanisms for sodium selectivity pnokaryotic sodiumchannels are not fully
understood, but mutating theEBWAS selectivity filter (resulting in an EEEE site in the fully
formed dannel) of the homotetramerilaChBac channel fronBacillus halodurans to
LDDWAS resultsin reduced sodium selectivitgnd increased G&permeation(Yue et al.,
2002) A similar mutational study involved substituting glutamate residues for aspartate residues
in the selectivity filter of N@Ab, and the results were consistent i.e**@armeability increased
(Tang et al., 2014)The EEEE ring forms the narrowest level of the open pore Wwélfléxible
carboxylate side chains facing toward the pore axis. The conformational flexibility of the
carboxylate side chains stabilizes multiple ionic occupancy states, helping sodium ions to pass
through the selectivity filter via the knodn mechanisn{Chakrabarti et al., 2013; Tang et al.,
2014) Computationsof 2-D PMFssuggest tat the degree of ion stabilizan in two of the three
proposedbinding sites present in the EEHEHter of the wildtype NgAb channel are
significantly affected bymutationto DDDD (Finol-Urdaneta et al., 2014}he destabilization
caused by the DDDD mutation contrtba to less Naselectivity and higher Kpermeation.

Interestingly, he selectivity filter of the prokaryotic sodium channels is similar to the
selectivity filter of the highlycalciumselective eukaryoti€a,1/Ca2 channelsthese channels
both have a ng of glutamate residues at their high field strength (HE&)stricture point
created by the Hbops (EEEE; see Figure 1.11Despite their resemblanceo Cal/Caz2,
prokaryotic sodiuncthannels are able to select for sodiunthwiigh probability (Figee 111).

There are differences between the,Ab and Cal/Ca2 channel poresn particular the Ca
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channelsall seem tohave an extraegatively chargedispartateresiduein Domain 1l (.e.,
D2p51).Nonetheless, the similarities between prokaryotigsNendeukaryotic Cgs suggest that

we should look outside of the HFS to explainNarsus C& selectivity in these channels.
Experimental studies and computational work involving molecular dynamics (MD)-aarti 12

D potentials of mean force (PMF) suggesattthe bacterial sodium channels are similar to
eukaryotic Ngs in terms of selectivity and ion conduction, although ion interactions within the
pore and occupancy are more like those of eukaryotjca@a K, channelgFinol-Urdaneta et

al., 2014) To understand the mechanisms of ion selectivity within these channels wétimtye

structural data for the GHCa,2 channels will be required.
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Figure 1.11 High Field Strength (HFS) sites of Prokaryotic NgAb and Eukaryotic Ca,1.2
and Na/1.2

The High Field Strength (HFS) site EEEE formed by selectivity filter glutamates (E177) in
the homotetrameric bacterial sodiumaohel NgAb is equivalent to the EEEE site in @aand
Ca2 calcium channels, and different from the eukaryotiglNehannel HFS of DEKAA)
Residues to the EEEE HFS site in bacterial sodium channels are contributed by four identical
gene productyB) Resdues to asymmetric selectivity filters in eukaryotic calcium and sodium

channels are contributed by four homologous repeat domains.(Btephens et al., 2015)
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(a) Selectivity Filter Residues in Eukaryotic Sodium and Calcium Channels

The selectivity filters of eukaryotic 4x6TM voltagmated ion channels occur within the
P-loop of the pore domains, at the narrowest levethef open pore. In the eukaryotic a
channels, the selectivity filter residues are DEKA, arranged arthendarrow opening (Figure
1.11). The protonatable lysine (K) in the third repeat and a neutral alanine (A) in the fourth
position seem to be criticdor sodium selectivityFavre et al., 1996; Grigoriev et al., 1996;
Lipkind and Fozzard, 2008; Spafford et al., 1998his arrangement is highly conserved in
eukaryotic Ngl channels, with the exception of cnidarians, which possess a DKEA ring
(Spafford et al., 1998)The crtical importance of the selectivifiiter residues was established in
experiments where the DEKA ring in the & channel was replaced by the EEEE ring to
create calciunselective channelddeinemann et al., 1992; Schlief et al., 1996; Sun et al., 1997)
Na,1 channels likely evolved as an offshoot of calcisslective Ng2 channels, which possess a
selectivity filter of DEEA or DEESGur Barzilai et al., 2012; Zhou et al., 200/otice that
these Ng2 channelst@ missing the critical lysine residue.

The HFSsite of the Cgl and Cg calcium channels is a highly conserved arrangement
of four glutamateesidues (EEEE; See Figure 1).10his negatively charged HFS site allows for
extremely high calcium selectiyit(See Figure 1.16. The related G& channels, however,
possess a selectivity filter in which aspartate residues have replaced glutamate residues in the
third and fourth repeats (EEDD; ségures 1.13 & 1.14 The channels of the G3afamily
display ~16fold less calciurrselectivity over sodium compared to the,Cand Cg@ channel
(Shcheglovitov et al., 2007; Shcheglovitov and Shuba, 2006; Shuba,. ZBfype channel

isoforms also display wide variability in calciuraver sodiursselectivity. For example, among
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the human Ttype channel is@irms Ca,3.1 isthe most sodium impermeant and, &8 isleast
sodium impermeaniShcheglovitov et al., 2007Yhe EEDD selectivity filter may contribute to
the differences between {#Cga2 channels and G& channels in terms of calciunover
sodiumselectivity.

NALCN channels are related to the Mand Cgs, but they are newoltage activated.
They possess a 4x6TM channel structure highly similar to the &lad Cgs, bu the NALCN
channels posse$$FS sitesthat resemble either calcium channels (EEEE3$amtium channels
(EEKE and EKEE; See Figure 1)1Zor example, NALCN chamfs in basal multicellular
organisms (sponge, placozoan and cnidarians) and-vertebrate chordates (the
cephalochordates) possess an EEEE HFSS#eatore et al., 201.3However, in other animals,
NALCN channet resemble sodium channels with a lysine in Domain Il or Il of the HFS site,
respectively. Examples include the EKEE ring in schistosome flatworms and Helobdella leech
and the EEKE ring in nemyriapod arthropods and vertebratgenatore et al., 2013A
separate group of nerertebrates retain duaalcium channel and sodium channel charaater
the HFS site, through mutually exclusive splicing, and these evolved completely independently
in at least two differenanimal lineages. Almost all lophotrochozoan invertebrates (mollusks,
annelids) and ncemertebrate deuterostomes (echinoderms, hemichordates) possess two forms of
exon 15 in their expressible NALCN transcripts, generating alternative calcium HFS site (EEEE)
with exon 15a or a sodium HFS site (EKEE) with exon (S&dmatore et al., 2013)he presence
of alternative splicing in these animalshich may contribute to a switdnom calcium to
sodium selectivity by alteng the HFS provides suppotto the argument that the HFS site is of

critical importance in ion selectivity in 4x6TM channelsy{ife 1.12.
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Figure 1.12 Alternative Splicing in NALCN and LCav3 Channels in the Pore Domains (PD)
of Domain Il (DIl) Alters lon Selectivity

(A) NALCN displays alternative splicing in the pore domain of Domain Il, in exon 15,
which contains the high field strength site (HFS). The two alternative isoforms are exon 15a and
exon 1%. With exon 15a, NALCN has an HFS of EEEE and display? §ective character
With exon 15b, NALCN has an HFS of EEKE and display$ $é&dective characte(B) LCa,3,
from Lymnaea stagnaljsdisplays alternative splicing in exon 12 (the turret), whacburs just
upstream of the HFS site and does not include the HFS residues. Witi2sohCg3-12a
passes sodium current. With exon 12b, {35B2b displays a mixed G#Na" current. The turrets

of LCa3-12a and LCgB-12b differ in length and cysteine dabution. From(Stephens et al.,

2015)
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v Extracellular Loops (Turrets) as Determinants of lon Selectivity

As mentioned previasly, there is a wide variability amongtyfpe channel isoforms in
their calcium over sodiurpermeability, even though they all possess the HFS site of EEDD in
their selectivity filters. Also, the EEDIpossessing G& channels are ~Hold less selectivéor
calcium over sodium as compared to their,ICar Ca2 relatives with EEEE HFS sites.
Paradoxically, mutating the EEDD filter intypes to EEED, EEDE, or EEEE createsypes
that are less, not more, selective for calciffark et al., 2013; Senatore et al., 2014; Talavera et
al., 2003, 2001)Thus, it appears thdahe selectivity filteris not the only determinant of ion
selectivity in Ftype C&* channelsRecent studies have indicdtehatanother extracellular loop
between S5 and thelBop (see Figure 1.5dubbed the turrglL.5-P-L6), plays a critical role in
ion selectivity(Senatore et al., 2014frurther analysis (eliminary to the analysis included in
this thesis) suggests that other turrets, possibly the turret from Domain 1V, could reasonably be
involved in ion selectivityn T-type channels

The results of experiments conducted in the Marban lab have expteredleé of Ploop
residues outside of the selectivity filter in Masodium channels. The Marbgroupfound that
the introduction of cysteine residues within the extracellular turret region affects the pore
properties of Ngl, including sensitivity to TTXand Cd* block (Bénitah et al., 1996)r that
neutralizing negative charges within the extracelluldodd region reduces the size of currents
that are conducted by MNachannelqLi et al., 2000) The results of the Marban experiments
suggest that it is reasonable to explore the rolelobp residues outside of the selectivity filter

and their influence on pore properties. Furthenem the role of the extracellular turrets in
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determining ion selectivity may not be unique tdypes, and instead might extend to,Na

channels as well.

(a) The Role of the Domain Il Extracellular Turrets (S5P) in the lon Selectivity of the

T-type Calcium Channel from Lymnaea stagnalis

Recent studies have indicated that another extracellular structure between S5 and the P
loop, dubbed the turret, plays a critical role in ion select{@iyan, 2014; Senatore et al., 2014)
In the great pond snall. stagnalisthe turret region of LG8 resides within an alternatively
spliced exon, termed exon 12, genegexon 12a and alteative exon 12b (see Figures 1.13 &
1.14). The resultant splice isoforms are referred to as,&@2a and LCgB-12b. LC33- 12a is
highly sodium permeant; LG3& 12b, however, is much lesedium permeant (see Figure 1.14
The strikng differences between exon 12a and (Zure 1.13 is that exon 12b has a penta
cysteine structure C...CxC...CxC (most protos
is always longer (range: 48 to 55 aa long, average = 52 aa) than exon 12a, whodeiq38 to
46 aa long, average = 41 aa) with a nearly invatiasdt y st ei ne st r.uHuhanr e : C:
Ca,3 channelgFigure 1.13 also have a short exon 12 (38 or 39 aa lamif) a single cysteine
(Senatore et al., 2014Intervening residues between the cysteines can be highly variable even
amongst closely related invertebrate species witfp€ channels; this suggests that the key
structural features of exon 12a and exon 12b, which gabernon selectivity differences, is

their differing arrangements of cysteines and their turret §&tephens et al., 2015)
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(b) The Extracellular Loops (Turrets) of Domain Il and Domain IV

Theturretsin Domain 1l and Domain IMnay play a critical role in ion selectivity in the
T-type channels from other ganisms as well. Some jellyfish specles/e two splice isoforms
in Domain IV (Figure 1.1%. Domain Il and Domain IV may beelated as products of thensa
duplication event (Figure 1.énd are highly conserved in cysteine compositiogure 1.18, so
it might be reasonable to hypothesize that the Domain IV splice isofarensontributing to
changes in iorselectivity as well (Figure 1.)5Moreover, the Domain IV turret splice isoforms
in jellyfish also differ from one another based upon their length and cysteine composition.

