Cloningand characterization of voltaggted sodium and
calcium channel homologs from
the singlecell choanoflagellateSalpingoeca rosetta

by

Amrit Mehta

A thesis
presentedo the University of Waterloo
in fulfillment of the
thesis requirement for the degree of
Masterof Science
in
Biology

Waterloo, Ontario, Canada, 2016

© Amrit Mehta2016



Aut hor 6s Decl arati on

| hereby declare that | am the sole author of this thesis. This is a true copy of the thesis, including
any required final revisions, as accepted by my examiners.

| understand that my thesis may be made electronically available to the public.



Abstract

We have isolated a complement of gene homo
species to -paotssck ssd)diadnrm a(@Ndl c ¢ ln athafl€paisngoeca r os
The isolated channel sTramame mbhaneamel 4 cBemg i4x
characteri-gatedoifomothagerel s and do not exhib
Transfection and expression of -23Th -&ehBf)nel s
cell s gendeptadiecutrtraegnatys .c oSddeosNaf or-aend 1831 ami
transmembrane protein of four repeat domains
Cédiselective sodium channedvegétebdbs ateuadi emathbus
structur al lly, sSi2moidNkaonstloeaMai ve i on permeabil ity
passage of both dival ent2 asned ensotniovvialye nfti litoenrs .n
produced to mimic.lnethrammmeall sy e rptroldruactees Ma hi ghl
excledsyi wasses mondv alodrets if @mmraca & réidrdanasmmenmob r a n
protein,expgqgesseshazwxilai armay i vyebunit, and is hi
not allow the padsd@aekosf odbaeéipemdetcOamamandyv
do
ch

es not exhilbaistt itnhge csuarntee n-tognpge hahaoh'as$ s tvi t ho
a
single cell Sahpamgflemgelnles bd @ep&€madent action p
a
v

rge carrier. We envi s-ggeethn@tdchahresel $ ofmol o

t h

mo

t signal bet ween cel |l s o fc eclhloua naorf |eavgeenitlsa, t eo

e me @t sofngilte fl agellum or <cilia.



Acknowledgements

| would like to first and foremost say thank you to Dr. David Spafford. You took a
chance on me when no one else woWldu spent countless hours designing PCR primers,
analyzing sequences and collected electrophysiology data, creating figures andag@éphs
developing strategies for making this project a suctésst enthusiasm for the research,
knowledge, guidance, and patience are what have brought this project to where it i¥ ¢oday.
pushed me whehneeded it most, and provided suppwehten it wasecessary. | am thankful for

your contribution in making me who | am today.

To my committee members, Dr. Warren Gallin, Dr. Moira Glerum, and Dr. Joe
Quadrilaterg as well as Dr. Cheryl Duxburyrhank you for taking time out of your busy
schedules to reaady proposal and my thesis. Thank you dsking the difficult questions,
providing guidance and support as a student and a pémsonld especially like to thank
Wendy GuanRobert Stephens and Julia Foxk taking me undetheir wings as a volunteer ah

teaching me what | needed to know to become successful in science.

To my lab mategenn Czekuand Cynthia QuanYou guystaught me things that science
could notand kept me sane when the science had other ifleask you to Priya JanGynthia
Quan Khevna Patel, Devon Travo, Ronak Salljathleen ZhangSumit Nakra Sunny Nakra
and all ofOSS

And finally my family, my mother and father. Your love, guidance and patience in me as
| pursue bigger and bigger ventures have been my strengths as kprodgn@pe to always make
you proud.To my brother, Arun, the evdasting competition between us has manifested in other

areas of my life and keeps pushing me to be theitesterything | do



Dedication

| dedicate this thesis to my mother, Neena may argue at times but the love and support
youdbve shown me is unparalleled. I can only h



Table of Contents
Aut hor 6s Decl aration
Abstract
Acknowledgements
Dedication
Table of Contents
List of Figures
List of Tables
Chapter 1 Introduction

1.1 The origin of animals in the Opisthokonts

1.2 The timeline for the evolution of the eukaryotes

1.3 Salpingoeca rosettas a representative of the closest
single-cell ancestor to the Metazoans

1.4 Cellular differentiation, life cycles, and sexual
reproduction oBalpingoeca rosetta

1.5 Prey capture and phagocytosis

1.6 Phylogenetic and molecular patterns

1.7 Structure of voltaggated ion channels

1.8 Function and biophysical properties

1.9 Voltagegated sodium channels

1.10 Selectivity filter

1.11 Rapid deactivation amdactivation

1.12 Unconventiona?2 fsodiumo channel

1.13 Voltagegated calcium channels

Vi

10
11
13
14
15

16



1.14 Ancillary subunits
1.15 Calmodulin regulation
1.16 Proposed functions of sodium and calcium channels ilesiafied organisms

Chapter 2 Methods

2.1 General cloning methods

2.1.1 mRNA treatment

2.1.2 cDNA preparation

2.1.3 Nested polymerase chain reaction

2.1.4 DNA agarose gel extraction

2.1.5 TOPCloning and sequencing of channel fragments
2.1.6 Atailing and pGEMT Easy cloning of channel fragments
2.1.7 Preparing electrcompetent E. coli cells

2.1.8 Bacterial transformation

2.1.9 Mintprep plasmid isolation

2.1.10 Restriction Digests

2.1.11 Ligation

2.2 Mammalian cell culture

2.2.1 Thawing HEK cells

2.2.2 Cell culture maintenance

2.2.3 Transient transfection of ion channel plasmid constructs
2.2.4Poly-L-Lysine coated coverslips

2.2.5 Plating of transfected HEK cells

2.3 Electrophysiology recordings

Vil

17

19

21

24
24

24

24

25

26

27

28

28

29

30

31

31

32

32

33

33

34

34

35



2.3.1 Electrophysiology solutions

Chapter 3 Results

3.1 Isolation of channel gene coding sequences
3.2 HEK cell expression

3.3 Activity of SroNa2

3.4 SroN&2 Permeability to monovalent ions
3.5 Activity of SroCal

3.6 Btionic analysisSroNa2 DEKA mutant

Chapter 4 Discussion

4.1 Salpingoe& rosetta channels as earliest eukaryotic homologs
4.2 Unique nosselective ion permeability characteristics of SrgNa
4.3 Change in selectivity with selectivity filter mutation DEKA

4.4 Functional role of the N2 channel family

4.5 Quintessential high voltagetivated calcium channel, SroQa
4.6 Functional role of the Sro(da

4.7 Future directions and considerations

Chapter 5 General Conclusions

References

viii

35

43
43

58

59

63

66

72

75
75

77

81

82

82

83

85

88
89



List of Figures

Figure 1.1 Phylogenetic representation of Opisthokonta

Figure 1.2 ife stages oBSalpingoeca rosetta
Figure 1.3Expanded transmembrane view of 4x6TM

voltageactivated ion channels

Figure 1.4Phylogenetic alignment @&alpingoeca rosetteation channels

Figure 2.1: Polymerase chain reaction strategy employing

introntspanning primer sets

Figure 2.2. Synthetic oligonucleotide for SreCa

Figure 3.1. Newly identified coding sequence in SkiNand Sr€a/l

Figure 3.2. SroN& Sequence alignment and neighbour % identity

cladogram

Figure 3.3. Selectivity and inactivation features of Sk@\a

Figure 3.4. SroGA Sequence alignment and neighbour % identity

cladogram

Figure 3.5. 8lectivity filter and calciurcalmodulin docking sitef SroCal

Figure 3.6.SroGéd al i gnment and
Figure 3.7 SroN&2 extracellular ion permeability
Figure 3.8 SroNa2 currentvoltage relationship
Figure 3.9 SroNa2 activationinactivation

Figure 3.10 SroNa2 Bi-lonic reversal experiment
Figure 3.11SroCal currentvoltage relationship
Figure 3.12 SroCal activatiorinactivation

Figure 3.13SroCal in Ba** charge carrier

Figure 3.14SroCal C&*vs. B&*

Figure 3.15SroNa2 DEKA mutation biionic reversal

phyl ogenetic

23
38

42

44
a7

51
52

396
60
61
62
64
67
68
70
71
73

r

ee



List of Tables
Table 2.1. SroN2, SroCal kinetic solutions

Table 2.2. NeNMDG experiment solutions

Table 2.3. Biionic condition solutions
Table 2.4: Primers used in nested PCR cloning of StoGatiibunit

Table 2.5: Primers used in nested PCR cloning of Stofcaubunit
Table 2.6: Primers used in nested PCR cloning of S@Natilibunit

Table 2.7 Primers used for sequencing of subunit fragments in
TOPO and pGert

Table 3.1. Biionic reversal potentials of Srohka
Table 3.2. Difference in SroChkinetics dependent on charge carrier

Table 3.3. Biionic reversal potential ofild-type SroNa2 and DEKA mutant

36

37

37
39

40
41

42

65
71
74






Chapter 1

Introduction

1.1The origin of animals in the Opisthokonts

Theappearance of a nervous system wasr event at the roots efolution of
multicellular organisms from single cell ancestors. For nervous systems to evolve, it required
specific ion channels, especially the voltagged sodiumand calciursselective channels, to
generate the electrical activity foeuralcommuncation and neurotransmissiahnerve
synapses In this thesis, | will describe our discovery of homologs of vokgafed sodiumand
calciumselective channels in the simplest extant organisms to have them, the single cell
choanoflagellates. Beforeqmeeding with an introduction to ion channels in simple organisms,
| will first explain why it is important for us to studyngle cell eukaryotes as a model organism

to gain insights into animal and nervous system evolution.

Understanding the roots of hamand animal evolution remains a topic of great debate and
source of curiosityor scientists and researche@ategorizing and defining th@ological world
rose independently in both the Eastern (Chinese) and Western (Greek, Roman) worlds thousands
of yearsago by theeffortsof early scientists such as Aristotle, Theophrastus, and Brunfels
Modernefforts in research have been put into uncovering the roots of our last common ancestors
on bothfundamentabrganismabndmolecular levelgFairclough et al., 2013; King, 2004; Lgn
et al., 2002; Nichols et al., 2@; Richter & King, 2013RuizTrillo et al., 2007; Shalchian
tabrizi et al, 2008; Tarvin et al., 201&Yatanabe et al., 2009nhconsistencies and gapsfassil
records lead to reconstructinthe identity of thedst common Mtazoan ancestoby observing
differences and similarities to extant spe¢i®srowiec et al.2015; Burger et al., 2003;
Fairclough et al., 2013; Love et al., 2009; Nosenko et al., 2013; Parfrey et al., 2011; Philippe et
al., 2M5; Richter & King, 2013Ruiz-Trillo et al., 2007) The current widely accepted
hypothesis suggests thdbmo sapiensanimals and many otheukaryotes, reside within a
singlesupergroup known as the Opisthokor{Richter & King, 2013RuizTrillo et al., 2008;
Torruella et al., 2012)The Opisthokontalade is divided into two sufproupst he o6 hol oz oad
6hol omycot ad, erceanpdsonotomi animdlsbunaisd iocludes
choanoflagellates, lsterea, ichthyospordkig. 1.1)(Paps et al., 2015; Richter & King, 2013)



The ability to discern, analyze and evaluate

done withot understanding thieindamentals that make them membgrghe Opisthokonta
Identifying the similarities and differences between membarshelp to establistelationships
in hopes to allow for a better understanding and possible predictions of basibgous

biological processes that may be integral or in some ways beneficial to life.
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Figure 1.1 Phylogenetic representation oDpisthokonta

Nodes represent a proposed single relative for branching outgroups. Choanoflagellates are
proposed at the mostosely related sister group to animals. Dotted lines indicate uncertainty in
relationships of early branching animals. (Adopted from Richter and King, 2013)

1.2 The timeline for the evolution of the eukaryotes

The methodsurrentlyemployedto study basal organismsake use of snilasubunit
ribosomal RNA (rRNA)and mitochondrial DNAbody patterning genes, body plan and tissue
specific genes, various enzyme encoding genes and otherabikers(Hedges et al2004;
Osigus et a).2013; Pakendorf & Stoneking, 2005; Paps et al., 2015; Sogin, 1991; Torruella et
al., 2012) Current fossil recordglace eukaryotic origins approximatel@@®million years, while
biochemically and moleculaterived estimates place the emergence and diversification of the
earliest eukaryotes at nearly 1900 million years ago (NHadlges et al., 2004; ehter & King,
2013; Wegener et al., 2011)



Fungi present the first divide in the Opisthokonta and create the dichotomy of holomycota
(fungi) and holozoa. Within the holozoa the ichthyosporea and filasterea (Choanozoa) appear to
represent the firadivergent sudineageswhile choanoflagellates divergeéxt and are more
closely related to metazoa(aps et al., 2015; Torruella et al., 2012)lomycotadivergence
estimates place them at just over 1,500 Mya, wbiiehyosporea, filasteresnd
choanoflagellatedivergedat later time estimatesf ~1,200 Mya(Bullerwell et al., 2003; Carr et
al., 2008; Parfrey et al., 2011; Richter & King, 2013; Wakefield et al., 20h@) remaining sub
group contains more than 1.3 millienh i g her 6 me niie detazoadt Anonalia  a s
(which includelophotrochozoa and deuterostomiandidentifiable norbilaterianmembers
including placozoa, cnidariantemophora and porifera (spond®)oran et al., 2015; Nosenko et
al., 2013)

Ichthyosporea, filasterea and choanoflagellatesoften grouped together because they
are ofterusedasmodel organisms for studying the origins of eukaryotic multicelluldRiyiz-
Trillo et al., 2007) Several research initiatives have screened and analyzed cellular
characteristics and molecular markers of these species and have consiafdigttitheir
relationshig as the closest relativestite Metazoa, or modeay animalgCarr et al., 2008;
Hedges et al., 2004; Nosenko et al., 2013; Richter & King, 2013; Shakztiani et al., 2008)
All currently acknowledged members of these grapgeear to at least divide through binary
fission but also posses the genes for sexual reproduction within their gefugas 2015)
Choanoflagellates have recently beaperimentallyshown to undergo sexual reproduction
marking the earliest signs of gendaediatedorocreationLevin & King, 2013) Several
representative strains within each species appear to share biological characteristics including the
ability to aggregate into a multicellular form, a flagellum (likely for movement) and a epong
like cellular morphologyhat is characteristics of choanocy{€arr et al., 2008; Glockling et al.,
2013; King, 2004; Paps et al., 2015; Suga, 20I5¢ presence of choanocytated aspects
provides the first evidence for a close relationshipdafera(sponge) a nonbilaterian
member oMetazoaDemospongiae fossils analyzed based on hydrocarbon sterane biomarker
content date the earliest pari& species at ~751 Mya, a time frame several million years prior to
early Metazoa fossild.ove et al., 2009)Poriferais an enigmatic groupf@xtant organisms.
Sponge genomes possess genes associated with a central nervous system (CNS) and neurons yet

they lack a centralervous system and maasitical CNS developmental genédoroz, 2015;

3



Watanabe et al., 2009he close relationship between choanoflagellates and metazoans has
been welsupportedmplying that theeukaryoticlast common ancestor was likedynilar to a
choanoflagellat¢Hedges et al., 2004; Paps et al., 2015; Richter & King, 2013; Torruella et al.,
2012)

1.3 Salpingoeca rosettas a representative of thelosest singlecell ancestor to the
Metazoans

The current accepted hypothesis places the first defiletazoaranimalsappearingat
a time over six hundred million years a@ichter & King, 2013) aproposedime whenunique
microbial eukaryotes (protists), mainly singlelled organismdjrst began taindergo a
Adi ver si f i c #éativauld evenkiglly lead o toeganismghat currently exist today
(Fairclough ¢al., 2013; Jekely, Z3B; Richter & King, 2013Ruiz-Trillo et al., 2007; Wegener
et al., 2011)One specific candidate has come to light witbrgg evidence as being closely
related to théast common ancestor of animgatlse choanoflagellat®alpingeca rosetta
(referred to asalpingoecaenceforth in this work). Choanoflagellates are considered by many
as being a sister evolutionary lineagehe Metazoaand their divergence from that lineage may
marka pivotaltransitioring point of multicellularity(King, 2004; Richter & King, 2013; Ruiz
Trillo et al., 2007) First characterized as part of tReterospongigamily due to its high degree
of structural similarityto sponge choatytes (porifera)Salpingoecas actually an extant
choanoflagellate with fossil records dating back to more than 1,200 million yeaf€aget al.,
2008; Richter & King, 2013; Wegener et al., 2013¢nome evaluation witSalpingoecdas
revealed a surprising numbef gene homologs present in higher species within the animal clade

that were previously thought to be exclusivertorecomplex multicellularspecies.

1.4 Cellular differentiation , life cycles, and sexual reproductiorof Salpingoeca rosetta

A unique characteristic @alpingoecas its ability to undergo several life stages
including three solitary stages; fast or slow swimming, and a singlattathed/anchored stage
(thecate), and two multicellular colonial stages; rosette colonies waki@nnections are

robust and resistant to mechanical stressors, and chain colonies with weaker intercellular

4



connectiongDayd et al., 2011; Levin2014)(Fig.12). A possible origin of ralticellular

coloniesof single cell organisms is illustrated in the observationdbi&inies form by cell
divisionand incomplete yokinesis, and not aggregatiqfairclough et al., 2010)incomplete
cytokinesis may have been a possible waytibaties evolvedfrom a single cell.The

membranes of adjoining celis Salpingoecaoloniesare continuous with each othes a result

of theincomplete cytokinesis, arelectron dense platebridging the cellprevent mixing of

cellular contentbetweeradjacent cell§Dayel et al, 2011) Salpingoeca rosettean colonize

into a rosette pattern, but this life stage transition requires a commensal bacteria that normally
resides withSalpingoecasuch as Bacteroide&|goriphagus machipongonengBayel et al.,

2011) A machinpongonensmoduces a @ype lectinlike protein that triggers the formation of
Salpingoecaosette colonieslreatment with antibiotics thaliminatethe commensal bacteria
prevent rosette formatiomhe gene responsible for rosette multicellularity has been identified in
a mutant strain odalpingoeca rosettmsensitive to the extracellular@pe lectinlike protein,
dubbed A R@eviaétal.e20lel)sIBedelationship thabalpingoecahares withA.
machipongonensigresents one of the earliest branching commensal relationships currently
described for an extant eukaryote. Such research in abaotdria relationships are of a

growing interest, especially as it relates to the hunmycrobiome(Ley et al., 2008)

Salpingoeca rosettdifferentiate into at least five distinct cell types, incluglthree
solitary cell types (slow swimmers, fast swimmers, and thecate cells) and two colonial forms
(rosettes and chainspalpingoecaellsarealsoobserved to transition from haploid to diploid
cell statewia fusion of male and female gametesesponse tan unenriched growth

environmeniLevin & King, 2013)



Figure 1.2 Life stages ofSalpingoeca rosetta

(A) Salpingoeca rosetta rosette colony. (B¥. rosettan chain colony (€D) Cells in surface
attached thecate stage-FESlow swimmers. Morphology more closely resembles thecate stage
(G-H) Fast swimmers, prominent flagellum. Unlabelled arrow indicates short ciliary collar.
cilia collar, T: thecate stem, S: skirt, f: flagellum, Fp: filipodia. (Adopted fixagel et al.,

2011)

1.5Prey capture and phagocytosis

Salpingoeca exhibits a commensal relationship in its native environmennaiity
strains of bacterjancludingthe BacteriodesAlgoriphagus machipongonensiad closely
related strains Thebacteriaareprey and a source of sphingolipids capable of inducing rosette
formation in the basal eukaryof&legado et al., 2012, 2013rey capture has beehserved in
the thecatavhere the oufacing flagellum beats in a sinusoidal pattern likely as a method to
draw bacteria towardsauhétodel In wi ePrepraftiiee y i &1 ¢
occursin therosette colony life stagas well. Reettecolonieslack a prominent collar skirbut
create a phagocytic cup that is capable of engulfing large bacterial prey and in some observed

caseslarge yeast cells such &accharomyces cerevisi@@ayel & King, 2014) Ingestion of



bacterium is restricted to within 700nm of the apical pole where large groupings of food

vacuoles exist.

1.6 Phylogenetic and molecular patterns

Phylogeneticstudiesusing small subunit and large subunit ribosomal Di@Arr et al.,
2008) mitochondrial DNA(Lang et al., 2002RuizTrillo et al., 2008) and fragmented whole
genome DNA(Fairclough et al., 2013jonsistently placéhe choanoflagellateas a closest

single cellpremetazoargroup to the human lineage.

The Salpingoecajenome is approximately 55Mb (mebases) and is comprised of
greaterthan 9,400 ortholog gene clustevgork by Fairclough and colleaguéz013)compared
these ortholog clusters to Metazdangi, and the sister choanoflagelld®nosiga brevicoliso
theorizethat Salpingoecanost closelyepresents the gene content of an animal precursor.