Interestingly, Ftype calcium channels haveiguely cysteinerich extracellular loops. In
general, the cysteine arrangement of extracellular loops in the 4x6TM ion chann€l24g 4
(DI-DII-DIII-DIV, respectively). With the exception of-tffpes and some vertebrate sodium
channels, this-0-2-2 arrangement is highly conserved in 4x6TM channels. Htydes, however,
the turrets are enriched with 8 to 14 additional cysteine residues. For example, {Bel2&a
and LCg&3-12b turret cysteine arrangements ar8-B6 and 65-2-6, respectively. In human
Ca,3 channels the cysteines are arranged-a2€! in Cav3.1 and Cav3.2, andl72-4 in C33.3
(Figure 1.16and 1.17. Although all known Types are enriched with cysteines, there are
marked differences between the cysteine arrangements of vertebtgpe DII/DIV and
invertebrate ftype DII/DIV turrets (Figure 1.16 and 1.18. The calcium versus sodium
selectivity of vertebrate and invertebrate channels is also markedly diffalttiough they share
the same EEDD selectivity filter. Perhaps, the diffeesn between the vertebrate and
invertebrate turret structures can help to explain the differences in ion selectivity between these

channels.
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Aside from the cysteine composition of these turrets, their length may be critical in
influencing ion selectivity As mentioned above, LG&12a and LCgB-12b are different in
length. LC@3-12b is longe(range: 48 to 55 aa long, average = 52thaj) exon 12438 to 46 aa
long, average = 41 adp Figure 1.16we see relative lengths of the turrets from prokaryaotit
eukaryotic voltagegated ion channels. In general, voltage gated ion channels from eukaryotes
have elongated turret structures compared to prokaryotes. Furthermore, there is asymmetry in the
lengths of the 4x6TM eukaryotic turret sequences, whiclbserat in the prokaryotic channels.
The elongation of Domain | and Domain Il turrets is striking, especially compared to the turrets
of prokaryotes (Figte 1.1§. Theturrets of Domain Il and Domain IV, however, are consistently
shorter than those of Donmail and Domain IIl (although longer than the turrets of most
prokaryotic channels). This places most of the residues within the Domain Il and Domain IV
turrets closer to the pore, in a position which allows them to influence ion selectivity. There is
someevidence to suggest that the turrets are playing particular roles, and some have suggested
that the turrets may be involved in attracting Gans to the pore or acting as a {iiteer for ions

(Miller and Long, 2012; Wu et al., 2015)

(c) Extracellular Loops of Some Prokawotic and Eukaryotic lon Channels Appear to

Contribute to Structures above the Channel Bre

In 2001, Sato et al. were able to produce a-E&ybimage (19 A resolution) of the
sodium channel fronklectrophorus electricugSato et al., 2001)This image revealed that the
sodium channel is a bedhaped structure with a narrow extracellular upper region above the

pore cavity Figure 1.19. This region likely correspas to the collection of extracellular turrets
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from Domains 41V. Although it is difficult to draw any conclusiorfsom this image due to the
limited resolution, the tojglown viewappears to support the idea that the extracellular regions
(i.e., the turrefsare in a position to influence ion selectivity, either by binding ions above the
selectivity filter (like a prdilter) or influencing the residues of the selectivity filter.

In 2012, thestructure of the human twmore domain potassium channel, K2Rigs
resolvedat a resolution of 3.4 AMiller and Long, 2012)An extracellular structure extends from
the turret above the pore, creating a large extracellular capaid EFigure 1.20. This
extracellular structure consists of an extended turret domain of 59 amino acids in the first of two
pore domains in these channels, which is ~5 fold larger than a typical Shaker potassium channel,
or the second of two pore domains in K2éhannels. The dieric K2PL channel structure is
capped at its apex, with conserved cysteines from the two extended turrets forming a disulphide
bridge which contributes to a helical cap that emerges 35 A above the plasma membrane and
encloses the transmembrane pore beleigure 1.20. The extracellular capf the K2P1 channel
creates an ion pathway that is different from those observed for othehdfinels. The -3
dimensional structure suggests that ions are funneled through side portals lined by negative
charges, formedby the helicacap. Thus, as suggested by Miller and Long, the K2P1 channel
may bean example of extracellular turrets influencing ion selectivity in a human ion channel
(Miller and Long, 2012)

In December 2015, a cryeM structure of the human calcium channel complexiGa
was publishedqWu et al., 2015)In this structure, the elongated DI and DIl turrets (i.e;,drtl
L5y) protrude extracell ul arl ywi, sarbdunarte iTrhveo |Dvoem
Domain IV turres, however, are near the channel pore and are probably not involved in docking

of subunits. Instead, they could be involved in ion selectivity and channel functions at the pore.
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The Domain Il extracellular loop, L5is quite short and appears to be fgdine central axis of

the channel just above tpere Figure 1.2). The Domain IV turret is longer, with a surprisingly
long L6y extracellular loop. The LK L5y, and LG, loops are positioned in a way that might
allow them to influence ion selectivitA model for a proposed mechanism of thg B&d L5y
regions' influence on ion selectivity involves a highly conserved aspartate near the HFS site,

dubbed D2s;(SeeFigures 1.23nd1.24).
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Figure 1.13 CysteineRich Extracellular Turrets in Domain Il of Cav3 T -type Channels
Influence lon Selectivity

LCa, 3, the Ftype calcium channel frorhymnaea stagnaljshas alternative splicing in
exon 12. This is the location of an extracellular turret ifmBim Il (A). LCg3-12a passes
sodium currents, wheras Lgal2b passes mixed calcium/sodium currents like thg3 Ca
channels from mammals (3al, Cag3.2, Ca3.3). Exonl2a 3 cysteines and is a shorter
sequence, whereas LEB2b is a longer sequence withcysteine residues (B). Many other
invertebrates also have two versions of exon 12,-ay$eine version and a pesdgsteine
version. Humans have a unicysteine structure in their Domain Il turret (C).(Btephens et al.,

2015)
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Figure 1.14 Calcium versus Sodium Currents Through TFtype Calcium Channels from
Humans, Trichoplax adherens, and Lymnaea stagnalis

(A) Results of NMDG/C&* versus N&C&" currents in Ci@ channel variants from
humansT. adherensandL. stagnalis NMDG'/C&* represents the calcium current (grey) and
Na'/C&" represents the current from both®Card N&a (coloured). LCg3-12a has the greatest
sodium current, and GR2 has the smallest sodium current. (B) Anomalous effect experiment
results. C¢gB.1 has a tshaped curve, representing a Chlbck of N& current as [CAH]
increases, followed by a €acurrent at [C4] > 10° M. LCa,3-12a, on the other hand, has a
monotonic decline representing a weakef*Gaock of Nd& currents. From(Stephens et al.,

2015)
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Figure 1.15 Sequences of Domain Il and IV Turrets with Conserved Cysteine Contribution

Alignments of Domain Il and Domain IV extracellular turret sequences displéyyhig

conserved cysteine residues with some organisms having two isoforms of either Domain Il or

Domain IV turrets. Domain Il isoforms from. stagnalishave differences in Gaversus N&

selectivity.
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Figure 1.16 Relative Lengths of Extracellular Loops in K+ channels, twepore K2P1
channel, and representative 4x6TM channels from the giant pond snail, Lymnaea stagnalis
Locations of shared cysteines are shown in black, while thgd& channel specific
cystenes are shown in purple. (A) Short18 residues) extracellular turrets in bacterial K and
Na channels, and Shakigpe voltagegated K channel (Kv1.2). Longer turrets (26 residues) in
the human inward rectifying potassium channg2 B, which changedé external landscape of
the outer vestibule. Domain D1 turret in of the K2P1 channel is much longer (60 residues) than
domain D2 turret (12 residues). The long-D1 turrets form a helical cap above the pore,
bridged by a disulphide bor{@rohawn et al., 2(; Miller and Long, 2012)(B) Configuration
of loops in DIDII-DIII-DIV of 4x6TM channels resembles that in the K2P1 channel, after
undergoing a domain duplication eventtype channels differ from other 4x6TM channels by
having a longer DI loops withdalitional cysteines and presence ctype channel specific

cysteines in the DIE5P: DIV-S5P pair. FronfStephens et al., 26}
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Figure 1.17 Conserved Cysteine Residues in Extracellular Loops of 4x6TM Channels
T-type channels havei 84 additional cysteines (yellow) above the core eight cysteines
(blue), which are conserved amonhgdl 4x6TM channels (Cavl, Cav2, Cav3, Navl, Nav2,

NALCN). From(Stephens et al., 2015)
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Figure 1.18 Highly Conserved Length and Cysteine Contributions of ftype Channels
within Deuterostomes, Protostomes, and Cnidarians

A phylogenetic distribution illustrates the conservation of the relative lengths of the
Domain Il and main IV turrets, with cysteine residues indicated as black bars. Representative
organisms of deuterostomes, protostomes and cnidarians are included. The pladchoaiax
adherensand Coanoflagellat&alpingoecarosettaare also includedThe Domain [V turret is
indicated with varying shades of yellow and orange. The pore helix is orange. The version
Domain IVA is indicated as a pale yellow, while Domain IVB is indicated as a bright yellow.
The S6 helix is grey. Domain |l versions are indicated witldebaf pink and red (Domain Il
exon 12a) and shades of blue (Domain Il exon 12b). The turret of exon 12a is a pale pink, while
the pore helix is red. The turret of Domain Il exon 12b is a pale blue, while the pore helix is a

darker blue. The S5 helix of Dmain Il is grey.
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Figure 1.19 Surface Representation of Navl fronkElectrophorus electricus

(A) Top view. (B) View at oblique angle, related té& by +45° rotation about the
horizontal axis(C) View atoblique angle, related tB by a +120 rotation about the vertical
axis. (D-F) Three sideviews rotated by 12Dintervals around the vertical axi€G) View at
oblique angleyelated toD by a +4% rotation about the horizontal axigd) View at oblique
angle,related toG by +120 rotation about the vertical axidl) Bottom view.An extracellular
structure above the pore of the channel can be observed, corresponding to the location of the

extracellular turrets. Froifgato et al., 2001)
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Figure 1.20 Side view K2P1 channel.

Turrets from the twgpore potassium channel form together to create an extracellular
helical cap. Ewacellular ions are priltered by the helical cap, which lies just above the pore
and ions access the selectivity pore from side porfgigroximate boundaries of the lipid
membraneare shown as horizontal lines. Kons (four sites in the selectivitfjiter and one
external site) are shown as green spheres. Side portals (arrows) located beneath the extracellular
cap connect the selectivity filter with the extracellular solutinom (Guan, 2014; Miller and

Long, 2012)
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Figure 1.21 The Selectivity Filter and Extracellular Turrets of the Ca,1.1 Channel

The structural elemés that constitute the ion cduaction channel of Cavl.l. Two
diagonal repeats are shown in each panel. Similar to the bacterial homateti@awand Nav
channels, the selectivity filtexf Cavl.1 is supported by two pore helices @atl P2). A sphere
shaped density was found in the SF vestibule, which was tentatively assigned to a Ca2+ ion
(green sphere)The extracellular loops (i.e., turrets) are indicated as L%, L5, L5y and
L6y. The Domain Il LG turret and Domain IM.6)y turret are both facing the pore, and are

positioned to influence ion selectivity. Fraiwu et al., 2015)
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(d) Highly Conserved Aspartate at Position 51 of Domain Il in all Known Calcium

Channels

In close proximity to the residues of the selectivity filter Hype calcium channels there
is an ceptionally well conserved tryptophan at p52, and an aspartate residue in DIl at position
p51 that is ubiquitous in all calcium channé&enatore et al., 2012)t is predicted that the
tryptophan residues at p52 participate in wregeat Hbonds with other amino acid residues in
the pore to stabilize the outer pore structure. The aspartate residue in DIl at p5tpssitedh
to serve as a "molecular beacon" to attract incoming cal@msto the poréSee Figure 1.22
This aspartate residue is present in all known calcium charinedngirering a calcium channel
from aNa,Ab sodium channel, the substitution of a serine with an aspartate was necessary. The
selectivity filter of NaAb from Arcobacter butzleri(*”’TLESWSM®Y) was mutated to
17>TLDDWSD™! to create Cagb i a calciumselective bacterial sodium chanr{@ang et al.,
2014) The D'® residue, immediately adjacent to thé’Dselectivity filter HFS residue, is

analogougo the "molecular beacon" residue J2dound in all eukaryotic calcium channels.
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Figure 1.22 Critical Structural Features of the Pore Domain in Cg3 Channels

(A) lllustration of how Ploops betweenegments 5 and 6 project into the pore to form the
selectivity filter. Shown only are domain | and Il. (B) Illustration looking from the extracellular
side into the pore of a voltaggted l-type calcium channel, showing the predicted coordination
of two cdcium ions in the pore by the four glutamates present in #oes of each domain. (C)
lllustration of the Domain Il position 51 aspartate ¢gP projecting into the pore above the p50

selectivity filter glutamatel-rom Senatore, Zhorov & Spafford, 2B).
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vi A Possible Mechanism for the Involvement of Domain Il and Domain 1V inSodium

Permeation through T-type Calcium Channels

Dr. David Spafford and Dr. Boris Zhorov recently collaborated to determine a model
(unpublished) that could reasonably be usedxaain the influence that Domain 1l has on ion
selectivity in LC&3 T-type calcium channels. Using the €4 crycEM structure(Wu et al.,
2015)as a template and performing Monte Carlo simulations, structural models of the Domain I
and Domain IV turret regions of ¢dal are providedHigure 1.23and 1.24.

Figure 1.23provides a picture of the Domain Il turret region of thg1Ch channel
(halphalS).The Domain Il S5P turrefl5;) in the human GA.1 structure loopsawards the
selectivity filter. The selectivity filter residues (EEDD) are caded as red spherélhe cbsest
residues of Lp that approach the selectivity filter are two arginine residis and R2) In
Monte Carlo simulations, the positively charged R2 (also presenttypel channel) makes
contact with the D2, aspartate rédue (i.e. "molecular beacoh If the sequences of LC&12a
and LC@3-12a are superimposed onto the model ofldain Figure 1.23 differences in ion
selectivity are explained; the configuration of ,842a would allow for better neutralization of
the D2ys: residue by the R2 residue, thus minimizing calcium selectivity and allowing for sodium
permeation.