Salpingoecaxpresses genes previously thought to be specific to higher organisms within the

Met azoan cl|l ade. Genes i nv-ocatewvireadd aifoormo€céagsic ad hesi

cadherin are integr#o multicellularity and are identified i8alpingoecgDayel & King, 2014)
Tyrosine kinases (TK) and associated receptors, and vaj&tge ion channels, including
calcium (Ca) and sodium (Ng channelgFairclough et al., 2013; Fairclough, 2011; Moran et
al., 2015; Moran & Zakon, 2@1 Nichols et al., 2012)Salpingoeca has a voltagated sodium
channel (N&), a high voltagectivated calcium channel (da and a low voltagactivated Ce8
calcium channel.These channels are involved in neuronal signalling, pain senseig&ee),
muscle contraction, and neurotransmitter release amongfottationsin higher animalsmany
of which arefunctions that are not preséntsinglecelled eukaryot® Studies of these sodium
and calcium channels Balpingoeca rosett@ill provide insights into the roles that these ion
channels played before the advent of multicellulafityese channels are thfe most distaréind
basally positionedalcium and sodium channel homologs, which provides opportunities to
evaluate the difrent structure and functional features related to key ion channel functions such

as their calcium and sodium selectivity, their voltage and drug sensitivity, and kinetics.



1.7 Structure of voltage-gated ion channels

The ion channel superfamily membere divided based on their respectpermeant
ions; calcium (C#), sodium (N&), potassium (K), and/or chloride (C) ions and are denoted
Ao, whle@® pr esents pr i mar -woltage. mhe first expedment@ln a n d
evidence for the structure afmember of the superfamily of ion channe&s achieved by Doyle
and colleague@oyle et al., 1998)vho resolved the crystal structure of thevard rectifying
potassium channel (i from the Actinobacteriunstreptomyces lividarts a resolution of 3.2
angstromsx). Since then other research teams have been ablgherfisolate the crystal
structureof a member of th&hakerfamily K* channelLong et al., 2005and of a bacterial
voltagegated sodium channel froArcobacter butzlerio a resolution of 23 (Payandeh et al.,
2012) All resolved ion channel structures serve as a template pretetions on the structures

and mechanismsf other ion channels.

Ca, Na, and K channel typepossess homologuscore protein structure and have the
ability to interact with auxiliary subunithatcan affect functional channel expression patterns
and kinetiégatingpropertiegCanti et al., 2003; Dge et al., 1998; Fang & Colecraft, 2011;

Lory et al., 1992; Moran & Zakon, 2014; Murakami et al., 2002; Simms & Zamponi, 2014;
Spafford et al., 2004; Wiser et al., 199@)he ability to differentiate and allow or block certain
ions is attributed tthe channebselectivity filtersandextracellular turretlomains linked to the
conductionpore(Catterall, 202; Favre et al., 1996{ille, 1975; Krauss et al., 2011; Senatore et
al., 2014; Senatore et al., 2014; Stephens et al., 2015; Yamagishi et al., The30reforming
U-suburit of Ca, and Na channels consistsf 24 transmembrane helices, a four homologous
domain protein comprised of six transmembrane helicesS@er domain (4x6TMhat are
connected via intedomain linkers that protrude into the cell, along with theahd Gtermini

(Fig. 1.3. TheU s u Is thegrimary conducting component of the ion channel protein and in
some cases is capable of full functional egpi@n wthout any associateduxiliary subunit The

four domain architecture is proposed to have risen from two rounds of duplication of a 1Xx6TM
channel, and resulted in domapairing pattern where Domaindll and Domains HIV are
moresimilar than the otherStephens et al., 2015Fach homologous domain is divided into
two distinct functional components, a voltage senwonain(S1-S4) and a pore domain (5.

The pore domain contains a shorerrant loop, the posleop or Rloop, between S5 and S6

ov



segments that is responsible for forming the extracellular component of the poresSvaiie
S6 formthe narrow intracellulafacing portion(Catterall et al., 2007; Senatore et al., 2014;

Senatore et al., 2014)
DI QP DIl qp DI qp
3 K 2

DI

-1l linker -1V linker

Figure 1.3Expanded transmembrane view of 4x6 TM voltagectivated ion channels

Eukaryotic voltageactivated calcium and sodium channels formed by a single peptide divided
into 4 Domains (DIDIV) of 6 transmembrane helices. Red indicates volsagesor helices;

green indicates pore helices. Indicated residues represent locatioecoi/gglfilter residues in
calcium and sodium channels (dgamily filter depicted)

The ability to, and the physiological mechanics for conducting ions through the channel
have been theorized by Eisenn{&msenman, 1962; Krauss et al., 20Jisenmarproposes that
monovalent alkali ionact as charged spheres that must coordinate between attraction and entry
i nt o a c¢ hannaite@aningparnhoda hgdgatioa sh€isenman, 1962; Krauss et
al., 2011) These two states are constantly in competition as a single ion must shed parts of its
hydration shell in orelr to fit into the binding site of its channel. This is one way that channels
are able to differentiate between extracellular ions; the correct ion will have the greatest affinity
forthechana | 6 s b i n d iadeguats iedugionafdetionstateand resultant size.

Ei senman defined the binding site of ions as
which correspond to a small or a large ion sphere, respectively. The purpose of the proposed
model was based on the theory first propise Hille who theorized that ions face barriers to

diffusion and must coordinate in a manner that maximally reduces such barriers in order to pass

through the hydrophobic membranes of cells at rates nearing free difftilien 1975)



Before ions are able to enter the high or low filebngth site they must first overcome
the barrier of th@uterselectivity filter and an extracellular turr@tephens et al., 2015he
turret of an ion channel is likened to an extracellular dome that contributes to passing or blocking
of specific ions. Bothhe selectivity filter and turret are retained within th&ps of each
domain of the ion channel. Thetdrminal end of each-Bop, closest to S5, first extends up
over the protein and forms a ehige structure (Hoop turrets are joined in a pairwisgnner
with the opposing domain; EDIII, DIl -DIV). The pore loophen descend® thepore helix
which ascends tforming the narrowest extracellular facing constriction point where key
selectivity residues resid&tephens et al., 20159)he narrowest amino acabntributing to the
selectivity filter are 4 key amino acid residue side chains, one &achdomainP-loop, that
function cooperatively to highly regulate the ion selectivity of the channel. Calcium channels
selectivity filter are an EEHEDEE configurdion and sodium chamhselectivity filters are
DEKA, DKEA, and DEEA(Bendahhou et al., 1999; Boda et al., 2015; Borowiec et al., 2015;
Sands et al., 2005; Stephens et al., 20B8)h the extracellular turret and selectivity filters are
variable and highly influence ionic selectivity both independently and cooperdi8aatore et
al., 2014; Senatore et al., 2014; Stephens et al., 2015)

1.8 Function and biophysical properties

Voltagegated channelsonductions, possessegulatory gatesandare modified by post
translational modification such as phosphorylation or regulatedikyiary subunits or other
proteins (Catterall et al., 2007)Voltage sensodomains(S1-S4) are positioned laterallgnd
outward from the central pore and are responsible for degechi@nges in membrane voltage.
The S4 segment of the voltage sensor is composed of a repeating motif of a positively charged
amino acid residue in every thipbsitionof the channgbore gate¢Catterall et al., 2007)
Recordings of gating currents and the modeling oftaliged ion channels in different
conformations haprovideda hypothesis that the S4 segment, upon membrane depolarization,
moves outward (towards the extracellular region) in a helical or corkscrew nBtaarilla,
2000; Payandeh et a012) Gat i ng charges denoted O6R26 and

0

negatively charged clusters while an O6R406 cha

charged cluster in a manner that stabilizes the voltage sensor domain during the conformation
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chang that occurs with the movement of the S4 segment during depolariz&8gments S1,
S2 and S3 provide a set of countbiarges that interact with S4 charges as the S4 helix
corkscrevs up and down the membrafiayandeh et al., 2012)

lon channelatingis assessed by looking at kinetic properties such as activation,
deactivation and inactivatioActivation and deactivatioim sodium and calcium channetsfer
to the opening and closing tifesechanned in response to membrane depolarization and
repolarization, respectivelfCanti et al., 2003; Catterall, 2012; Gerster ¢tl#199; Senatore et
al. 2012; Simms & Zamponi, 2014pactivation however refers to refractory sttiat the
sodium or calcium channel entdodlowing a prolongedchannebpeningduring accumulative
membrane depolarizatiorin this state theodiumor calciumchannel is no longer able to
respond to angepolarizingstimulus regardless of its amplitydend its recovery from
inactivation is facilitated by hyperpolarizatioMormally inactivation is a process that
accumulates during rapid trains of action potential spikes, which in whole cell patch clamp
recording, is evaluated by the rate of change (tau of inactivation) of the decaying current during
prolonged voltage stem$amped to depolarizing potentials. Deactivation is measured in whole
cell patch clamp as the rate of channel closure (tau activation), uponaieshavwrapid
depolarizing stephat opens channeld he ativation ismeasured in whole cell patch claragp
the time to peak current, or the slope of the current increase to peak ovaetineupon
depolarizing voltage steRecovery froninactivation is measured as the percent fractional
recovery of maximal peak current size after time intervals hasegaster a protocol that

depolarizes ion channels to maximal (100%) inactivation.

1.9Voltage-gated odium channels

Two classe®f voltagegated cation channels include the sodsetective (Ng channels
and the calciurselective (Cg channels. Yltagegatedsodiumchannels have been found to
predate the divergence of animals, choanoflagellates and fungi by their presence in apusozoans
(Cai, 2012, Liebenskind, 2011). The apusozoans are a group of small heterotrophic flagellates
that are proposedsa sister group to the Opisthokont superfamily in several molecular
phylogenies (Cavalieemith and Chao, 1995, Paps et al., 20TBecamonas traherfa

representative organism of the apusozoans) possefka@sdmmain lmmolog of sodium
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channels, TtrN&, an Na@2 family sodium channel that is also founccloanoflagellateand
most norvertebrate animal$ut missing in fungia sister group to the anim&{Sai, 2012). A
key determinant for ion selectivity is the single residue in the selectivity ¢dtetributed by
each of the four domains located as the most constricted point of the aqueous. paieens
selectivity filter key amino acids are DEES, amchilar to Salpingoecaosetta(DEEA), where
DEEA is the configuration of almost all NMachannelgCai, 2012). While Nav2 channels
possess DEEA selectivity filters typically, all Navl channels have a lysine residue in either the
second position (DKEA, cnidama) or the third position (DEKAall noncnidarian Navl
channels in metazoansNa,2 channels areelatedto Navl channels witanoverallhomology
including their genomic structure with twenty intron splice sit@sserved in all N2 and Nal
channels DEEA Na2 channeldikely predate N@l channels, since M2 channelsre present in
single cell choanoflagellateshile DEKA/DKEA Nayl channels are only present in more

advanced, multicellular organisms with nervous systems (ggaréans and other metazoans).

The choanoflagellat8alpingoeca rosettpossess the most piitiwe Na,2 sodium
channel with a DEEA selectivity filter. This homolog represents the most DE&A sodium
channel to arise following the anird@ingal split, and may be th@ogenitorfor the evolution of

otherNa,2 and Nal sodium channel genes withihe Metazoa.