A model of the Domain IV turret region of (dal is provided Figure 1.24, with the
locations of corresponding cysteine residues in,BGadicated C1-C5 in Figure 1.24 The
closestresidue in the L§ turret that approaches the selectivity filter (central red spheres)
corresponds to anigue cysteine in fype channels (labelle@2). Compared to GA.1, T-type

channels have a longéby,. Thus the C2 residue might conceivably approatie selectivity
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filter residues quite closelwffectingthe positions of the selectivity filter residues. As reported

by a few independent groups, the positions of the selectivity filter residues around the central
pore axis are critically important in determining calcium versus sodium seledi@higkrabarti

et al., 2013; Ellinor et al., 1995; Finblrdaneta et al., 2014; Hille dnSchwarz, 1978; Hille,

1975; Talavera et al., 2001; Tang et al., 2014; Tsien et al., 1987; Yue et al., R@32yusly,

the crosssectional asymmetry in eukaryotic N&hannels has been noted and is likely
contributing to N& selectivity at the seleddity filter (Hille, 1971) Therefore, changes in the
position(s) of selectivity filter residues caused by differences in the position of C2 of the L5
turret might influence calcium/sodium ion selectivity.

Compared to Lf, the long L&, region of the Cd.1 structure is further away from the
selectivity filter Figure 1.24. The LCa3 cysteine residues (C3,C4, and C5) within the, L6
region might be infiencing the C1 and C2 residues of\L.mltering the approach of the L5
region towards the pore selectivity filter. Another way that thg t€gion might be influencing
ion selectivity is by allosterically affecting the orientation of the, L6, region as a whole,
changing the position of the W5C2 residues and selectivity filter residues.

Based on the models provided by Dr. Spafford and Dr. Zhorov, it is possible that the
Domain IV turret region is influencing ion selectivity irtffpe calciunchannels. Based on these
models, the Dg: residue and the position of the arginine residue, R2, indr® important
factors in determining the ion selectivity oftjpes. In Domain 1V, the overall structure and
orientation of the LR-P-L6,, is probablyimportant in determining ion selectivity in-fype
calcium channels. The position of C2 inj.Seems to be critical, because it is in a position to
interact with the selectivity filter residues. Interestingly, the J3Cehannel has an additional

cysteineresidue (C4) in L, which is not present in the human,8ahannels.

53



Before the orientations of the Domain Il and Domain IV turretgpsed in Figures 1.23
and 1.24can be accepted, it is necessary to experimentally confirm that the Domain IV ndrret a

D2ps; residue do, in fact, influengen selectivity in Ftype channels.
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Figure 1.23 Model of Domain Il Turret Involvement in lon Selectivity Based upon the
Structure of Ca,1.1
The Damain Il S5P turret inthe modelechuman Cavl.5tructure(see Figure 1.20lpops
towards the selectivity filteiThe closest residu@ the DIl turret that approaches the selectivity
filter is near two arginine residues (R1 and.R2g positivelychargedside chain of R2 contacts
the |Rmal ar beacono aspartate (D) n eegutatest he D
calcium seletivity (See Figure 1.21Cheng et al., 2010)f snail LCav312a and LCava2b
sequences are superimposed on the structure, EC2ev3vould place R2 in a position to
neutralizethe molecular beacon aspartate residue bettertttemhCav312b turret,and would
thus make thé&Cav3-12achannel more sodium selective. Monte Carlo simulations dbthest

energy conformation were used to deternprebable &le change movements.
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Figure 1.24 Model of Domain Il Turret Involvement in lon Selectivity Based upon the
Structure of Ca,1.1

The Doman IV S5P turret in thenodeledhuman Cavl.Istructure lops towads the
selectivity filter. The closest residuethe DIV S5P turret that approaches thledvity filter is
near acysteineresidue that is unique to-fjpe channels, CZ-type channels have a longer S5P
turret than Ltype channelsand thus ray closely approactine selectivity filter resides opposite
DIl S5P turretaffecting calcium/sodium ion selectivityhe region surrounding C3, C4 and C5
cysteines in Domain IV PS6 is far awaprm the selectivity filter. Theegion between G&5
cystenes (n PS6) interacts with the region near the C1 and C2 cysteines (S5P), altering the
approach of DIV S5P turret towards the paaectivity filter. Alternatively,PS6 (C3-C5
cysteine region) allosterically affects the orientation of@2lin the S5P egion, affectingits
approach to the selectivity filter. Monte Carlo simulations of the lowest energy conformation

were used to determine probabigeschange movements.
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2. Objectives & Hypothesis

The objectives of this MSc research project involve expiprstructures of Fype
calcium channels and determining their role(s) in ion selectivity.

The focus of my research is the structure of the extracellular turret. The turret of Domain
Il is within a region of the alternatively spliced exon 12, whichegates the highly sodium
permeable LC&-12a and the calciurselective LCg3-12b (Senatore et al., 2014%iven the
highly conserved cysteine arrangement of both Domain Il and Domain I\fst(ffigure 1.18),
the presence of alternative splicing in the Domain IV turrets of certain groepglafians ljoth
anthozoas and scyphozoans; Figures 1.15 and)1ih® evolutionary relatedness of Domain I
and Domain IV (Figure 1.3and a feasible odel for the involvement of Domain 1l and Domain
IV in ion selectivity Figure 1.23 & 1.24 we hypothesize that the turrets aréeracting with
residues of the higheld strength site (HFS, i.e., selectivity filtedg influence ion selectivity in
T-type calcium channels. The research will be executed by 1) creating chime(® ¢lt2anels
in which Domain IV turrets from LG8 have been replaced with Domain IV turrets from the
human channel Ga.2, and 2) using wholeell patch clamp electrophysiology wénsfected T
type channels and derivative chimeras in mammalian HEK293T cell lines to explore the
influences that the turret regions have on ion selectivity. Based on the results of the previous
studies and preliminary data obtained by Wendy Guan inDakid Spafford's Lab at the
University of Waterloo, the following hypotheses are proposed:

1) The LCa3 chimeras with Domain IV replaced by the Domain IV turret fronlBCawill
become more G&.2-like in terms of C& versus N selectivity (i.e. the chimesawill

have higher calcium permeability).
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2) The LC&3 channel chimeras with Domain IV L6 from @& will influence ion
selectivity regardless of the character of the Domain Il turret.

3) These turrets are interacting with the "molecular beacon" g f2heng et al., 2010ap
influence ion selectivity, so a mutant in which the asa at position 51 in Domain Il is
substituted for an asparagine residue (i.3@aDllpg757) Will become norselective or
lessselective for calcium ions.

4) There will be small changes in gating kinetics in the chimeras (compared to the wild
types). Tle changes are expected to be minimal because the turrets are not in a position to
significantly affect the movement of the helices of the voltage sensor domain (VSD).
However, Wendy Guan found t3Ddg;,itfllerced pCy s
channel king&cs, suggesting the turrets might have a minimal influence on gating in some

way that is not yet understood.

Chimeric and mutagezed channels from snails wiltompared to their original
counterpart channels and the expression of the three huma@rh@aologs. They will also be
compared to the cysteirsaibstitution( ¢oC ynatants explored in Wendy Guan's Master's thesis
(Guan, 2014)The oveall goal of this research is aimed at creatngonprehensive structura
model that could explain how variations in the extracellular turrets-typ& channels could
affect theporeto alterion permeability and selectivityf the hypotheses are supported by the
results of this research, support will pevided for the mechanisms proposed by the structural

models proposed iRigures 1.23 and 1.24
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3. Materials and Methods

| General Cloning Methods

Thefull length snail LCg3 calcium channels presented in this th@si3a,3-12a and LCg-
12b)containextac el | ul ar turrets with @ aoweraclohedityp 0 s pl
Dr. Adriano SenatordSenatore and Spafford, 2010)he LCav3 calcium channel chimera
containing a Domain |l extracellular turret fromy@a 2 ( U1 H) i sy3- Dlwhsbte d as
was constructed and cloned during my undergrad&snior Honours Project and summer
studentship (NSERC USRA) in the Spafford laboratory. During this time, | also completed
cysteine substitutions with alanine residues in the,B@xomain Il turrets coding for exon 12a
and exon 12b isoforms, herein retafrto as LC@8- 1 2a @yl€33-12b kg s
calcium channel chimera, LG 12b DIVy iinwhich contains the Domain IV turret of 332
( UL H) wi3tchldium char@el was constructed and cloned by Omar Mourad, a fourth year
undergraduate project student in tBpafford lab. HumarCa,3.1, Cg3.2 and Cg.3 calcium
channelswere a qift to the Spafford laboratory from Edward Pdteyes (University of

Virginia).

i Preparing Electrocompetent Escherichia Coli Cells (CopyCutter™ and

ElectroMAX ™ Stbl4)

In order to tansform Escherichia colicells with cloning vectors containing calcium

channel cDNA inserts, pure populations of electrocompdtentoli cells were required. To
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obtain these cells, a modified Hanahan competent cell preparation method wédarssthn,
1983) The entirety of the procedure was carried out using proper aseptic technique.

First, nonselective LuriaBertani (LB) agar plates and flasksntaining 250 mL of non
selective super broth (SB) were prepared. The LB agar plates were inoculated with
Electrocompetent CopyCutf&r cells (Epicater Biotechnologies, #C400EL10) or
ElectroMAX™ Sthl4 Electrocompent cells (Invitrogen, #116®B) using astreakplate
method, and then the plates were inverted and incubatedGf@&724-36 hours. Following the
incubation period, the plates were inspected and the smallest colony was extracted; this colony
was used to inoculate 10 mL of SB in a test tuldee hoculated SB culture was placed in a
shaking incubator (300 rpm) at %7 and left overnight (~12 hours). The next day, 5 mL of the
SBE. coli culture was added to 250 mL of SB. This 250 mL SB culture was incubate@Cat 37
shaking at 300 rpm. A Nano@® ND-1000 {Thermo Scientific NanoDrop Produgcts
Wilmington, Delaware USAwas used to measure the optical density of the culture at 600 nm
(ODsggg), until an ORyo of 0.3-0.6 was obtained which corresponded with early to mid log phase
of bacterial growthOnce the desire@Dgoo Was reached, thE. coli cell culture was chilled on
ice for 20 minutes and then transferred to ancme centrifuge bottle. The culture was
centrifuged at 4000 g for 15 minutes &C4in a refrigerated Beckman Coulter Allegra 25R
centrifuge (Beckman Coulter Canada LP, Mississauga, Ontario, Canada). Following
centrifugation, the supernatant SB was carefully poured off and discarded in a bleach solution for
disinfection. The remaining pellet &. coli cells was gently washed witheticold, sterile 10%

v/v glycerol Fischer Scientific, #581-5). The pellet of cells was resuspended in 250 mL of ice
cold, sterile 10% v/v glycerol, and then subjected to centrifugation at 4000 g for 15 minutes at

4°C. The supernatant glycerol solution svdiscarded in bleach. The wash step was repeated
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again. Following the second wash, the pelleEotoli cells was resuspended in 20 mL of-ice
cold, sterile 10% v/v glycerol and transferred to a 50 mL Falcon tube. The Falcon tube
containing suspended celwas centrifuged for 15 minutes at 4000 g af@. & his pellet was
resuspended in-2 mL of icecold, sterile 10% glycerol to a concentration of-3-k 1¢
cells/mL (a 1:10 dilution of the suspension had angdfpDf approximately 0.0D.03, as
measured byhe ND-1000). The suspension of electrocompetent cells was quickly aliquoted into
0.2 mL PCR tubes at 50 uL per tube, and then rapidly frozen in liquid nitrogen and stered at

80°C until use.

ii Bacterial Transformations

Two different Escherichia coli strains were used for bacterial transformations:
Electrocompetent CopyCutf& cells were used for transformations of L8ahannel cDNAs
and the chimeras derived from these channels, and ElectoX1&¥l4 electrocompetent cells
were used for all other charireDNAs. These cells were prepared and store@@&C until use
(see section 3.)i Generally, two transformations were done at a tim®ne of these
transformations was a control transformation. The transformation procedure is described below.
AO02mLPCR tube cont ai ricaligellsavMas removedffom $taragezae n
-80°C and allowed to thawonices2l ¢ L of pl asmid c¢cDNA was mixed
E. coli cell suspension. The mixture was kept within agr#led 1.5 mL microfuge toe. This
mixture was incubated on ice forl® minutes. Following this brief incubation period, the
mixture was transferredtoapecen i | | ed 90 €L e VAR #8904F206smred on c u

at-20°C). The cuvette was then placed inBppendof Electoporator 251JEppendorf Canada,
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Mississauga, Ontario, Canada) and 1200 mV was applied td.theliplasmid mixture,
allowing for electroporation of thE. coli. 1 mL of preheated (37C) super broth media (SB)
without antibiotics was added to the cueetind mixed with the transforméd coli cells. This

mixture was transferred to a 1.5 mL microcentrifuge tube and incubated®Gtf@71 hour,

shaking at 600 rpm. After the 1 hour incubation period, the mixture was centrifuged at 4000 g for
25 minutes. 90 e L of the supernatant was removed,

remaining SB supernatant. This culture was transferred to an LB agar plate, selective with either

kanamycin antibiotic @mniPur, #588p a't 50 e g/ mL or Bo&hmpj ci | | i

#AMP20)) at 100 &g/ mL depending on the plasmi @

spreader, and thelgtes were inverted and placed into a 37°C incubator fe863@ours for

bacterial colonies to form.

iii Plasmid Isolation and Purification

Larger preparations of plasmids were isolated fiféseherichia colicloning vectors and
purified using a minrprep protocol. This protocol consisted of alkaline lysis followed by
purification, which involved the removal of unwanted RNA molecules and praiBingoim
and Doly, 1979)Often, many bacterial colonies were grown and prepared, in parallel, to amplify
larger quantities of the plasmid DNA construct(s) of interest; the procedure for bacterial growth
and plasmid anfication and purification from a single colony is outlined here.