Voltagegated sodiunand calciunthannels are postulated to have evolved as a result of
gene duplications af one domain chaehsuch as gotassium Kchannel Sodium channels
areresponsible for the rapid rising phase of nerve, muscle and endocrine cell action potentials
(Catterall et al., 2007; Hille, 2001; Hodgekin & Huxley, 1952; Lipkind & Fodz2008)and
calcium channels play a role in excitability and activation of calcium dependent intracellular
processesSodium channelare divided into two distinct groups, Nachannelscontaining 10
genes in human®Na/l1.17 Na/1.9 and NaX), and Na channelswith only one gene in most
invertebrates to more rarely, as many as foambers (N2.117 Na,2.4) in Anthozoa(e.g.sea
anemone) cnidariand N many ¢ a ssabsnitgohtlee sadiom ahankkl are sufficient for
functional expression butill possess the propensity to be modulated by auxiliary subugith (
subunits). The two subfamilies are distinguished from another in several ways, including
expression patterns, selectivity filters, ion conductance andlinaiing propertie¢Boda et al.,
2015;Catterall, 2012; Gur Barzilai et al., 2012; Watanabe et al., 2dB&)ression patterns of
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thevertebratdl subunits are tissue specific where,N&-Na,1.3 and Nal.6 are the primar
channels of the central nervous system, and Md\Na,1.9 are found in the peripheral nervous
system. Ngl.4 is abundant in skeletal muscle, andINais located in the heg€Catterall,

2012) Theappearancef a highly sodium selective channel is hypothesized as the trigger for the
evolutionof nervous system The first class of organisms identified to possess a nervous system
arein thecnidarians an example of which igllyfish containng a centralized ring of

interconnected neurongth sensory and motor neurof@®nderson & Spencer, 1989; Mackie,

2004; Spafford et al., 1996; Spencer, 1979; Spencer, Y98tanbe at al., 2009Na,2 sodium
channeldiffer functionally fromNa,1 channelsn lackingrapid N-type channel inactivation

kinetics ofNa,1 channelsprimarily influencedoy a put alt iifdrided ldytthe n g e d
intracellularlll -1V linker connecting Domains Il and IVThey alsdack a lysine in the

selectivity filter that engenders sodiwsalectivity in Nal channels, expressed J2achannels to
dateare nonrselective allowing G4, B&*, Na" K* to pass through the pqfong et al. 2015;

Gur Barzilai et al., 2012[Zhang et al2011) Functionally expresseda,2 channels have
significantly slower kinetics of channiglactivation than classical Machannels that generate

nerve action potentials suggesting that a | ack of aonihinge

may be lacking in N2 channels.

1.10Selectivity filter

Based on crystal structure architectaralysis, the selectivity filter creates the tightest
bottleneck of the channel pore of approximately 3.1 x Svthich leads into a highly
electronegative conduction pathway that allows the movement of partially hydratahbla
(Hille, 1975; Krauss et al., 2011; Payandeh et al., 208 Major difference between Naand
Na,2 channels lies within their selectivity filters, which then lead to dramatically different ion
permeation kineticd\Na,1 channels are only found expressed in vertebrates, and possess the
selectivity filter of DEKA or DKEA which makes the members of this groigplly selective for
sodium ionswhereas N& channels have only been identified in invertebrates and possess
selecivity filters of DEEA or DEES and thus far beeshown to be nowselective(Gur Barzilai
et al., D12a; Moran et al., 201Stephens et al., 2015)he difference between tlselectivity

filtersliesin the presencéor absenceof a lysine residue in either secomdthird position of the
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filter, where substitution of the positively charged lysine residue results in dramatic alteirations
channeproperties including sodium igrermeability(Favre et al.1996;Kim et al.,1993;

Lipkind & Fozzard, 2008; Yamagisht al.,1997) Mutationsof the lysine residua the rat
muscleNa,1.4 sodium channalesults in a shift of the currembltage (V) relationship of
channel opening and peak current to a more depolgpzsitivedirection, ancchanges in ion
permeability ratios for KNa" and C&*/Na?* to favor passage of ions other thstiumionsas
the dominant charge carridvlimicking thecalciumchannel selectivity filter (DEKA4 EEEBE
results in a calcium permeant chanfidtinemann, 1992Jurthermore, substitution of the basic
charged lysine (DI) with an equal basic chargeganine (R) does not maintaisodium

selectivity over calcium ionandallows potassiunto permeatéFavre et al., 1996; Heinemanh e
al., 1992) It may relate to atabilizing effect of the charged lysif@lll) anda catoxyl group
from the adjacenglutamate(DIl) residueto the selectivity filter glutamate residuéth the
hydrated sodium iom the poreo create an energetically favourable binding @iipkind &
Fozzard, 2008)

1.11Rapid deactivation andinactivation

A definitive characteristic of sodium channels is thepid opeing andclosng, in that
oncesodium channels open upon membredapolariation,channekonductance is quickly
minimized (<4 ms) by g 1] rapid N-type inactivation and2] slowerC-type inactivation(Kass
2004; Vandenberg & Bezanilla, 1991Activation, deactivation and inactivation are voltage
dependent gating mechanismstivation isthe state ofchannel openingnd cactivationis a
stateof channel closing Inactivation is thetate where ahannebecomesefractoy to reopen
(Catterall, 2012)

The opening and closing is evident in single channel recordings, where channels flicker
between different opening and closed states. The opening (activation) and closing (deactivation)
states are related to occlusion or extension in diameter of thewgolea slow pore collapse is
considered to be associated with a slowy@e inactivation.A fast N-type inactivatiorof
sodium channels iegulated outside the pore domaingy 6 cappi ng offé of the
of the conduction pathway by the iatellular linker connecting domains Il and; e rapid
inactivationmechanismhas been | i ki n@dtterallp2012; West ét al.g1992)
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Once occluded the channel efnactoy (inactvated)for a period of time A threeamino acid
cluster (IFM lle-1488, Phel489, Met-1490)in the IlI-IV linker (West et al., 1992nteract with
docking site residues located on linkers betweesS4f domains 11l and 1V (AL329]l11],
Asp-1662[1V]) (Goldin, 2003; West et al., 1998) the rat Nal.2 channel Injection ofa
protease in the cytoplasfArmstrong et al., 1973)r mutating residues of the IFM motiésults
in abolishment of inactivation during depolarizati®est et al., 1992and alteringheresidues
of S4S5linkerss er ving in the receptlalsntoasidwercharmel put at i\
inactivation(Smith et al., 1997)Nervous systemsncode informatiom the rate of generation
of action potentials So the appeance of elements on Nasodium channels that allowed for
fast action potential spikes was a key requirement for evolution of nervous sy&tangdenberg
& Bezanilla, 1991)

1.12Unconventionalii s o d icliamrmel, Na,2

Many invertebrate species possess a singié blaannel homolog, that is representative
of the ten Ndl channels isolated in mammals including humans. Besides.archinnel,
many invertebrates possessed a different sodium channel gene not present in vertebrates dubbed
Na2. The first N@2 channel wassolatedfrom American cockroactBlattella germanicand
functionally expresselly Ke Dong inXenopusocytes Blattella Sodium Channel (or BSC)
bore a likeness to close homolog DSC1 which was functionally characterized from the fruit fly,
Drosophila melanogasterOutside of insect$our different Na2 channel homologs dubbed
Na2.1to Na2.4, were cloned andharacterized from sea anemadwematostella vectensisrhe
sea anemone Machannels, as well asglinsect ones characterized pegmeable tdoth
calciumions andmonovalent sodium and potassium ipaisdpossess the DEEA selectivity filter
(Gur Barzilai et al., 2012; Zhou et al., 2008ubstitution of entire {ioop regions, the short 2
helix segment that connects transmembrane helices S5 and S6 and harbours selectivity filter
residuesfrom anothem. vectensishannel NvNg2.5 with the selectivity filter DKEAesults in
greater monovalent ion selectivity than substitution of selectivity filter residues (@aine
Barzilai et al., 2012a)n contrast to the rapid nature of M&inetics,the insect and sea
anemondNa,2 channelsctivate and inactivate at much slower rates requuptp 40ms to

reach peak conductanaad remain open for a significantly longer perfe800ms) (Dong et
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al., 2015; Gur Barzilai et al., 2012; Song et al., 2004; Zhou et al., 26d4dthermorethese
channels possess alVinkkFlloa o ta ff ti me tfhleRh MO Imhdt i f
and appear to besistant to tetrodotoxin (TTX), a potent sodium channel blocker routinely used
asamarker for sodium channg|Song et al., 2004; Zhang &it, 2011)

Thus farDSC1 mutants irosophila fruit flies reveal that N&@ channels argvolved
in odorant sensin{Kulkarni et al, 2002)andinvolved intheneur al circui ts of tt
systemd t hat -omfégttiresporeseimbrosbphila@hanglettal., 2013he Na2
channel genes sea anemondematostelldnave been shown to be spatiotemporally expressed
during developmentThe form and function of N& channelss not well understood, outside
what little we can infer from a ¥e studies in insects ktjie Donggroup(Dong et al., 2015;
Zhang et al., 2013, 2011; Zhou et al., 20@4Jl a study in sea anemoneNdgrangroup(Gur
Barzilai et al., 2012b) In this thesis, we describe the chareeg&tion of an Na channel with a
DEEA selectivity filter, from the simplest organism known to have aj2 dhannel, the SroN2

channel from the single cell choanoflagell&alpingoeca rosetta

1.13Voltage-gated @lcium channels

Voltagegated calciunthannels are a different grouprefated cation channedsd play
centralrolesin neurotransmitter transmissiomuscular contractioand pain sensatigi®imms
& Zamponi, 2014; Yu et al., 200®€0x & Dunlap, 1992; Huang et al. 2010; Murakami et al.,
2002; Weissgerber et al., 2006oltagegated calcium channels are segregated into two
categoriesHigh VoltageActivated (HVA) and Low Voltagé\ctivated channels are activated
by depolarisations to high voltages or lower voltages closer to resting membrane potentials,
respectivelyBean, 1985)Simms & Zamponi, 2014HVA channels are comprised of 7
membersn vertebratesCa1.1-Ca,/1.4 (exclusively ktype) and C&.1-Ca2.3(N-, P/Q, R-
type), while LVA channels are a-ember familyin vertebratesCa3.1-Ca,3.3 (T-type).
Alongside differingvoltagesensitivites andinetic propertiebetween calcium channels types,
they aredistinguished by blockadgsingdifferent classes of drugs, pemland natural toxins.
L-type channels are susceptible to modulabga class of drugs known dghydropyridines
(Catterall,2011; Hofmann et al., 2014; Senatore et al., 20CH2 group channels (C& 171
Ca2.3), while all HVA channels can be disrupteddabapentin which targets thamuxiliary
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alpha2 delta subunif€ox & Dunlap, 1992; Hendrich et al., 2008; Marais et al., 200VA
(T-type) channels arhighly sensitive to the piperiditerived molecule TTA?2 with near
complete bloclof mammalian C&8 channel currentis the low micromolar rangéreyfus et
al., 2010)