E. coli cells were transformed with the desired plasmINA, as described in section
3.Lii. A single, pinsized colony was selected from an antibisttective agar plate. Based on

assumptions of metabolic load, the smallest colony was chosen to increase the probability that
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plasmid DNA was being synthesized by the host ¢k, 1995) A test tube with 10 mL of a

selective super broth media containing 50 ¢€g

(depending on the selective marker present on the desired plasmid) was inoculated with the
chosen colony. The culture was allowed to growlf86 hours in a 3T incubator, shaking at

350 rpm. For LCg channel constructs, which tend to undergo recombinatidh ioli host

cells, only those cultures that reached optimal density betwe86 BOurs were used in a mini

prep. The plasmid prodtecmay have been toxic to the Colihost, so the slowest growing cells

were the most likely to be synthesizing the plasmid DNA constructs of in(Sersdtore, 2012)

When the cultures reached an optimal density, the test tube was removed from the
incubator. Using a 7.5 mL transfer pipet, ~2 mL of the culture was transferred to a 2.0 mL
microcentrifuge tube ancentrifuged at 4000 g for 2 minutes 8€4Eppendorf Centrifuge 5415
R). The supernatant was discarded in bleach for disinfection. This process was repeated 5 times,
at which time all of the culture media had been centrifuged. The pekletanili cellswas placed
on i ce, and then resuspeniDen glucose,@5hmM TG, 2 7 0
pH 8.0 and 10 mM EDTA, pH 8,&toredat~%) . After the cells were
solution Il was added to the microcentrifuge tube (1% wdiism dodecyl sulfateand 0.2M
NaOH). Solution Il lyse&. colicells and leads to the denaturation of proteins and nucleic acids.
The contents were mixed by gently tapping the tube. After the cells were thoroughly mixed with
solution | and solution Il, #éhird solution (solution Ill: 3M potassium acetate and 11.45%of/v
glacial acetic acidstored at20°C) was added to the mixture. The contents of the tube were
briefly but vigorously mixed by inversion, tapping, and vortexing. Mixing produced a fladcule
white precipitate. The microcentrifuge tube was quickly placed in fiie centrifuge and

subjected to ~9000 g for 3 minutes. The supernatant was transferred to a new 2.0 mL
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mi crocentrifuge tube and the pel [2empawifwasc el | ul
added to the tube containing the supernatant. The contents of the tube were mixed by vortexing
and then incubated &0°C overnight.

The next day, a white precipitate was visible in the solution within the 2.0 mL
microcentrifuge tube. Thiesbe was centrifuged at >16000 g for 20 minutes@t A white pellet
was clearly visible at the bottom of the microcentrifuge tube. The supernatant was discarded and
the tube was inverted for ~5 minutes to allow the pellet to dry. Then, the pelletsuaperded
in 400 €L of autoclaved MilliQ water (resist.i
vortexed to all ow f or -cod5MiLidladtoretnat20C)mgs added 0 ¢ L
and the solution was vortexed for mixing, and then intadan ice for 360 minutes to allow
for precipitation of RNA molecules. Following the incubation period (a precipitate may or may
not be visible), the microcentrifuge tube was centrifuged at >16000 g for 20 minut&s @hd
supernatant was transferrexa 1.5 mL microcentrifuge tube and the RNA pellet was discarded.
6 00 ¢ dproparfol was added to the new 1.5 mL microcentrifuge tube with supernatant. The
mixture was incubated a20°C overnight to allow for precipitation.

The next day, the tube wasntrifuged in a & centrifuge for 20 minutes at >16000 g.
After centrifugation, a white pellet was clearly visible. The supernatant was discarded and the
tube was inverted to dry the pellet. Then, t
MilliQ wat er . Il n some <cases, 2 eL of this soluti
restricion enzyme digest (see section 3)liv. 2 eL of a 20 mg/ mL RN
#RNA675) solution was added. The final <concen
This solution was incubated at %87 to allow for the RNAseA enzyme to digest the RNA

molecules within the solution. If the purified DNA (i.e., the final product of the-priep) was
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to be used in downstream mammalian cell transfection reactions, the dshlieansferred to°@
and incubated overnight.

After the incubation period, phenol/chloroform extraction was used to separate the
desired DNA product from any proteins present in the mixture (including the RNAseA protein
previousl y adde dhenol/cMofbform svas addéd to5tle :mici@centrifuge tube.
The tube was vortexed for 12 seconds and then centrifuged for 3 minutes at >20000 g at room
temperature. This resulted in phase separation, with the denser phenol/chloroform layer on the
bottom andhe aqueous DNA solution in the top phase. The aqueous layer was transferred to a
new 1.5 mL microcentrifuge tube. The tube containing the phenol/chloroform layer was properly
discarded. The 50:50 phenol/chloroform extraction procedure was repeatedinTéremttempt
to remove any residual phenol in the aqueous DNA solutienpithcess was repeated with pure
chl oroform in place of 50:50 phenol/chlorofor
aqueous DNA solution was within a new 1.5 mL microcentrifuge tube. To precipitate the
pl asmid DNA pr oduc tammaniensaeeatate and 299% etthhanobwas atlded/to
the microcentrifuge tube. The mixture was vortexed and then incuba@@@tovernight.

The next day, a white precipitate was visible. The microcentrifuge tube was centrifuged
at >16000 g for 20 minutes & 4£C microcentrifuge. A white pellet was clearly visible on the
bottom of the tube. The s up ecolth7®% athmanbol wasasidedl i s c a
to the microcentrifuge tube to wash the pellet, removing excess salts and debris. Then the tube
was centrifuged for 5 minutes af@ and >16000 g. The supernatant was discarded. The 70%
ethanol wash was repeated. Then, the microcentrifuge tube containing the pellet of purified
plasmid DNA was inverted for 5 minutes on a paper towel and then incubatexbrat

temperature for 5 minutes to remove any et har
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autoclaved MilliQ water and the concentration and purity of DNA was measured using the
Nanodrop ND1000. Absorbance at 280 nmf was used to assess DNA centration and
Azsorso Was used to assess DNA purityoséeso of 1.81.9 was deemed acceptable and
considered to be pure DNAVilfinger et al., 1997)If Azso2gowas >1.9, the RNAseA digest and

all downstream purificatio steps were repeated. The final, purified plasmid DNA solution was

stored at20°C until use.

iv Restriction Enzyme Digests to Confirm Proper Sequences of cDNA Starting

Materials

Diagnostic restriction enzyme digests were used to confirm the identitibe atoned
plasmids. The restriction enzymes were ordered from New England Biolabs (NEB). Generally, 1
unit of restricton enzyme <can be wused to digest 1 €g
restriction enzyme was used to ensure complete digestion of the DNA, as long as the amount of
restriction enzyme did not exceed 1/10 the volume of the solution. All reactions were catried
in 0.2 mL PCR tubes incubateda@7 A t ot al volume of 10 &L was
and 1 eL of 10X bovine serum albumin (BSA) we
plasmid was run in parallel as a control. Also, where possiblesiéiye control was digested in
parallel. For the plasmids constructed as part of this research project, there was also often a
precursor plasmid available to be used as a negative control.

The wild-type LCg3 variant used in this project was configurathveptional exon 8, but
lacking optional exon 25c +8i2bc/12a (LCg3-12a) and +8b25c/12b (LCa3- 12b). All full

length LCa,3-12a and LCg@-12b plasmids were digested irell of 10X NEB buffer
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3.1(#B7203),8 L oXbovin€éser um al bumin (BSA) (#B9000) , 0.
Mlul (#R0198),0.83 L SHaFl I( # R3 1 3 ®f)plasnid.dA totakvblume ofd € L was use
for this reaction; the remaining volume was filled bgter. The expected bands consisted of
~2500bp, 2300 bp and 8500 bp for LB3al2a and LCgB-12b in pIRES2 vector backbones

The wildtype humanC8 . 2 channel DNA was digested in
buffer (#B7204)1 ¢ L o f 10X bovi nSA&) (#Be000) m 1 a I-HFPHRELR2), ( B
and 1legL oA tpoltaasimivdol ume of 10 eL was used for
was filled by water. Thexpected bands consisted of ~6800 bp, 2600 bp, 2000 bp, 1400 bp and
400 bp for Cg3.2 channel DNA in PDNA3.1 vector backbones.

Once restriction digest reactions were completagh reaction solution had a 6X loading
dye mixed in;the volume added varied depending on the total reaction voleaneexample,
2elL of the | oadi ng d yiens.las snixtare was [daddd ontotali% w/i\L O € L
agarose gel containing 70 mL of Fasetate buffer, 0.7pof agarose (BioShop, #AGAXZE0)
and ethidium bromide (EtBr)A GeneRuler 1 kb PIuUBNA ladder (ThermoFisher Scientific
#SM1331) was also added as anslard. The agarose gel electrophoresesmamBicrad Power
Pac200 power supply (Bio Rad, Mississauga, Ontario, Canada) set at 100 mV for 45 minutes.
Gel bands were illuminated with a UV light source on an Alpha Innotech Alphalmager HP gel
documentationsystem (San Leandro, California, USA)The banding pattern was visually
inspected, and samples with the same, positive banding pattern were pooled together and stored

at-20°C.
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v Gel Extraction and T4 DNA Ligase Reaction

For gel extractions, largetolume restriction enzyme digests with larger quantities of
DNA were completed. These digests consisted 6820 € g of pl asmi d0 DNA (
eL), 8 €L of an NEB buffer, 8 €L of bovine se
enzyme. Atotal volme of 80 €L weeactios, she eemaining volume evas dilled
by water.All reactions were carried out in 0.2 mL PCR tubes incubated®a 37 most cases,
the vector DNA digest was treated with 1 €L
Fisher Scientific, #£F0657 for 30 minutes at 3T.

Once restriction digest reactions were completed, each mixturelftad ¢ la 60 f
loading dye addedcach mixture was loaded ontol& w/v agarose gel containing &L of
Tris-acetate buffer, 1 of agarose (BioShop, #AGA00250) and ethidium bromide (EtBr). A
GeneRuler 1 kb PIu®NA ladder (ThermoFisher Scientific #SM1331) was also added as a
standard. The agarose gel electrophoreses ran onradi®ower Pac200 set at 100 mV for 45
minutes. Gel bandwere illuminated with a UV light source on an Alpha Innotech Alphalmager
HP gel documentation system.

An E.Z.N.A.® gel extraction kit (Omega Bidek, # D2500) was used to isolate purified
DNA from the agarose gel. The protocol supplied with the gel @idrakit was usedAfter the
extraction and DNA purification was complete, the concentration of digested DNA fragments
was measured with the Nanodrop NDOO at the wavelength for maximal absorbance of DNA
(A260).

For ligation reactions, a 3:1 molar ratbinsert: vector was determined using a ligation

calculator [fttp://www.insilico.uniduesseldorf.de/Lig_Input.html In some cases, a total
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reaction volume of 30 €L was wused. This requi
of which were determined using the HWOgKtion <c
Tris-HCI, 100 mM MgCI2, 100 mM DTT, 5 mM ATP pH 7. 8) and 1 gL of
(BioBasic #B11259 wer e added. The final vol ume was wo
When | ower volumes of vector and insert DNA s
was usedThis required vector andsert DNA solutions, the volumes of which were determined
using the ligation caldator. 2e L o f 10X ReacteilonofBuiTd4eDNANdI
(BioBasic, #81125) were added. THeaal volume was worked uptd02 € L wi t h Mi | | i Q
These T4 DNA ligase reaons were incubated in dfppendorf Mastercycler EBradient Son
a program that held the temperature diCléor 4 hours, and then lowered the temperature by
1°C every half hour until € was reached. A negative control reaction without insert DNA was
also run in parallel.

The following day, the ligation product and negative control DNA was transformed into

E. colicells and a minprep was performed (see section 1.1.3).

Il Constructing T-type Calcium Channel Chimeras

This thesis project involved the claaterization of snail LG& channel constructs with
Domain IV turrets from C8 . 2 ( U 13H2a:DIVi1 @ €a3-12b DIVy 1,iand LC@3- Dllg1 n
DIV y1.nOmar Mourad constructed LEa12b DIVy 1.nFrom this construct and the witgpe
LCa3-12a, | was able taonstruct LCg-12a DIVy1.nDuring my undergraduate thesis and

NSERC: USRA project, | constructed L@Ba Dllyi.nFrom LCg3- Dlly; and LCg3- 12b
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DIV y 1,1 was able to construct LG DIl 1 PIV g 1.nThe strategy for constructing these channel

chimerass outlined in the following Section 1.21.

I Replacing DIV with DIV 1 hin pIRESZ2 containing LCa,3- 12A

Swappng the DIV region from pIRES2LCa,3- DIVy; hinto pIRES2 LCa3- 12a
allowed for the creation of pIRES2Ca,3- 12a DIy 1 » The DIV region withn both of these
cDNA sequences is flanked by restriction sites, Sall and Mlul. The plasmids were digested with
SallHF #R313§ and Mlul ¢R019§ for extraction and ligatiom NEB Buffer 3.1 (see section
3.1.v). Digestion of both plasmids resulted in banat ~11600 bp and 233(p.oFrom the
digestion of pIRES2LCa,3-12a the band at ~11600 bp was extrdcterom the digestion of
pPIRES2 LCa3- DIV » the band at ~2330 bp was extracted. These two fragments were bound
together using the T4 DALigase reaction (see section 3)land then transformed int. coli
cells for cloning, isolation and purification of the plasmid DNA.

To ensure that theocrect construct was cloned, two separate diagnostic restriction
enzyme digests were done to fion the identity of the pIRES2LCa,3- 12a DIVy1 » The
enzyme used in the first reaction was Xhol (#R0146) in NEB Buffer BT2@3, because the
insertion & DIV 5 niptroduced another Xhol site. The positive banding pattern resulted in two
bands at ~7600 bp and 6290 Ame enzymes useith the second reaction were BamHF
(#R3136 and SaHHF (#R313§ in Cutsmart® Buffer (#B7204)The positive banding patte

resulted in two bands at ~7600 bp and 6290 bp.
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i Replacing DIV with DIV g1 nin pIRES2:LCav3- DIl g1 h L

Swapping the DIV region frorthe pIRES2construct LCa,3- DIV 1 ninto the pIRES2
construct LCg3- Dlly 1 nallowed for the creatioof pIRES2 LCa,3- Dlly1 hRIVy1 » The DIV
region within both of these cDNA sequences is flanked by restriction sites, Sall and Mlul. The
plasmids were digested with S&F (#R3138) and Mlul (#R0198) for extraction and ligation
NEB Buffer 3.1 (see section 3.).vDigeston of both plasmids resulted in bands at ~11600 bp
and 2330 bp. From éhdigestion of pIRES2 construct, LCalll;; , the kand at ~11600 bp
was extractedrom the digestion of pIRESénstructLCav3 DIV 5 the band at ~2330 bp
was extracted. Thesed fragments were bound together using the TADRNase reaction (see
section 3.1.y and then transformed int®. coli cells for cloning, isolation and purification of the
plasmid DNA.

To ensure that the correct construct was cloned, two separate diagessiction
enzyme digests were done to confirm the identity of the plRESa,3- Dlly1 nRIVy1 nhThe
enzymes useih the first reaction wer¥hol (#R0146) SalFHF #R313§ and Agel (#¥R0552n
Cutsmart® Buffe(#B7204). The insertion of DI\ ; Hntroduced another Xhol site. The positive
banding pattern resulted ands at-7600 bp, 310 bp, 1990 bp, 1110 bp, and 13 bp (rarely
visible). The enzymes used ihd second reaction were S{g¢R0133 and Agel(#R0553 in
NEB Buffer 1.1(#B7201). The positivebanding pattern resulted bands at-8210 bp, 265®@p,

2490 BP, and 550 bp
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1 Mammalian cell culture

Human embryoic kidney (HEK293T) cellswer e cul t ur e dmodified Du |
Eagl ebds me dsigna DE7DGYI&pplemented with hesctivated 10% fetal bovine
serum (FBS; Sigma#F1051), 1% sodium pyruvate (Sigm#S 8 6 3 6 ) and 250
penicillin/streptomycin (Sigma{P4458). Media was prevarmed in a 37°C water bath prior to
use. All manipulations of HEK293T cells were performed under a laminar flow hood. Fetal
bovine serum was heatactivated by a 56°C wateath incubation period of 30 minutes.

Human embryonic kidney cells (HEK293T) cells were received as a generous gift from Dr.
Christophe Altier (University of Alberta) and were subsequently ordered from the American
Tissue Culture CollectionATCC® CRL-11268F). ATCC® CRL-11268cells are constitutively
expressed with simian virus 40 (SV40) large T antigen, and clone 17 was selected for its high

transfectability.

I Freezing HEK cells

When the HEK293T cells were received from Dr. Altier (University of Calgany) the
American Tissue Culture CollectioATCC® CRL—1126§), they had to be cultured, passaged,
and then frozen for lonterm storage in liquid nitrogen.

The cells were received from Dr. Altier and the ATCC frozen in cryopreservation vials.
These cells wre thawed in a 3T water bath for 2 minutes. Prevarmed Dulbecco's Modified
Eagle's Medium (DMEM; SigmaD5796) was added drepise to the vials, sloly diluting

them with DMEM The slow dilution ensured that the cells were not sulgjeicteapid chages
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in osmotic pressureébecause this could damage them. Once diluted in ~1 mL of DMEM, the
cells were transferred to a tissue culture treated flask with a 2§romth surface Gell Star,
VWR International # 8205074) and diluted further to a total vohe of 7 mL. The flasks were
transferred to a HEPiltered 37C, 5% CQ incubator(ThermoFisher, Forma Series Il #3110)
and were allowed to grow for-8 hours. Following this brief incubation period, the media was
removed from flasks and replaced with fre&°C DMEM. The cells were placed back into the
37°C, 5% CO2 incubator and were incubated f& @ays (until the cells were ~80% confluent in
the flask).

When the cells reached ~80% confluence, they were transferred to larger flasks. The cells
were remoed from the incubator and the media was removed. Then, the cells were washed
briefly with 1 mL of 0.25% trypsin EDTA to remove any excB84EM; this was to ensure that
there was not any DMEM present to dilute the trypsin to concentrations of inaciv@yrypsin
was removed from the fl ask, a n(Sigma, #reono)wad 0 ¢ L
added to the flask, and then the flask was placed in @, %6 CQ incubator for 2 minutes.

After the brief incubation period the flask was removed frominlcabator and the cells were
viewed under the microscope to ensure that they were lifted sufficiently from the surfaee of th
flask. Then 6 mL of DMEMwas added to the flasks, and the cells wereotigitly mixed with

the mediaand transferred to a tisseelture treated flask with a 75 érgrowth surface Cell

Star, VWR International # 8205856). 11 mL of fresh DMEM was added to the flask (total
volume = 17 mL)This flask was incubated at %7 until the cells became ~80% confluent.

When the cells in th@&5 cnf TC-treated flask reached ~80% confluence, they were split
1:5 into 5 different 75 cATC-treated flasks. The procedure for splitting HEK cells was outlined

and visually demonstrated in a JOVE publicaii§enatore et al., 2011Following this protocol,
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the cells were split into 5 flasks each with a total volume of 17 mL of DMEM and then incubated
in 37°C, 5% CQ. When the cedl reached ~6@0% confluence a VenorGeM® mycoplasma PCR
test (SigmaAldrich # MP00%) was performed with a small amount of the media. The media in
the flasks was also changed at this time, and the flasks were incubated for an@théolgs.

When the cls in the TGtreated 75 ciflask reached ~90% confluence, the flasks were
observed using the liglmicroscope to ensure that there were no visible contaminants. The
media was removed from the flasks, and then washed with 10 m@fadifoclaved phosplet
buffered saline (PBS). The PBS was removed and then the cells were trypsinized with 1 mL of
0.25% trypsin with EDTA, and incubated at°@7for 35 minutes (view cells under the
microscope to ensure they have lifted off from the surface of the flasknL1of DMEM
without antibiotics was added to the flask, and the cells were mixed with the media by gentle
pipetting. The cells and media were then transferred to a 15 mL Falcon tube.

In a refrigerated Beckman Coulter Allegra 25R centrifuge (Beckman C&dieda LP,
Mississauga, Ontario, Canada) the cells were centrifuged at ~150 g for 5 minli€s Attelr
centrifugation, the media supernatant was removed from the Falcon tube and then 2 mL of
cryopreservation media (10% DMS@imethyl Sulfoxide, Sigma#D2650] 50% FBS, 40%
DMEM with no antibiotics) was added to the Falcon tube and the cells were resuspended, gently,
in the cryopreservation media. 1 mL of cells in cryopreservation media were transferred to
cryovials (ThermoFisher Scientifi¢z4000200) ad then placed in an isopropanol freezing
container (NalgeneE Cryo 1AC fdMr. Frostyo Fr
International #55716200). The cells, inside the freezing container, were placed iRSINE
freezer for ~24 hours. After ~24 s the cells were transferred to liquid nitrogen for ergn

storage.
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i Thawing HEK cells

HEK293T cells suspended in cryopreservation medaewstored inl mL aliquots,
frozen in liquid nitrogen for longerm storage. A new batch of HEXG3T cells wereused after
20 to D passagesiepending on the health of the cellne aliquot of stored HEK293T cells in
liquid nitrogen were thawed in a 37°C water bath rap{dty2 minutes) 1 mL of prewarmed
DMEM media was mixed with the cells and placed in 5 mwafm media in a 50mL, 25 ém
tissue citure flask (Cell Star,VWR International # 82051074). Afterwards, cells were
incubated in a 37°C COncubator for 34 hours tdfacilitate theadherace ofculturedcells. The
mediasurrounding the cellgerethenreplaced with 6 mL of fresh warm media &he cultured

cells wereplaced back into the 37°C G@cubator until fully confluent.

iii Cell culturing

The original protocol for HEK cell culturing and transfections wagptsthfrom a JoVE
online publication(Senatore et al., 2011although some modifications were made. Cells were
split birweekly from a monolayer that was ~8D% confluenttypically to a 1:8 dilution on
Monday and a 1:12 dilution on Thursddayowever, sometimes the cells were growing more
quickly and were split 1:20 on Monday and 1:20 on Thursday. The cells were split before they
were ~90% confluent and only to passage nusbbetween 2@B0 to ensure their
electrophysiological stabilityThomas and Smart, 2005)o split the HEK293T cells media
was aspirated and 1 mL of 0.25% psynwith EDTA (Sigma,#T4049) solution was added. The

flask was inverted and gently rocked by hand to hekattieh the cells from the flask surface
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and to remove any remaining DMEM (any remaining DMEM could dilute the trypsin solution)

Then the trypsh was removed and 80 ¢ L of tr ypsi nontwthescells pndthe ed di
flask wasincubated at 37°C, COncubator for 2ninutes. Afterwards, 6 mL of media was added

to the flask todilute andinactivate the trypsin, and the cells weresuspended and mixed by

pipeting up and down ~10 times. To achieve the desired split raiifeedt ratios of cells to

fresh media were added into a new flaskr maintenance, the cells were split at ratio of 1:8,

1:12, 1:16 or 1:20, depending on growétes and confluence. Faanhsfections, cells were split

to ratios of 1:4 for a sarrday transfection, 1:6 for transfections done the following day, and 1:8

for transfections done two days after splittidgl:4 split (for a sameday transfectionjrom an

~80-90% confluert flask weas carried out 4 hours prior to a transfection to allow dofficient

cell attachmenand recovery

iv Transfection of recombinant ion channels cDNA

A standard calcium phosphate protocol was used for transfections, which has been fully
described in an onlevideo experiment publicatiqenatore etal., 2011) Ty pi cal |y, 1e¢g
the ion channel cDNA in frame within an expression vector construct was introduced into HEK
cells, for a total of 10egg of DNA in 600 L o

Each transfection requires two 1.5 mL sterile microdemgfe tube, one containing buffer
and the other containing calcium ions. The ion channel construct DNA was added to a tube
containing autoclaved Mill,i Qf ovat@&rt aimal 3Wo lewn
This calcium ion/DNA mixture was added& second tube containing 3

The contents of the first tube was added drige to the HES buffer, and then the formation of
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calcium phosphate crystals was facilitated by blowingoabbles with a pipette into the tube
five times, and tan pipetting the solution to mix five times. The microcentrifuge tube containing
the calcium phosphate treated plasmids was left to incubate for 20 minutes at room temperature
before being added in a drepse zigzag motion [See JoVE vidéBenatore et al., 201J1into
the flask; the zigzag motion was to ensure that the local concentration of calcium phosphate
within the flask did not xert unfavourable osmotic pressure on the cells. Then, the flask
containing media was incubated overnight in a 37°G i@Cubator.