Besides a sensitive block to dihydropyridinegype or Cal calciumchannelhave
several distint characteristics including long lasg) currents when bariumon is substituted as
the charge carrier for calciuimn. Both Cal and Ca channels requirthe ceexpression of
auxiliary subunit proteingan 1:1 stoichiometric ratio$p not only promote membrane expression
but also to regulate kinetic properti@uraei & Yang, 2010; Dzhura & Neely, 2003; Fang &
Colecraft, 2011; Gerster et al., 1999;ndech et al. 2008; Lory et al.1992; Opatowsky et al.,
2004; Van Petegem et al., 2004he kinetic properties of calcium channats alschighly
influenced by highly conserved;alcium sensor proteralmodulin whichis bound to a primary
IQ motif in the Gterminus of L-type channels to promotes rajméctivationkineticsin the
presence of increasing intracellular calciioms (Brehm & Eckert1978; DeMaria et al., 2001;
Lee et al., 2000;ee et al., 2000; Peterson et al., 1999)

We have identified an-type Cal channel homolog in the simplest known organism to
have ondgFig. 1.3) that is, the lboanoflagellateSalpingoeca rosettand evaluate its functional
properties expressed in HE2O3T cells. The studies of an extant relative ofdhdiest
branching Ltype calcium channel will provide insights into the evolution of calcium channels,

first appearing animals before multicellularity.

1.14Ancillary subunits

HVA calcium channels (itype, N/P-/Q-/R- type channels)and N&l channelstequire
the coexpression of accessory protein subunits in order to be functionally expressed at the
cellular membrane arekhibit proper gating kinetiogBuraei & Yang, 2010; Gerster et al., 1999;
Opatowsky et al., 2004; Van Petegem et al., 20843 ¢ e s ssubunis infNa@l sodium
channelar e not related genes i nsubmaswoisadiusn cleamels

appear to be completely lacking in the,Rlahannels of invertebrates.
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Thecalcium channed ¢ ¢ e s-subuniyon the other hand, are homologous subunits in
both invertérates and mammals. Invertebrates have a singleton gene for beta subunits, with four
geneq $bs) in mammals. Thegre intracellularlybound proteins closely resembling the
MAGUK (membraneassociated guanylate kinase) family of protesppeaing to ad as
intracellularprotein scaffold proteins at the cellular membrévien Petegem et al., 2004)
Experimental evidence indicates that withowtespres i on o f b ssubbnitsshoivs, cor
diffuse localization within the cell likely associated with the endoplasmic reticulum, but in the
presence ofb-subunitsthere is enhanced membrane expressibboth proteingGerster et al.,
1999;Weissgerber etal.,2006h s ubuni t s a regentabigeitnatisnraodwn t o p
protesomal degradation of calcium channels, to also enhance expressaaiwm channels
(Altier et al., 2010)

b subunits comprise two highly conserved ¢
domain and a guanylate kinase (GK) domain, connected by a weakly conserved HOOK domain
and flanked by variable \and G termini(Buraei & Yang, 201Q0)T he associ ati on of
with the core U subunit of the ion channel i S
6Wnt eract i on,allgblycarsern@d6(reaidudegion within the 4l linker of
HVCCs,and t he £ ndgeb wrcit t{Bod)balsb &nowniastbe AHDInding pocket
(ABP) (Buraei & Yang, 2010; Van Petegem et al., 2004 exact mechanism of how this
interaction results intheupe gu | at i o n 1-subunits is mot comptetelaunderstood
One theory halypothesizedhel-II linker of the Cdl.2channel containa 6si gnal switc
mechanisnthat triggersER retentioror export(Fang & Colecraft, 2011)It is proposed that the
I-11 linker possesses an EfXportsignal which is masked by the E&entionsignal of the other
linkers, as wellasthe™Nnd Gt er mi ni  of the channel. The b su
to cause enough of a conformational change to allow theXpBrtsignal to dominate and cause
trafficking of the &iannel to the cellulamembrangFang & Colecraft, 2011)Additionally, b
subunit association prevents proteosomal degradation, further enhancing the cellular density of
calcium channelsAlongsidetheir influences omxpressiorof calcium channels subunits
modulate channel gating properties including activation and inactivation kiremidvoltage
sensitivilies Al cal ci um channel fihe midpbint oichdannee p pear t o
activation and inactivation to a more hyperpolarized potlsntiausing changes in calcium

dependent inactivation (CDI) and voltadependent inactivation (VDIandincreasing open
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state probability of a channel and therefore resulting in potentially ltnagesientgBuraei &

Yang, 2010; Dzhura & Neely, 2003; Murakami et al., 2002; Weissgerber et al., 2Di@f6yent
calcium channel b subunit isofor ms adohsfo speed
calcium channels, and this is the case for mammalian and invertebrate calcium channel beta
subunits(Dawson et al., 2014)

Al ongside the various b subuniregsiretheagh vol't
expression of a pir isniaiiuiedisiueitista highly ghicdsaiated r U
protein compwleni tofarmad alinkedviaudisulphide bondChraiet ar e
al., 2003) and generatefilom the same mMRNA transcripfhe Nt er mi nal ompa@tgpn on anc
of the protein appear to be extracellular, while theninal region is more hydrophobic and
likely glycosylphosphatidylinositol (GPI) anchored to the membrane through the delta subunit
(Brickley et al., 1995; Canti et al., 2003; Dolphin et al., 1998tphin, 2012; Wiser et al., £8).

The primary role of th&b a n dsublinits are in promoting membrane expression of calcium
channels and has a more minor effect on the biophysical properties of calcium cf@anglst
al., 2003; Hendrich et al., 2008; Marais et al., 2001; Wiser et al., 1996)

We have i de naiandbisubuhitShlgingdeca sosettallherehavebeen
many studies that suggest thaixiliary alpha2delta and beta subunits of calcium channels have
functions outside of calcium channels. Tmenipresencef the calcium channébii andb
subunit gene ivalpingoeca rosettand other organisms that also possess/a &@ad/or Ca#
calcium channglis evidence of the eevolution of calcium channels and their accessory

subunits during the early evolution of calcium channels in eukaryotes.

1.15 Calmodulin regulation

Calmodulin(CaM) is a bilobed moleculeontaining two calciurbinding pairs of EF
hand motifsconnected via a flexible linke Calmodulinwas identified to interact with calcium
to increase inactivation kinetics of calcium chanfiiess in the single cell protistaramecium
(Brehm & Eckert, 1978; Kovalevskaya et al., 20X3M requires the presence of Cto
become fAactivatedod which causes a conformatio

CaM) to an open conformation allowing exposure ointsractionsite with its target proteins
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through recognition of a melittin amino acid pattern within thenoalulin binding sit¢Ben
Johny & Yue, 2014; Jarrett & Madhavan, 1991; Kovalevskaya et al., 2043)configuration
involves the placement of twausters of basic amino acids residues @l to hydrophobic
residues and operates via interaction with botlamdl Gtermini of target protein molecules
(BenJohny & Yue, 2014; Jarrett & Madhavan, 19919ltage-gated calcium channels possess
several CaM interaction elemerats well as conservation offérminus and @erminus effector
elements N-terminal modulation occurs via interaction with#terminalSpatial Ca?*
TransformingElement (NSCaTE) &, while Gterminal regulatory elements include two EF
hands, an IQ (isoleucing | ut ami ne) mot i f ( s o mmethomngmoté#)l s pos
and aCalmodulinBinding Domain (CBD)(BenJohny & Yue, 2014; DeMaria et al., 2001; Dick
et al., 2008Jarrett & Madhavan, 199Wong, et al., 2000; Peterson et al., 1999)hepresence
of N- and Gterminal calcium binding motifsuch assn NSCaTE andarboxyl terminaEF hand
motif, respectively, involved ibridging atetheredandé r e si de nt 0 présemtheno |l ecul e
possibility ofgenerating aapid inactivation via calciursalmodulin interactiorharacteristic of
calcium channeléDick et al., 2008; Peterson et al., 19995CaTE interaction is not present in
all native high voltag@ctivated calcium channelsg Ca2.2) (Dick et al., 2008however when
present has the ability to interact with the CaMole and shift global CaM modulation to local
modulationthat most commonly result ettenuation of calciurdependent inactivatiofCDI)

and reduced excitation sensitivity of the char{Beln-Johny & Yue, 2014; Dick et al., 2008;
Sami & Kung, 1994) Our finding thathe L-type calcium channel afne of thesimplest
eukaryoticorganisns to have an ttype calcium channe$alpingoeca rosettgpossesses a
mostly conservedalmodulin interaction elements.@terminuswhich includes an 1Qike

motif where calmodlin is expected to associand an Nterminus with gotential NSCaTE
motif. The finding of potential regulation oftype calcium channels irhoanoflagellate
Salpingoeca rosettauggestthat calcium reglation of L-type calcium channels by calmodulin

evolved with the appearance of the first calcium channels in eukaryotic ancestors.
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1.16Proposed functions of sodium and calcium channels in single celled organisms

Sodiumselective N@l channels only appear in multicellular organiswisich also have
anervous system. The functibda,1 channels is involved in generating fast action potential
spikesfor neuronto-neuron communicatignnvolving sodium ion influx and not calcium ion
influx, which is toxic to cells at high intracellular levels. Calcium channels have a primary role
in linking electrical signals to calciwtlependent intraellular pathways that we normally
associate with multicellular organisms, like the contraction oftlaeat skeletal muscle, synaptic
transmission in nervous systems aedretion of hormonesThe finding ofthe presence of
sodium (N&2) and calcium (G4) channels irsingle celledbrganismgaisesthe question of

what Na2 channels and @hchannels ardoing in a single cell organism.

One theory proposes that the controiofic flux across cellular membranes evolved as
an fNnemergency r es polonsagaiso bea trigger fohediding ftageliae ma g e
beaing andamoeboidnovemenin a singlecell organismBrunet & Arendt, 2016) It is also
known thatbacteriacan communicate amongst each other in a manner that is analogous {0 nerve
nerve communication via action potential spikes. Bacteria communicate with other bacteria
when nutrient source, glutamate becomes low, by changing the membrane potential in the
extracellular biofilm by potasgsm channel fluxinducing wavegBeagle & Lockless, 2015;
Prindle et al., 2015)

Salpingoeca rosettean be consideredraduced model founderstanding the control of
cellular repair movemenitand interorganismal communication by means of calcium and sodium
channels.Salpingoecarosettax i st s i n singl e c edskdenfagyst and
At hecated stageg samnage | tofmcion deleatkwBsdbeyiodaso
bactria, which icommensaWwith Salpingoeca rosettaThe presence of only a single gene
representative of these channel typege ancestral to the channels currently known (Fig. 1.4)
provides an opportunity to gain insights into what was the impetusdtediese sodium and
calcium channel classes in the first eukaryot&ésough PCR amplification, molecular cloning,
and electrophysiological analyses of expressed channel plasmids in HEK293T cells we have
been able to characterise the,LCh-type calcium bannel and N& sodium channel of
Salpingoeca rosettalrhe Cal channel is a highly calciwselective and rapid calcium channel

that lacks prominent calcitiglependent inactivation characteristics. The2Nzhannel is a
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Asl owo sodi um -sefeeiverfoextracellblacations allowing the passage of
calcium [C&"], sodium [N4], and barium [B&]. Altering the native N selectivity filter to
mimic vertebrate homologs (DEEA DEKA) results in a channel highkelective for

monovalent ions.
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human TPC1
human Catsperl
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human Ca 3.3
human Ca,3.2
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Lymnaea (mollusk) Ca,3

Salpingoeca (coanozoan) Ca 3

human Ca 2.3
humanCa 2.2
humanCa 2.1
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Trichoplax (placozoan) Ca, 2
humanCa 1.4
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Amphimedon (sponge) NALCN
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Figure 1.4Phylogenetic alignment ofSalpingoeca rosettaation channels

A phylogenetic tree illustrating the position of the voltagged ion channels (M& Cal, and
Ca3) of Salpingoeca rosetta in relation to othertebrate and invertebrate homologs. TPC=two
pore channelCatsper: speryapecific calcium channel, Nachbac: bacterial sodium channel.
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Chapter 2

Materials & Methods

2.1 General cloning methods
2.1.1 mRNA treatment

The calcium and sodium channelgroduced in this thesis were isolated via polymerase
chain reaction (PCR) using complementary DNA (cDNA) prepared from messenger RNA
(mRNA) kindly provided by the Nicole King Laboratory (University of California, Berkeley
campus). Prereatment of mMRNA ws carried out to remove any residual contaminating genomic
DNA sequences8uL mRNA sample, 1uL DNAse buffer and 1uL DNAse | (Therfisher,
#AM2222) were added to a 0.2mL microcentrifug

luL 50mM EDTAwasthemadded and temperature was increas
inactivate the DNase enzyme. The reaction was thenstor@ddre C unt i | ready for
preparation.

2.1.2 cDNA preparation

cDNA was produced using the SuperScript Il Reverse TranscripfasemoFisher,
#18080044). 5.5uL mRNA, 5.5uL miQ water, 1uL of 1uM random hexamer primer
(ThermoFisher, ¥8080127 and 1uL of 10mM dNTP (ThermoFisher, #18427013) were
combined in a 0.2mL microcentrifuge estobe. Mi x
relax secondary mRNA structures, followed by
1pL of 0.1M DTT, 4pL of 5x First Strand buffer (ThermoFisher, #18080044) and 1L of
RiboLock RNase Inhibitor (ThermoFisher, #200381) were added and indubadet 2 5e C f or
further 10 minutes. Finally, 1uL SuperScript Ill RT was added and total reaction incubated at
42eC for 60 minutes, followed by heat inactiyv
minutes. To concentrate cDNA product and removeaegbus salts and proteins, 2uL of

molecular grade glycogen (ThermoFisher, #R0561), 30uL of 10M ammonium acetate and
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100pL of 100% molecular grade ethanol were added to tube and allowed to incubate overnight at
-20eC. The next dayceherptlubetdedt pdeoeQutor wase
wash spins with cold 70% ethanol. After brietdiying, 20uL of autoclaved milQQ water was

added to resuspend the pellet and final product was stor2dae C .

2.1.3 Nested polymerase chain reaction

PCR primers were designed by Dr. J. David Spafford and supplied by Eurofins Genomics
(Table 46). Primers were designed based on avail8alpingoeca rosettahannel sequences
from genome sequences (PRINA37RRJINA193541PRINA22251%and transcriptome
(PRJINA6200% sequences deposited from the Broad Institute (MIT, MassachusettSy.and
Nicole King (University of California, Berkeley). Primers were resuspended in@iliater as
per provided instructions to create a stock solution, a 1/10 dilutiormaes in 1.5mL
microcentrifuge tubes as working stocks of each primer. Prior to addition into master PCR
mixture each working primer stock was quantified using the Nanodrop 1000 spectrophotometer
to ensure that quantity of each added primer were equahagdd from 120 140ng per 50uL
reaction. In some instances, primers were designed to span intron splice sitesfiaimoing
primers) when it was noticed that PCR products were subject to genomic contamination.
Primers were designed to isolate theling sequence of each channel in several smaller
fragments. SroNav2 and SroCavl coding sequences were divided into 4 and 5 fragments,

respectively.

All components of PCR reaction were combined in a 0.2mL microcentrifuge tube on ice.
The components were aeftlin the following order; miliQ water, 5uL 10x PCR buffer
(Aligent, #600250), 1uL of 20mM dNTP mix (ThermoFisher, #18427013), 1uL 50mM MgSO
2.5uL DMSO, 2uL cDNA template, 12040ng of each forwardeverse primer pair, 1uL
PfuTurbo AD DNA Polymerase (&ent, #600250). A nested PCR protocol was conducted
using a set of outer flanking primers to generate an initial product. A second PCR reaction using
the product of the first PCR reaction (diluted 1000 fold) as template amplfied with an nested

PCR priner set to the outer flanking set. Cycling parameters for outer primer pairs were as

foll ows: i nitial denaturation at 95e¢eC for 2.

I

5

seconds, foll owed by 10 cycl es oadf¥)fodlbeeaondsr at i o
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and strand extension at 68eC at a rate of 2 m
cycle denaturation was increased to 20 seconds, primer annealing duration was increased to 20
seconds, followed by extension duration @ase to 2 minutes and 10 seconds per kilobase; these
cycling parameters were carried out for an additional 20 cycles. Final extensions were performed

at 6 8 ¢ QO nfinoites. Idner nested PCR was performed using standard PCR protoeols; 2.5
minutedenatuat i on at 95eC, temperature inc3ease to
cycles of initial denaturati onmp#afor30sécends, f or 30
strand extension at GRgelfFifallPCR reactimmseraithee per ki |
screened by taking a 5puL sample on a 1% agarose gel. Successfully amplified products were
then run on a subsequent 1% agarose gel and extracted.

2.1.4 DNA agarose gel extraction

All agarose gels we made by combining 75mL of TABuffer (40mM Tis-acetate,
1mM Ethylenediaminetetraaceticid, 0.11% glacial acetic acid) with 0.75g Agarose A
(BioBasic, D0012). A microwave was used to heat and dissolve the agarose into solution, and
then the flask of melted agarose was allowed to cool on a countertop prior to being poured into a
gel cast.Gel cast was taped of using green painters tape to block open ends and a gel comb was
inserted into appropriate slot of cast to creaidanes. Liquid TAEagarose mixture was poured
into taped cast once mixture was cool to touch based on contact téoirea@m. Gel was
allowed to solidify for 2630 minutes at room temperature, after which tape and gel comb were
carefully removed. Solid gel and surrounding cast were then lowered into an electrophoresis
chambercontaining TAE as a running buffer and wiéimes positioned dhe negative terminal.
TAE buffer was added until a thin layer of liquid lay over top of the gel. A 6x loading dye was
then diluted in each sample and samples were loaded into wells of prepared gel. A current of
100mV was applied acrofise gel and allowed to run for ~3@ minutes, until migration of
loading dye was deemed sufficient. Completed gels were then visualized using Alphalmager
software (Alphalnnotech) on a PC computer connected to an Alphalmager HP Gel
Documentation systemtm which the gel was placed and documented under UV light

illumination.
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When not using commercially available gmet TOPO or pGEMEasy vectors, PCR
products were cloned in vectors by ligation of restriction enzyme excised fragments. Restriction
endonuctase digested PCR and cloning plasmids were run and isolated on a 1% agarose gel,
excised and extracted using the QIAquick Gel Extraction Kit (Qiagen, #28706) with some
modifications. Binding buffer was added to the excised gel slice at a determineck vadlaplL
per 10g of gel in a 1.5mL microcentrifuge tub
with shaking at 750rpm tithe melt agarose. Once meltatie mixture was added tihe provided
columns in 700uL aliquots (volumes greater than 700uL wengitigged in same column in
series). Columns were centrifuged at 5,000g for 2 minthiesentrifuged mixture in lower
collection tube was added tioe upper column and spun agahms was repeated for a total of 4
spins. Afterthefinal spin, 500uL of binding buffer was added to colurmad apun at 10,0009 for
1 minute andlow-through contents were discid. 700uL of wash solution containit§0%
molecular grade ethan@4:1, EtOH: buffe) was added and spun at 10,0009 for 1 nanut
Following wash, upper column was transferred to sterile 1.5mL microcentrifuge tube and spun at
16,100g for 2 minutes to remove residual ethanol. To elute DNA product, 3 rounds of 67uL of
milli-Q water heated to 85e¢eC waslnandtdamont o t he col
temperature and spun at 16,1009 for 1.5 minutes. DNA was then concentrated by adding 2.5uL
molecular grade glycogen (ThermoFisher, #R0561), 50uL of 10M ammonium acetate, and
700puL of molecular grade 100% ethanol. Tubes were incubatedate C f or a mi ni mum
hours, at which point they were centrifuged f
200pL ice cold 70% ethanol, briefly ailried and resuspended in 20uL autoclaved +Qilli

water.

2.1.5 TOPO cloning and sequencingchinnel fragments

For large PCR fragments freshly isolated fr8aipingoeca&DNA template, we cloned
their bluntend PCR products into Zero Blunt TOPO PCR Cloning kit (ThermoFisher, #450245).
All components were combined in a 0.2mL microcentrifuge tutigil4of purified PCR
product, 1L of provided salt buffer solution, 0.5uL TOPO vector. Reaction was allowed to
incubate at room temperature for a minimum 25 minutes, at which point it was ditdaked 4

with sterile millFQ water to be transformed into DHfpha or STBLZESscherichia colstrain via
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electroporation. SroNav2 and SroCavl channel fragments were sequenced directly off the
TOPO vector using commercialvailable M13 forward-@0:

5 GTAAAACGACGGCCAGTO Band M13 reverse5s(GAGGAAACAGCTATGACO Bprimers
(Table 4) Sequencing was outsourcedrtoe Centre for Applied Genomics (TCAG) Ete

Hospital for Sick ChildrerfToronto, Ontario). Consensus sequences were created by identifying
three independently sequenced fragments per nucleotide posihalys’s and identifying
consensus sequences were carried out by Dr. J. David Spafford.