The next day, the transfected flask was washed three times with warm media to remove
the calcium phosphate solution, whicindaze toxic to cells after prolonged expos(ang and
Chen, 2006)The flask was inverted, and the old media was aspirated dadeépvith 6 mL of
fresh DMEM prewarmed at 37C. The flask was then slowly turned over, and rocked gently to
cover the attached cells with media, and then the media was removed. This washing procedure
was repeated three times, and then fresh DMEM wasdaidthe flask. The flask was placed
back into the 37°C Cg&ncubator for 24 hours, at which time the flask was transferred to a 28°C
CO; incubator for several days. Incubation at 28°C facilitated the heterologous expression of the
ion channel proteins,na limited the cell division of HEK293T cells. The time duration for
incubation at 28°C depended on the efficiency of expression of the particular ion channels being
expressed. Typically, snail LGachannels and the chimeras constructed from this chammel
ready to record two days after transfection. Hur@a8.2 andother co-transfected channels
required six days of incubation at 28°C before adequate expression was achieved for
electrophysiological recording. Successful transfections of 2 Channelsand chimeras derived
from LCa,3 were confirmed using epifluorescence microscopy, because afB li@@achannels

were contained in abicystronic vector pIRES2GFP which expressedenhancedgreen
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fluorescent protein (eGFP). a2 channels were d@oansfectd with eGFP in anodifiedpMT2

vector (PTRACER or pEGFRC1), so successful emansfections of this channel could also be
assessed using an epifluorescence microscrope. Cells emitting a green fluorescence when
exposed to mercury lamp excitation were anicatbr of positive transfection of the ion

channels.

v Plating transfected HEK cells for electrophysiological recordings

One hour prior to recording, transfected HEK cells werattiched from the flask by
trypsin enzymeThe same trypsinization procedwrsed to split dés in cell culturing (Section
3.11Liii ) was used here. However, after the 37°C incubation, the cells weuspended in 10
mL of fresh media and plated onto uncoated circular glass coveistigdectrophysiological
recording(FischerScientific, Circles No.Ii 0.13to 0.17 mm thick, size: 12mm, #5%2580).
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 placéddrnCa)3
incubator for one hour, to allow the cells time to recover from trypsinization and become

attached to the coverslips.
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IV Electrophysiological Analysis and $lutions

In preparation for electrophysiological analy§5,mm petri dishes (Falco#3109617) were
filled with an external bath solutioriThe external solution was dependent on the type of
experiment to be carried out, and will be specified in the sections below. Coverslips containing
attached cells were removed from the DMEM media coathin the 60 mm petri dishes prior to
recordings, and then the coverslips were lifted by tweezers into the petri dish containing external
bath solution. The ground electrode contained 1.25% agarose in 3M cesium chloride (CsCl)
filled with 3M CsCI. Pipette were pulled prior to recordings with a Suttet@0 micropipette
puller containing a trougbhaped platinum filamer{EB255B, 2.5 mm square x 2.5 mm wide)
for Glass outer diameter < or equal to 2.0nAm outer diameter of 1.5 mm and an inner
diameter 0f0.86 mm borosilicate capillary glass containing filament were used for pulling
pipettes (Sutter Instruments, #BF18615). Each pipette was fire polished with a microforge
(Narishige, #MF830). Internal recording solutions were used to fill the polispgkttes; like
the external recording solutions, the internal solutions were dependent on the nature of the
experiment being performed.

Whole cell patch clam recordings were performeat room temperature. Recordings were
obtained using an Axopatch 200B jlifier, sampled through a Digidata 1440a A/D converter to
a PC computer. The pifietresistance waset between-3 Mq . Only cell s with
resistance of <10 Mq, recordings with mini ma
were used for analysié holding potential 0f110 mV was set for all protocols employed in this

researchFor dl recordings, offline leak subtraction was carried out and data was filtered using a
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500 HzGaussian filter in Clampfit 10.9Microsoft Excel, SPSS, and Origin 9.1 were also used

to managend analyze the data.

i Characterization of basic kinetics

All recordings of basic kinetics for the channels studied in this thesis were obtained from
cells bathed in 3 mL of an external solution containidgghM CaChp, 160 mM
tetraethylammonium  chloride  (TEGI)  and 10 mM  42-hydroxyethyl}1-
piperazineethanesulfonic ac(HEPES), pH to 7.4 with TEAOH. The internal solution for
studying Ftype channel kinetics containdd0 mM CsCIl, 10 mM HEPES, 10mM ethylene
glycol tetraacetic acid (EGTA) 3 mM MgATP and OrtM LIGTP (pH to 7.2 with CsOH), and
was filtered through a Nalgee 0. 2 em cel |l ul ose acetate syri
#171).The internal and external solutions used in these protocols was described by Chemin et al.

for their recordings of human-ype calcium channel€€hemin et al.2002, 2001)

(a) Current-Voltage Relationships (}V) and the Kinetics of Activation and Inactivation

To evaluate the voltaggependent current responses of the channels in each cell
recorded, a voltagstep protocol was used. This protocol began at tsngepotential 0£110
mV and increased by 5 mV per step frebl@0 mV to +80 mV. Current traces were observed on
screen in picoamps (pA) and were saved in .abf (Axon Binaryfeilat. Offline, these current
traces were filtered and leak subtracted, sl data was used to determine curwsitage (}

V) relationships. This involved determining the peak inward or outward current at each voltage,
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and then normalizing these currents to the maximal inward current over the entire range of
voltagesteps (Imay. Plotting I/« for each voltage step produced aw turve. The peak of
this curve was noted as a distinguishing property of the channel kinetics.

To determine the activation profile of the channel over the given veltagee, the
whole-cell condetance at each voltage step was calculated. The whole cell conductance is the
rate of ions flowing across the membrane (presumably, through the channels)-célhole

conductance can be calculated from thédata using the equation:

_ I
71
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Where g is the wholeell conductance, | is the normalized current at the given veltage
step, MommandiS the command voltage at the given voltagep,and Ee, is the reversal potential
determined from the IV curve. The reversal potentigl,YEalso known as the equilibrium
potential, is the voltage at which the outward ion flux is equal to the inward ion fxhis
point, the detectable net flowf ionic currents through the cell membrane is z@&itee linear
portion of the 1V curve(for the channels studied herein, this was typically between +10 and +45
mV) was plottedo determine the slope (m) andngercept (b) using the equation y=mx ftle.,

a linear fit),and the k, was determined at the abcissa when y = 0.

After determining the conductance, g, at each voltage step, the conductance was
normalized to the maximal conductance over the entire range of vsligge (G = g/g.y-

Then, a GVrelationship was determined and plotted for each cell and. This was fitted to the

Boltzmann equation to produce an activation curve:
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V1 representsalf-maximal activation and ks the slope of the activation carv

Using the data collected from each curreoltage (}V) protocol, the timeo-peak
activation (ms) namnere alsa deteimmedcTinie-peak activation (s the
time required for the average channel to activate following a dégatian, which is represented
in wholecell configuration by the net of those currents producing a maximal (i.e., peak) current
for the trace. The tim&o-peak is measured as the time from the capacitive transient
(representing the onset of the voltasie) to the peak of the current trace in milliseconds. The
Uhactis @ time constant representing the decay of whellecurrent caused by inactivation of the
channels. It is a measurement of the time required for the activated channels within a cell to
inactivate tal/e e 0 x P e of th&irpeak state. It is meared as a function of the exponential
decay of a whokeell current, from the peak back to baseline (~0 current). The portion of decay

is fit to the following standard exponential equation in Clampfit 10.5:

fx)=8 Ae +C
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To determine the steagyate inactivation kinetics, another voltegjep protocol was
employed. This protocol involves a voltage stef0(mV) to peak (peak #1) followed by a
long period at a holdingre-pulse level {110 mV for 10 seconds). This provides a maximal
peak current measurement to be used in comparisons. Following the 10 second holding
period, the channels in the cell should be fully recovered from inactivation. Thenpalgge
voltage sep is applied, followed immediately by another step to peak (peak #2). The pre
pulses range from105 mV to-35 mV in 5 mV increments. The ppulse activates a
population of channels, and then these channels enter the refractory state of inactivation and
are unable to be recruited during the second step to peak. The current generated from peak
#2 is expressed as a percentage of peak #1, jxgMithere | is the current of peak #2 (after
the prepulse) andJaxis the current generated at peak #1. Thegylalues from each sweep
are plotted against the ppalse potentials for those sweephe fraction of maximal

currents generated from the steady state inactivatinguyise was fitted with the Boltzmann

equation
1
h(v)=+
a 'Vcommand' V1/2 6
g+re 8
Where Vi), is the halfmaximal inactivation and K is the slope of the inactivation
curve.
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(b) Recovery from inactivation

Recovery from inactivation measures the time it takes for the aveyagehannel to
recover from a refractory stat&he recorded cell is subjected to a depolarization step that
produces the peak current (i.e40 mV), which maximally activates ion channels (peak #1).
Following activation, the channels enter a refractoayesi.e. they inactivate. Then, after a given
recovery period, the cell wasibjeced to a second depolarization td0 mV (peak #2). The
durations of the recovery periods varied between sweeps; these periodgwese 10,25, 50,

100, 150, 200, 250,75, 500, 750, 1000, 1250, 1500, 2000, 2500, 3000, 35000, 4000, 6000, and
8000ms. During the waiting period between pulses, the ionméla recover from inactivaticat

-110 mV for 10 secondsThe maximal currents generated by peak #2 (following the eegov
period) can be expressed as a percentage of the maximal current at peak #1. This provides an
approximation of the proportion of channels that were able to recover from inactivation in the
given recovery period. In general, the relationship betweeprtportion of recovered channels

and the given recovery periods is fitted with an exponential function.

(c) Deactivation

Deactivation refers to the measurement of the rate of ion channel closure from their open
state.Due to the effects of inactivation ohet channels, measuring rates of deactivation is
achieved by measuring the rate of decay of "tail curré@tatbone and Lux, 1987; Matteson and
Armstrong, 1986) In the deactivation protocol, the cell is subject to a step depolanzadio

generate its peak currenivhich will results in maximal activation of thehannels. Once
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maximally opened, the cell is subjected to a range of hyperpolarizing steggfeiong
potentials. Because of the increase in driving forcewifhste t o | ower quoentent i al
is visible. At this point, inactivation has not occurred to any significant degreehso t
measurement of the decay of the tail current at rhifiehyperpolarized potentials is the rate of

the channels migrating from the open to the closed Gtatedeactivation)The hyperpolarizing
potentials used in this protocol were betweED mV and 0 mV in 10 mV incremeni&hetime

c onst @b from the decay of the tail currents are measured by a standard exponential

equation(Eg. 3)

-t/t,

f()=4 Ae +C

=1

These time constant§}{.) in milliseconds (ms) were plotted against the values of the

hyperpolarizing potentialis millivolts (mv).

il Investigating ion selectivity and permeability in Ca3 channels in HEK293T cells

In order to test the hypothesis of this research, it was necessary to conduct valid
experiments to determine the ion selectivity properties of theerlirand mutated voltaggated
ion channels. Ideally, these experiments could detect changes in monovalent ion permeability vs.

divalent ion permeability with high sensitivity and reproducibility, and could suggest
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mechanisms responsible for any changeseoked. Furthermore, the results of such experiments
had to be compared to the wilghe channels (LG&-12a, LCg3-12b, C§3.2), mutant channels
(LCa,3-12b Dllpc yand LCa3-12a Dl ),sand chimeric channel (LG2 Dlly, j that were
previously recordednd analyzed by Adriano Senatore and Wendy Guan. Three experimental
conditions met these criteria and were utilized for this research; these are permeability
experiments using GEANMDG" versus C&/Na’ external solutions, kibnic reversal potential
expeiments,and the [C&]ex doseresponse with 60 mM [N} - a modified version of the
anomalous mole fraction effect to detect changes in the degree that calcium blocks sodium
permeability at the por@lmers and McCleskey, 1984; Senatore et al., 2014)

The C&'/NMDG" versus C&/Na' permeability experiments and the experiments to
determine the calciurdependent block of sodium currents required perfusion. Theusa
external solutions were fed into different lines flowing by gravity across the cells, under the
control ofa Valvelink8.2® controller, with Teflon valvefAutoMate Scientific, BerkeleyCA)

usedto toggle betweethe solutions.