2.1.6A-tailing and pGEMT Easy cloning of channel fragments

The Nterminal sequence of Srodawas cloned into pGEM Easy (Promega, A1360)
vector for sequencingFollowing PCR amplification with Pfu Turbo AD DNA polymerase
(Aligent, #600250), the PCR product was isolated via agarose gel electrophoresis and recovered
in solution using gel extraction technique.
AD which produces blurtnded products, the isolated channel fragment was modified by the
addition of deoxyadenine nucleotide from dATP on each blunt end using Taq polymerase
(ThermoFisher, #18038018). To add an A tail to the blunt ended PCR productiawentp
components were combined in a 0.2mL microcentrifuge tube: 7uL of purified PCR product, 1uL
of 100mM dATP (ThermoFisher, R1041), 1uL 10X Taq buffer without MgQlL of 25mM
MgCl> ThermoFisher, R0971), total reaction volume of 10pL. Reactionweasiib at ed at 7 2c¢
for 30 minutes. Following incubation, product was ready to use in ligation with pGElsky
vector. Ligation was composed by adding in a 0.2mL microcentrifuge tube: 0.5uL of §IGEM
Easy vector (@50ng/uL), 5uL of-failed PCR product, 2.5uaf 10X ligation buffer, 1uL of T4
DNA ligase (BioBasic, B1125). Ligation was carried out overnight acC16

2.1.7 Preparing electr@ompetenk. colicells

All plasmid constructs were transformed by electroporation with prepared
electrocompetent cells drgrown as bacterial cultures that were purified in a standard plasmid
mini-prep protocol. To make electrocompetent cells, frozen aliquots (ThermoFisher; Stbl4
#11635018, TOP10C404050) were streaked onto Luria Bertani (LB) agar plates without
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antibioi ¢ and gr own oVer ntisplted cadonies @efectt@nused®»i ngl e, w
inoculate 10mL of Super Broth (SB) without antibiotic, which was then incubated overnight at
37eC in a shaking incubator rotat iBrghcattre 300r p
was divided and added to two 250mL fresh Super Broth aliquots without antibiotic and incubated

at 37eC in a shaking incubator suoiQ0BilOOGasact er i a
measured by a Nanodrop spectrophotometer. Cefis then chilled on ice for 20 minutes then
transferred to chilled centrifuge bottles and
(Beckman Coulter Alegra 25R). Supernatant was removed and cells were then washed twice

with 250mL of a chilled, fikred 10% glycerol solution by resuspending the cells and spinning
thebottlesf or 15 mi nut e supematandn@asirdmgved adter €arh wash. #feer

second wash, cells were resuspended in 20mL of chilled 10% glycerol and transferred to a 50mL
falcon tube, then spun for 15 minutes at 4000¢g
were then resuspended L of chilled 10% glycerol until cell density was measured to be

0.375 at an OBo, as measured by Nanodrop spectrophotometer. Ostedeensity was

reached, cell aliquots of 480uL were made in 0.2mL microcentrifuge tubes that were then

dropped into liquid nitrogen to flash freeze. Cells were then kept@te C unt i | needed

plasmid transformation by electroporation.

2.1.8Bacterial transformation

Bacterial transformations of plasmid constructs were carried out via the electroporation
method of transformation, with the parameters in electroporation voltage and time optimized for
Escherichia col(E. coli). Frozen aliquots afompetent. colistoredin8 0 e C wer e al | owe
thaw on ice for 5 minutes, after whick6uL of plasmid containing solution were added to cells
and allowed to incubate further on ice for 30 minutes. Fresh 1mL of Super broth (SB) media was
war med ihal.58 meidocentrifuge tube. After 30 minutes, gadlsmid mixture was
transferred to an ice cold 0.2cm electroporation cuvette (ThermoFisher, P45050) and
transformed using an Eppendorf 2510 electroporator (Sigma, #618969) (TOP10 df.aiolof
shocked with voltage of 1120V for TOP10 cells, (while all other strains were transformed with
1200V). Immediately following electric shock, the cells were placed on ice, then 1mL of warm

media was added to cells and transferred to a 1.5mL microcentrifogéot@allow for recovery
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on a heat block at 37eC with shaking at 500rp
at 40009 for 3 minutes, 850puL of supernatant was removed and discarded, cells resuspended in
remaining media and plated onto a petsidof LuriaBertani (LB) agar with the proper
antibiotic. Pl ates were parafil med, i nverted
colonies were chosen to grow up and screened for positive recombinants containing the expected
plasmid.

2.1.9 Miniprep plasmid isolation

Single, wellisolated colonies from overnight LB agar plates were grown and amplified
overnight in 20mL SB media with proper antibiotic. Cells were then spun in 2mL aliquots in
2mL microcentrifuge tubes at 45009 for 1.5 minuteslePelas resuspended in 270uL
resuspension solution (25mM Tris, 10mM EDTA, 50mM glucose), followed by addition of
5401L of lysis buffer (0.2M NaOH, 1% SDS) and 405uL neutralization solution (3\V6KI
acetate). Tubes was inverted, rotated and then vortexdidtribute solutions and break down
cellular membranes. Tubes were then spun at 5000g for 3 minutes to pellet cell debris and large
chromosomal DNA, supernatant was transferred to fresh 2mL microcentrifuge tube and 800uL
of 2-propanol was added and inmatedat2 0 e C f or mi ni mum 1 hour to p
Tubes were then spun at 16,1009 for 30 mindhessupernatant was discarded and tubes briefly
air-dried before resuspending in 200uL m@iwater. 40041 of 5M LiCl was added to tubes,
incubated a ice for minimum 20 minutes then spun at 08¢ for 10 minuteghe supernatant
was transferred to fresh 1.5mL tube and 500uL-pf@anol was adstl to tubes, anthcubated
at-20e C for minimum 1 hour to preci ptestatat e DNA.
16, 100g (4eC). The supernatant was discarded
400uL milli-Q water. To remove residual RNA, 2uL hdésgated RNAse A was added to each
tube and i ncube&mmudes.dollowhd sufticiert mipatiod, ®qual amount
(400pL) of 50:50 phenol:chloroform was added to each tube, shaken and vortexed, then spun for
5 minutes at 16,1009 to separate phabkks.lpper aqueous phase containing the plasmid DNA
was then transferred to fresh 1.5mL microceag# tube anthelower remaining organic phase
was discarded along with the tube. The removed upper phase was then washed with the addition

of an equal amount pure chloroform (400uL), tube was then shaken and vortexed, followed by

30



centrifugation at 16,100fpr 5 minutes to separate phastse pper aqueous layer was

transferred to fresh 1.5mL microcentrifuge tube, to which 90puL 10M ammonium acetate and

1mL 100% molecular grade ethanol was added and allowed to incubat@a& C over ni ght .
Tubeswerespunfo 30 mi nutes at 16, 100g (4eC) to pell
pellet was then washed with 450puL ice cold 70% ethanol, supernatant was discarded and pellet
allowed to aidry for 5 minutes before being suspended ¥bB(L sterile Milli-Q steile water.

2.1.10 Restriction Digests

Restriction enzymes were obtained from New England Biolabs and were used to clone
ion channel fragments into the mammalian expression vector pHeEEP (pIRESZISRED for
S r o Casubunith All reactions containdd0 % v/ v of 10x NEB reaction
enzyme volume, variable plasmid amount, #retemaining volume of reaction was filled with
Milli -Q water.

To determine successful acquisition of full length Sr@Nahannel construct, plasmids
were digested twice, in parallel, with (1) 2uL NEB Cutsmart buffer (B7204S), 2ul-prap
isolated plasmid, 1uL Sacll enzyme (R0157S), with expected banding pattern of 2100 bp and
9500 bp; (2) 2uL NEB buffer 3.1 (B7203S), 2tini-prep isolated plasmid, 1uL Bglll
(R0144S) and 1pL Hindlll (R0104S) enzymes, with an expected banding pattern of 1150 bp,

2.1.11 Ligation

Cloning of channel fragments into pIRES&FP with adapters and SraCa-terminal
sequence into pGEM Easy ector was done using T4 DNA ligase (BioBasic, B1125).
Concentrations of prepared inserts and vector backbones were determined with a Nanodrop
spectrophotometer. A ratio of 3:1 (insert:vector) was used in most cases (5:1 and 6:1 were also
used) where vectaoncentration was set at 50ng per reaction and insert concentration was
determined based on size ratio using the following equation:

NE i Q@K

o T e LEQ ¢ '@ @ei Qi o
L Qwd EQICLXH
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From this, xuL of insert and yuL of vector were determined and combined with 2.5uL of
buffer, and milliQ water to bring total reaction volume to 25puL in a 0.2mL microcentrifuge

tube. Reaction was then incubated at 16eC for
a rateeocf 30ei nutes to a final temperature of
transformation.

2.2 Mammalian cell culture

Human embryonic kidnely 293T (HEK-293T) cells were cultured and maintained in
Dul beccob6s Modified Eagl e ,Mppkementad witDIWEW) ( Si gm
fetal bovine serum solution (Sigma, F1051), 1% v/v sodium pyruvate (Sigma, S8636), and
250mg/mL of penicillin/streptomycin (Sigma, P4458). Media waswpeer med t o 37eC i n
bath prior to each use. All HER93T cell work ad manipulation was done in a laminar flow
hood. Fetal bovine serum (FBS)washeat act i vat ed in a 56eC water
manual shaking at 5 minute intervals, prior to being divided into aliquots and frozen until ready

to use.