(d) Inward Sodium Permealility Experiments

The channels' permeability to sodium was investigated usirf/NBADG"* versus
C&*/Na" experiments. External calcium ion concentrations are kept consistent in both solutions
at 2 mM. In the presence of external calcium, high volatjeated calcium channels are
highly calcium selective, and lacking any permeability to external sodium ions. The degree of
sodium selectivity can be gauged in the substitution of sodium ions with equimolar NMDG, a

large, and weakly permeating monovalemt.i
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External solutions to measure sodium selectivity were perfused to transfected cells patch
clamp recorded in the whotell configuration to voltagsteps capable of generating peak
currents (i.e.-40 mV). These voltagsteps were repeated every 1@a@als, with a holding
potential of-110 mV between sweeps. While recording the peak currents, the cells were bathed
in C&'/NMDG" external solution or C&Na' external solution. A minimum of three stable
sweeps were obtained with each external solutidoréeswitching to the next solution. The
order of the solutions was altered from one recording to the next, to ensure that the sequence of
the solutions was not having an effect on pealent sizes observed. For example, if starting
with C&*/NMDG" and hen switching to CGd/Na" for one cell, then the second cell would be
bathed in CH/Na" first followed by CA/NMDG".

After collected the data for sweeps in each solution, the peak current of Ca2+/Na+ was
divided by the peak current of Ca2+/NMDG+ toeatetine the fold increase in current size when
Na+ is introduced. This provided an approximation for the inward sodium permeability of each
channel.

The solutions used in recording are summarized in Table
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Table 3.1 Inward Sodium Permeability Experiments: External and Internal Solutions

External
CaCl, NaCl NMDG" TEA HEPES
2 0 135 25 10

2 135 0 25 10
pH 7.4 with TEA-OH

Internals

# CsCl NMDG' EGTA* Mg-ATP Li-GTP HEPES

1 110 0 10 3 0.6 10

'pH 7.2 with CsOH

From(Senatore et al., 2014)

(e) Bi-ionic Reversal Potential Experiments

The btionic reversal potatial is used 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). In these conditions, the cell in whole

cell configuration is subjected to arVl protocol (Seesection 3.1V.i.d to generate a current

voltage (}V) relationship curve. The higher the permeability of the monovalent ions, the larger

the outward monovalent ion current compared to the inward calcument. The reversal

potential is a good indicator of relative permeability and is used as a factor in the following

equation (Eqg. 5) to calculate the approximate relative permeability.
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I:)Ca [X]| : ErevF (Np éErevF 6
= eX eXx 9
P, 4Cal, ToRT % TERT %

Where [X] is the cocentration of the monovalent ion, [Ca] is the concentration
for calcium,Eyi s t he reversal potential, F i s the
R is the wuniversal gas constant (8.31 J K

298K. See section.4.1.1on how to calculate E..

Four different monovalent ions were tested, lithium)Lsodium (N&), potassium (K)

and cesium (C3. See Tabl&.2 for a list of internal and external solutions.
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Table 3.2 Bi-ionic solutions for reversal potential experiments

External
CaCl, TEA-CI HEPES

4 155 10
pH 7.4 with TEA-OH

Internals
# CsCl NaCl Kcl  Licl EGTA* TEA-CI HEPES
1 100 0 0 0 10 10 10
2 0 100 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 where X=Cs, Na, K, or Li.
* pH 8.0 with XOH

From(Senatore et al., 2014)

(f) [Ca*"]exdoseresponse with 60 mM [N&] ey

The anomalous mole fraction effect was fiodtserved by Almers and McCleskey in

1984 with skeletal muscle from frog®lmers and McCleskey, 1984)The results of this

experiment are used to approximate the consequences of calcium mopstiog with sodium

ions for permeation through the pore. This experiment was performed to determine the degree of

calcium block of the sodium currenfThis study required the perfusion of differing

concentrations of external calcium solutions using aitgrdlow perfusion system. Solutions
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were prepared from lofiCa*]ex (1 X 10° M) to high[Ca®]ex (1 x 102 M), each inthe presence
of 60 mM external sodiumThe internal and externablsitions can be found in Tab®3. To
test which voltage step levgenerated the peak current, the cell is stepped to a range of voltage
close to its peak (usually +20 mV) in 10 mV incrementg¢e.g.,-65 mV, -55 mV, -45 mV, -35
mV, and -25 mV). This is because the channels within the cell respond differently to
depolaizations depending on the [€h, and this results in the peak occurring at different
voltagesteps depending on which solution the cell is exposedttes believed that differing
external divalent ion concentrations provide external ionic shieldiag) hiases the voltage
sensor, shifting the voltagdgependence of activation.

After a set of five sweeps, solutions were switched. To clarify, for example, the solution
of 1 x 10°M external calcium was washed over the cell for five sweeps {85gmVA -25 mV
in 10 mV increments) before the solution was switched. ddmeentratiosa of free calcium in
the  external solutions  were  calculated using the  following  website:

http://maxchelator.staofd.edu/CaEGTATS.htmThe peak current for each solution was divided

by the largest currerverall to obtain the fraction of maximal currefit {s,) value of differing
calcium solutionsThese I/hax results were plotted against [€, to visualize tle calcium

dependent block of the sodium current (at 60 mM external sodium).
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Table 3.3 [Ca2+]ex dose response with 60 mM [Na+}

External
inmM Ca’* free CaCl, NaCl EGTA HEPES Glucose
1 1x10°  0.01 60 1.246 10 26.3

2 1x107 1.00 60 2.236 10 20.4
3 1x10° 1.00 60 1.002 10 24.1
4 1x10%  0.10 60 0 10 29.7
5 3x10%  0.30 60 0 10 29.1
6 1x10°  1.00 60 0 10 27.0
7 3x10° 3.00 60 0 10 21.0
8 1x10% 10.00 60 0 10 0.0

pH 7.4 with TEA-OH

Internal

CsCl EGTA WMg-ATP Li-GTP HEPES

110 10 3 0.6 10
pH 7.4 with CsOH

From(Seratore et al., 2014)

iii Statistical Analyses

Numerical values in all electrophysiological experiments were compared using a
parametric one way ANOVA when three or more data sets were compared in BR&Sone
way ANOVA results were statistically sigreant, a StudeAtlewmanKeuls post hoctest was
performed and morted, unless otherwise statedAlternatively, a onevay ANOVA with
summary data was performed utlizing the free statistics calculator found at

http://www.danielsoper.com/statcalc/calculaaspx?id=43
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4. Results

Prior to the initiation of this MSc thesis proje€r. David Spafford and DrAdriano
Senatore isolated and characterized thgpe calcium channel from the pond snaymnaea
stagnalis which is referred to as LG& As a part of is doctoral thesis, Dr. Senatore discovered
that L. stagnalisexpresses two isoforms of the LBachannel, dubbed LG212a and LCgB-
12b (Senatore et al., 2014)Together, Dr. Senatore and Wiy Guan performed
electrophysiological recordings of LE&al2a and LC@B-12b with heterologous expression in
HEK293T cells, and determined that LGd 2a is essentially a sodiuselective channel, while
LCa3-12b is a more conventional-type calcium chamel with rlatively low sodium
permeability Sequence analysis revealed that the Domain Il extracellular turrets upstream of the
pore selectivity filter (or S® / L5 region) of these channel isoforms differ in length and cysteine
contribution. They are sb markedly different than the Domain Il turret sequences found in the
human CgB.1, Cq3.2, and CgB.3 channels.

Wendy Guan explored mutants in which the cysteine residues in Domain 1l ¢8 LCa
have been substituted with alanine residues (8d8a C yand LCa3- 12b pCy and a
chimera in which the Domain Il L5 turret of L¢ahas been replaced by the Domain Il turret
from Ca3.2 (LCa3- Dllg1 j..| created these mutants as an undergraduate in Dr. Spafford's
laboratory. Compared to the witglpe clannels, these mutagenized and chimeric channels

display significantly different ion selectivif{zuan, 2014)
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| Alternative Splicing in Domain Il and Domain IV

Dr. Spafford explored the transcriptome and genomic sequences of animals in all major
animal phyla and created sequential alignments @8 €Channels. Upon examination of these
sequences, Dr. Spafford observed that someriebrate organisms uniquely possie#s genes
for T-type channels (most organisms outside of vertebrates only havetgpe @hannel gene
This means that LG3 is not the only invertebrate organism to possess multiple versions ef its T
type channel (e., LCg3-12a and LCg-12b). Genomes from the organismsMécrostomum
and Strigamiag for example, suggest that these animals also possess two versions of3the Ca
channel, with differences in Domain Il (Figsrd.15 and 1.18 Like L. stagnalis,the Ca3
channel genes within these organisms are different in their Domain Il L5 turret sequences; one
versionisaticyst eine configuration (CxxCéC) in exor
and the otherisapentay st ei ne ( Cé Cx Cé Cx On)l1l2bawhicreinag averagat i n
of ~13 amino acids longé6enatore et al., 2014All nematodes have a different pentacysteine
arrangement (CxxC..C...CxC) in exon 12b.

Uniquely, species within # dass of anthozoas (e.g., coral and sea anemonesd
within the dassof scyphozoans §llyfish) have two Cg genes which are different from one
another due to variations in their Domain IV turret sequences. Anthozoans and scyphozoans are
within the ghylum of cnidarians. flese two different channel genes in cnidarians differ in the
size and number of cysteines in the Domain IV turret downstream of the pore selectivity filter (or
P-S6 / L6 region).Like in Domain I, the Domain IV sequences have corsgrpatterns of
cysteine residues (Figures 1.16 and L.Che version of the Domain IV L6 sequence has a di

cysteine arrangement (CéC) and another versio
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guatracysteine configuration (CxxxxxCxxCCRoth Domain Il L5 and Domain IV L6 flank the
sides of he reentrant pore (Figures 1.21, 1.23, 1.24

Given that, most commonly, invertebratetype channelsvith variable extracellular
turrets usually have two versions of either Domain Il L5 or Domain IV L&igthesis project
we explored thenfluences that Domain Il L5 and Domain IV L6 turret sequences might have on
ion selectivity and permeability. This was achieved by swappingdDJlturrets from calcium
selective human Ga&.2 channels into snail LG& channels to create chimeras. Through the
generation and analyses of turret chimeras we could evaluate the relative contribution of Domain
Il L5 and Domain IV L6turrets as determinants foalcium and sodium selectivity. The first of
these channels, LG&12b DIVy 1  was created by Omar Mourédh fourth year project student
in the Spafford labTurret chimeras with the Domain Il turret sequences cloned in®.Z4.e.,
Ca3.2-12a and C@.2-12b) are discussed briefly; these clones were created by Amrit Mehta,

MSc student in the Spafford lab.

Il Construction of LCa,3 Chimeras

Dr. David Spafford designed synthetic oligonucleotide cassettes to be inserted into
pBlueScript LCa,3 subclones. These oligonucleotides were ordered from BioBasic Canada. The
sequencesof these oligonucleotides can be found Appendix | After creation of the
pBlueScript LCa,3 DIV subclones, the LG3 inserts (now with the synthetic oligonucleotide
sequence in the desired regions) were cloned back into the full lengiB tONA sequeces
(in pIRES2eGFP expression vectors). For creating pIRESER LCa,3- Dllg1 hnRIVy1 hbe

creation of a subclone was not necessary. The final constructs were digested with restriction

95



enzymes, and then the digestion products were loaded into agatederggel electrophoresis.
The resultant bandingatterns are found in Figures 4.1, 4.2, arl All banding patterns were
as expectedbased on computer generated results in Gene Construction Kit (See Appendix).
Therefore, the results were positive @hd chimera LC&8 channel cDNAs were evaluated for

their ion selectivity and other characteristics in recordings of transfected HEK293T cells.
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12b DIValhL 12b WT
B T

Uncut Spel Spel Uncut
Xhol Xhol

1% agarose

Figure 4.1 Gel Electrophoresis Image after a Restriton Enzyme Digest of LC&3-12b
DIV 1 nwith Spel and Xhol

The successful cloning of LG&1 2b DI VU1hL was confirmed by
The cDNA of the fullength chimeric channel (pIRESGFR LCa3-12b DIVy; ) (was
digested with Spel and Xhol inuESmart ® Buffer from New England BioLabs. The wiighe
LCa3-12b cDNA was used as a negative control. Uncut cDNA was run in parallel for both
plasmids. The expected banding pattern is based on results obtained from Gene Construction Kit
Version 3.0. Theexpected bands for LG&12b DIVy 1 pdigested with Spel and Xhol are: 7610

bp, 3063 bp, 2639 bp, and 615 bp. The marker (M) is GeneRuler 1 kb Plus DNA Ladder.
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DllalhL
12b  WT  DlvailhL
[ e =« |

Uncut Scal Scal Uncut M
i . Agel Agel '

L S

L o+

Figure 4.2 Gel Electrophoresis Image after a Restriction Enzyme Digest of LG&-DIl g1 n L
DIV 1 nwith Scal and Agel

The successful cloning afCa3-Dlly 1 hRIVy1 nwas confirmed by restriction analysis.
The cDNA of the fullength chimeric channel (pIRES2GFRLCav3-Dlly; 1w PIVy1 ) was
digested with ScaHF and AgeilHF in CutSmart® Buffer from New England BioLabs. The
wild-type LCg3-12b cDNA was used as a negative control. Uncut cDNA was run in parallel for
both plasmids. The expected banding pattern is based on results obtained from Gene
Construction Kit Version 3.0. The expedtbands fol.Ca,3-Dlly1 hRIVy1 ndigested with Spel
and Xhol are: 8028 bp, 3198 bp, 2431 bp, and 241 bp. The marker (M) is GeneRuler 1 kb Plus

DNA Ladder.
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12a WT 12a DIValhL

[ T | R T
Xhol BamHI Xhol BamHI
Sall - Sall

——

B

| —

Figure 4.3 Gel Electrophoresis Image after a Restriction Enzyme Digestf LCa,3-12a
DIV g1 nwith BamHI and Sall, and Xhol

The successful cloning of LG&12a DIVy 1 h\was confirmed by restriction analysis. The
cDNA of the fultlength chimeric channel (pIRES2GFR LCav3-12a DIV, ) was digsted
with BamHI/SaltHF in CutSmar ® Buffer, and was digested in a separate reaction with Xhol in
NEB3.1 Buffer. The wiletype LCa3-12acDNA was used as a ndgee control. The expected
banding pattern is based on results obtained from Gene Construction Kit Version 3.0. The
expected bargfor LCa,3-12aDIV; ; ndigested with BamHI and Sadre: 7383 bp, 4343 bp, and
2201 bp The expected bands wikhol are: 760 bp and 631Bp. The marker (M) i&eneRuler

1 kb Plus DNA Ladder.
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[l Comparisons of lon Selectivity and Permeability

i Inward Sodium Permeability Experiments: Ca&#*/NMDG * versus C&*/Na*

In generalcompared to the wiltlype channelghe chimeric LCgB calciumchannels had
altered ion selectivity for calcium and sodiurhistwas readily apparent from the results of the
C&*/NMDG" versus C&/Na’ experments.For a summary of the results ofishexperiment,
refer to Figure 4. All values reported herein are averages * standard error of the mean (S.E.M).
All values can be found in the table in FigdréC.

The addition of C&/Na" led to an increasein currentsize for all channels investigated
and thefold-increase ranged from 1.27 @t09) in Cg3.1 channels tdl9.83 (= 0.71) in LCg8-
12a o@Cys. Of t h e,3.2hisiohparticularhinagpartared te the objectives of this
thesis because it wased as a donor in the turret swaps. Thg@Qachannel has relatively high
calcium selectivity, passing ~3/4 to 4/5 of its current as calcium ions,3tI2a, on the other
hand, is very permeant to sodium ions (~90% of the current was due to permedJjrigidthe
most sodium permeant of the wilgbe T-type channels under consideration. The [3ZEb
channel has a 2.53 fold current increase wheh mdplaces NMDG (50:50 C&" and N4).
Interestingly, the chimera LG23 DIl in IS more calcium selecty than LCg3-12a but less
calcium selective than LCavR®b (Guan, 2014) LCa,3- Dllan is almost exactly between
LCa,3-12b and LCg-12a in terms of current increase with an 8.09 (x 0.8) fold current increase
in C&*/Na" versus CA/NMDG" (passing ~ 3/4 of its current as Na+). This result was the first
in which we demonstrate that adding DIl and/or DIV turrets from the humghZthannel can
dramatically alter calciurselectivity in LC&3 (Guan, 2014)It should be noted that cysteite

alanine substitutionsn Domain Il resulted in significantly higher sodium permeability compared
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to the corresponding wiltypes. LC@3-12a @Cys (repl acement of troi
configuration in LCav3l2a) was the most sodium permeant channel, with airioleéase of
19.83 (£ 0.71) this is a significant increase over LGd2a (P<0.05). LG&12b Cys
(replacement of pentadgsne to monocysteine configuration in LGd2b with a current fold
increase 0f3.42 + 0.17 has significantly greater sodium permeability compared to,3-Cab
(2.53 N 0.1; P<0.01). See Guan 2014 for a com
Replacng the Domain IV L6 turret region of the Lgachannels with the Domain IV
turret from C@3.2 invariably resulted in decreased inward sodium permeability. Compared to the
wild-type LCg3-12b (2.53 = 0.1), the LG&12b DIVy1 nehimera has significantly gager
calciumselectivity (1.47 £ 0.04; P<0.01). For L@3&dl2a DIVy 1 the foldincrease in current is
6.52 £ 0.32, which reflects much weaker sodium selectivity compared teypedLCa3-12a;
LCa3-12a possesses a fdlicrease in Cd/Na” compared to & /NMDG* of 15.4 + 0.83
(P<0.05). Replacing the Domain IV turret sequence of the,3-O8 1 hnghannel with DI\G 1 , |
sequence created the douhleret chimera, LC3- DIlly1 fRIVy1 s LCaA3- Dlly 1 nRIVy1 nhad
a 3.01 = 0.13 foldncrease upon addition afodium ions, which is a dramatically higher
preference for calcium ions compared to LGaD8 1 1(8.09 = 0.8; P<0.01).
The current tracedyars, and table rows in Figureddare coloucoded according to the
DIl turret character of the channels, aht highlights the observations that all RRb channels
(orange) are more calcium selective than alFDdachannels (red). In Figures 4@ 4.13, the
relationships between the chimeras, deltateine mutants and wiype channels are explored
in greater detail. Organizing the datathe way presented in Figures 4®4.13 highlights the

changes that alterations in the turrets confer onto the channels.

101



LCa 3- 12a

LCa3 —— LCa,3 wi —

Ca31 Cad32 Cag3d3 oil_,, Div 2 oiv Dl Typs Acys

V *\/, Va ‘l/'lw,—« 1 Vo
100 FQAEL 100 pAL 100 pAL

25
Wopal 26ms ME 100 pA

|
I
|
I
i
25 ms !
25 ms i
100 PAL 100 pa| '
25 ms 25 ms :
|
100 pAL !
25 ms '
|

100 paL_
25 mg "

14

Fold increase in current
with [Ca”/NMDG']_, to [Ca”*/Na']

124 * 100 pA|
10 6 e 100 A
8 ns{ . 25 ms
INAE
4 Jm=9 tn=1qry =6 (n:m(g.i
24127 132 145 147
04l
P Al 5 £
S S
S e VC?A\,C?A SP
C
Increase SEM N
Ca3.1 1.27 0.09 4
Ca 3.2 1.32 0.05 11
Ca 3.3 1.45 0.08 6
LCa,312bDIV 1.47 0.04 6
LCa312b 2.53 0.1 7
LCa,3 DIy DIV 3.01 0.13 12
LCa,312bACys 3.42 0.17 8

LCa,3 DIl 8.09 0.8 7
LCa3-12a

LCa,3-12a ACYs

Figure 4.4 Results of Inward Sodium Permeabiliy Experiments in wild-type T-type
Channels, DeltaCysteine mutant T-type Channels, and chimeric Ftype Calcium Channels

(A) Representative -Tfype currents from wholeell patch clamp recordings, showing
current increases when 2 mM3%a135 mM NMDG (grey) is replaced by 2 mM G& 135 mM
Na’ (colours). (B) Bar graphs displaying sodium permeability of channels and resultswagne
ANOVA. (C) Table of average folthcrease in current when sodium replaces the impermeable

ion NMDG" (approximation of sodiurpermeability). SEM = standard error of the mean.
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i Bi-lonic Reversal Potential Experiments

Another method of investigating relative sodium permeability, besides determining the
relativefold-increase in current size in the presence of &ta C4" comparedo NMDG" and
Ccd”, is to conduct bionic reversal potential experiments. In this caseiphic conditions
involved measurements of monovalent ion flux (e.g.;))N& an outward current and calcium
flux (C&®") as an inward current. A relative changéhie reversal potential from a more positive
potential to a more negative potential reflects greater permeability of the outward transiting
monovalent ion. On the other hand, a relative change in the reversal potential from a more
negative potential to a m® positive potential reflects a dominance of the inward calcium current
relative to the outward monovalent ion (e.g.,"Naurrent. Quantification of the relative
permeability is calculated from the reversal potentials using tienta equation (Eq. $which
generates relative permeability values, reportec-g®Pwhere X is a monovalent ion (LiNa',
K*, or C3).

Representative traces of the curreoltage relationship (V) curves gathered from
recordings of LCg8-12a DIVy1 , LCa3-12b DIVy 1 hand LC&@3- Dllg1 hRIV 1 nid conditions
of 4 mM [C&"]ex and 100 mM [X]in, Where X is the stated monovalent ion*(L\a’, K*, or
Cs) are shown in Figure.8. Generally, the largest outward currents appear in recording$ of Li
and the outward currén progressively become smaller to’ CEhis is the case in the wilype
channels, aswellasinL¢al 2 a @Cys,3hAald dCys . .6l cuives gariveé 4
from recordings of the channels B2, LCg3-12a, LCg3-12b, LC43- Dlly1 s LCa3- Dllgne
DIVy1 s LCa3- 12a DIVy1 nhand LCa3-12b DIV hare shown. From theseM curves,the

reversal potentiafor each channelnder each set of conditions wedstermined. The relative
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permeabilities (calculated from the reversal potentials using theniai equation Eq. 5]) are
displayed in Table 4.

The relative permeability values, reported agf in Table 41, indicate the channels'
preference for calcium ions versus monovalent ions. All of the channels, except @3- LCa
Dlly1 n DIV 1 s follow Eisenman's ion selectivity sequen(i&isennan et al., 1967)with
monovalent ion permeabilities in the order of & Na > K* > Cs, corresponding to the
increasing crystal radii of the monovalent ions"®i0.60 A, N&d = 0.95A, K" = 1.33A, Cs =
1.69 A). LCa3- Dlly1 nRIVy1 nis unique in that it does not follow this selectivity sequence
perfectly, instead having a sequence 6f+K*a N-aCs.

The rank order of the channels in terms of average relative pdtityezdn be observed
in Table 41 as well, with tatistically significantdifferences indicated in Table24(oneway
ANOVA with P<0.05* or P<0.01**). Bar graphs constructed fromsthata can be found in
Figures 4.94.13, these visual representations make it easier to identify relative permeability
trends between conditions and between channels.

The R4/Pna relative permeabilities of the DbA nghimeras are significantly different
than their wildtype ounterparts (Tables 4.1 and J.@/ith the N4 internal solution, LCg8-12b
DIV 1 nig statistically more calciurpermeant than LG&-12b (R4/Pna values of 63.58 + 9.98
and 41.32 = 0.75, resptively. P<0.05). LC8-Dlly1 nPIVy1nlas a significantly higher
calcium permeability compared to L@&aDlly ;1 p,except when Kis the monovalent iofe.g.,
PcdPna Values are 70.19 + 3.66 versus 28.99 + 1.82, P<0.05), and is also significanthyntliffere
than the relative permeability values of LCalZa and LCava2b (P<0.01). LC&8-12a DIViy1 n L

also displays higher calciuselectivity in btionic conditions compared to LCai2a, where

104



Li* or N& is the outwaremoving monovalent ion. For example, thg/Pya, ratios for LCg3-12a
DIVy 1 andLCa,3-12a are, respectively, 41.98 + 2.35 and 32.01 = 0.71 (P<0.05).
Importantly, the B/Px relative permeability ratios of LG&12b DIVy1 hand LCav3
Dlly 1 nRIVy 1 nare not statistically different from those ©§,3.2 in most conditions (except for
PcdPx). The R4Px relative permeability ratios comparing the wild type channel8.Caversus
LCa/3-12b are, however, significantly differe(@uan, 2014; Senatore et al., 2Q1Ahe results
indicate that replacing the Domain IV L6 turret from L&a2b with the Domain IV L6 turret of

Ca 3.2 lead to higher calciuselectivity in the channel and make them similar tg3Ca
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Figure 4.5 Monovalent ion (Li*, Na', K" and Cs") permeability through chimeric T-type
Calcium Channels LCg3-12b DIVy1 , LCay3-12a DIVy 1 nand LCay3-Dll g1 nRIV 11 L

Inward calcium currents in 4 mM external calcium and outward monovaleyper
currents generated with 100 mM of internal Li+, Na+, K+ and,@&ieited by voltagesteps

from-90mV to +80 mV in 5 mV incrementsl(10 mV holding potendil).
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