2.2.1 ThawindHEK cells

HEK-293T cells were received from ATCC and aliquots were stored in liquid nitrogen
for long-term storage. A new cell aliquot was thawed for use after evep 2xssages. Prior to
t hawing a cell aliquot, pr e p datke a whzivgoint 4mla s war
of media was added to new, sterile 25¢issue culture flask (Cell Star, #6901). A single
tube aliquot was removed from |Iiquid nitrogen
quickly thaw. Once thawed, 1mL of warm media was added to tube and mixed with the pipette
before being transfezd to prepared tissue culture flask. Flask was then placed into a water
jacked 37eC i ncub at.dor34vhoutsko alow celts toladhére. Aftgrths % C O
incubation period, media was removed and replaced with 6mL of warm fresh media amedretu

to incubator until cells reached confluency.
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2.2.2 Cell culture maintenance

HEK-293T cell cultures were maintained by allowing culture to grow tc X%
confluencyin25cit i ssue culture flask at 37eC. Cells w
split to various ratios (ie. 1:8, 1:12, 1:16, 1:20). To passage (split), media was aspirated by
inverting flask and removing media, 1mL of 0.25% of trypSIDTA solution (Sigma, T4049)
was added to opposite side of cell monolayer. Flask was then rotatedttal position and
rocked back and forth to distribute trypsin across the monolayer. The Flask was once again
inverted and trypsin solution was removed. Another 500uL of trypsin solution was added to flask
and allowed to incubate in neutral position5 mi nut es at 37eC. Foll owi
incubation, 7mL of warm media was added to flask to inactivate trypsin, and cells were
resuspended by pipette mixing up and down. Cells were then divided into desired ratios labelled
with subsequent passage numiggells were split to a ratio of 1:4 (cells:media) and incubated for

mi ni mum 4 hours at 37eC prior to transfection

2.2.3 Transient transfection of ion channel plasmid constructs

To allow for transfection, HER93T cells were sjilto a ratio of 1:4 earlier the same
day. A standard calcium phosphate precipitatesteanion protocol was utilize(Senatore et al.,
2011) Plasmid concentrations were standardizedugy/rhL of tissue culture media, for a total of
6ug in a 600uL transfection mixture. Standard protocol requires two sterile 1.5mL
microcentrifuge tubes. Microcentrifuge tube #1 contains 6ug of desired plasmid, 30uL of 2.5M
CacClb (filtered through a 0.2um delose filter (ThermoFisher, #728520))and remaining
volume was made up with sterile Mill) water. This mixture was then added dwipe into
microcentrifuge tube #2 containird®OuL of a HEPESbuffered saline solution (containing
280mM NaCl, 50mMHEPES, and 1.5mM NBROs-7H:0; filtered through a 0.2um cellulose
filter (ThermoFisher, #72@520)), was then mixed and allowed to incubate feB@@ninutes at
room temperature. After this short incubation, transfection solution was then added to HEK cell
flask and placed -20hou3.7eC i ncubator for 16

The following day, the transfection was washed with warmed media in a fashion similar

to passaging the cell line. Culture flask was inverted and media removed via aspiration, warm
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media was then addedtiwe flask opposite the layer of HEK cells, flask was rotated back to a

neutral position and gently rocked back and forth several times before once again removing
media. This process was repeated for a total
medi a was added to the flask and replaced in t
incubator for 13 hours to allow adherence to flask surface, after which the flask was transferred

to an identical i ncubator wi adptomeeordambi ent tem

2.2.4 PolyL-Lysine coated coverslips

In order to record HEK cells transfected with the SkdGdnannel, the cultured HEK
cells needed to be plated several days in advance oiLdgme coated coverslips. To coat
coverslips, a 0.01% pollysine solution is prepared from a 0.1% stock solution (Sigma, P8920)
and filter sterilized. Circular glass coverslips (Fisher Scientific;34280) were placed in a
60mm petri dish (Corning Life Sciences, #430166), washed with 100% molecular grau# etha
and allowed to aidry at room temperature. 5mL of working péHysine solution was then
added to coverslips in the dish and allowed to incubate at room temperaturelfonutes.
Following incubation, pohL-lysine solution was removed via asgtion, and coverslips were
washed by adding 5mL of sterile mii water, removing again via aspiration. Coverslips in the
petri dish were then placed into a 55eC oven

could be used to plate transfectddE K cel | s or placed at 4eC unt il

2.2.5 Plating of transfected HEK cells

In order to perform wholeell patch clamp electrophysiology transfected HEK cells need
to be plated onto glass coverslips. Cell plating follows a modified passage procelian
were plated on uncoated, or pdlylysine coated for SroG4h, coverslips. Cell media was
removed and cells were trypsinized in the same manner previously outlined (see 2.2.2) for
passaging. Following-8 mi nut e i n c ulldraLtof fresh nedia was3addedto the7
flask containing cells. Cells were mixed by pipette mixing up and down, and 5mL of these cells
were added to a 60mm petri dish (Corning Life Sciences, #430166) containing coverslips. Petri
di sh was t hen | rbhardta dllevctellatd adldei®e ¢oCovdrdips, afBer which
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point the cells were ready to be recorded. For SybCalls were plated-8ays postransfection,
and after 4 hours at 37eC to allow adherence
until ready to record.

2.3 Electrophysiology recordings

Coverslips of attached cells were transferred from DMEM containing petri dish to a
35mm petri dish (Sarstedt, #83.3900) containing extracellular ionic recording solution. Ground
electrodes were composedlo?5% agarose in 3M cesium chloride (CsCl) filled with 3M CsCI.
Patch pipettes were produced by pulling twigled borosilicate glass capillariesing a Sutter
1000 pipette puller with a trougghaped platinum filament. Pipette tips were then heat ealish
using a microforge (Narishige, M830).

All whole cell patch clamp recordings were carried out at room temperature. Recording
were carried out using an Axopatch 200B amplifier that was sampled through a Digidata 1440
A/D converter outputted to a PC cputer, controlled through pClamp 10 software (Molecular
Devices). Pipette resistance was kept to betwegn 2MY, pi pett es wi t h hi ghe
resistance were discarded. During patch acces
leak of less thn 10% of peak current size were kept and used for analysis. Leak subtraction was
done offline in post analyses, and background noise was smoothed with a 1000Hz Gaussian filter
using Clampfit software (Molecular Devices). Analysis was carried out usamgpdit software,

Data was tabulated within Microsoft Excel, and illustrated through OriginLab 9.1.

2.3.1 Electrophysiology solutions

Solutions for recording SroNav2 currents and SroCav1l currents were adopted from
solutions previously used by former graduate students in the laboratory, Wendy Guan (2014) and

Adriano Senatore (2011), respectively.

SroNav2 external kinetic bath solutionswveomposed of 2mM calcium chloride (CgCl
160mM tetraethylammonium chloride (TE2!), 10mM4-(2-hydroxyethyl}1-
piperazineethanesulfonic agldEPES); solution pH was adjusted to 7.4 using T&A.
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Internal pipette solution contained 110mM cesium chlof@&Cl), 10mM ethylene
glycol tetraacetic acid (EGTA), and 10mM HEPES. Solution pH was adjusted to 7.2 and filtered
through 0.2um cellulose filter.

SroCav1l external kinetic bath solution was composed of 20mM.C&ThM TEACI,
1mM magnesium chloride (Mgg)] 10mM glucose, 10mM HEPES, 65mM CsClI. Solution pH

was adjusted to 7.2.

Internal pipette solution was consisted of 108mM cesium methanosulfonate (CsMSF),
4mM MgChk, 10mM EGTA, 9mM HEPES, 3mM MgATP, 0.6mM-G3TP. Solution pH was
adjusted to 7.2 and filted through 0.2um cellulose syringe filter.

Table 2.1. SroNa2, SroCa,1 kinetic solutions

SroNa,2 SroCa/l

(mM) Internal External Internal External
[Ca?'] - 2 - 20
TEA-CI - 160 - 40
HEPES 10 10 9 10
EGTA 10 - 10 -
CsCl 110 - - 65
MgCl = = 4 1
Glucose - - - 10
Li-GTP - - 0.6 -
Mg-ATP - - 3 -
CsMSF - - 108 -

SroNa2 solutions adopted from Wendy Guan (2014). Sy@Galution adopted from Adriano
Senatorg¢Senatore et al., 2011)

pH to 7.27.3 (External: TEAOH; Internal CsOH)
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Table 22. Na-NMDG experiment solutions

External ionic composition (mM)

CaCl: NaCl NMDG HEPES TEA-CI
2 135 - 10 25
2 - 135 10 25

Internal ionic composition (mM)

CsCl Li-GTP Mg-ATP HEPES EGTA
‘ 110 ‘ 0.6 ‘ 3 ‘ 10 ‘ 10

Adopted from Wendy Guan (2014).

pH to 7.27.3 (External: TEAOH; Internal CsOH)

Table 2.3. Bi-ionic condition solutions

External ionic composition (mM)
CaCl> HEPES TEA-CI
4 155 10

Internal ionic composition (mM)

CsCl NaCl LiCl KCI EGTA TEA-CI HEPES
1 100 - - - 10 10 10
2 - 100 - - 10 10 10
3 = = 100 - 10 10 10
4 - - - 100 10 10 10

Adopted from Wendy Guan (2014).

pH to 7.27.3 (External: TEAOH; Internal XOH, X=Cs, Na', Li*, K)



‘Outer’ forward primer ‘Outer’reverse primer

——eee =
| | |
Exon 1 Exon 2 Exon 3 Exon 4
‘Inner’ forward primer ‘Inner’ reverse primer
——eee eee——
| |
Exon 1 Exon 2 Exon 3 Exon 4

//;1;1:}66 PCR product

Figure 2.1 Polymerase chain reaction strategy employing introrspanning primer sets
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Table 2.4: Primers used in nested PCR cloning of SroGa 1 §hibunit

Cloning of SroCavl U subuni't
Name Sequence

SroCavlSalFselF1 CAGCAACTGTGAAAACACACG 21 55. 47.6
SroCavliBsmBIbl  GGATGGACAACAGGATCGAG 20 éS. 55
SroCavlSallFselF2 GTCGACGGCCGGCCACCATGACCAACG 38 %2. 65.8
ATGACCTGAGC 7
SroCavliBsmBIb2  CACGGATGTGATGAGACGAA 20 54. 50
SroCavlBsmBIfl CTTTATCATCGTCGCAGTCG 20 23. 50
SroCav1SgrAibl CCAGCTTCACCAGCATCTC 19 gS. 57.9
SroCavlBsmBIf2 GGAGCAATCTGGCAGCAG 18 26. 61.1
SroCav1SgrAlb2 AGTACAAACAGGCCCACAAA 20 24. 45
SroCav1SgrAlfl AACCTCGTGGTGACGTTCAT 20 26. 50
SroCavlPpuMIibl  ATGTCCGCTGTTTCCAAATC 20 23. 45
SroCav1SgrAlf2 CTGGTGAACACTGTGCTGCT 20 28 55
SroCavlPpuMIb2  TCAAGATTGACGGGGTCCT 19 55. 52.6
SroCav1PpuMifl CAACCGGTTTGAGTCTGTGA 20 25. 50
SroCavlSaclibl ATCAGAGCAGCAACATACGG 20 25 50
SroCav1PpuMIf2 GCAGCGCTCTTCTTGCTG 18 57. 61.1
SroCavlSaclb2 ATTTCGCAAACGTCCACAG 19 53. 47.4
SroCavlSaclifl GGGATAGCGGTGTCAACATT 20 25. 50
SroCavlXmalbl ACGAAAACGAAGGGTTCCAT 20 24. 45
SroCavlSaclif2 CTTGTGAGCCGCGGTAAG 18 56. 61.1

SroCavlXmalb2 CCCGGGTTAGAAAGCATGTTCCACCAG 27 63 55.6
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Table 2.5: Primers used in nested PCR cloning of SroG4a b subunit

Cloning of SroCavl b subunit

Name

SroCavbetaF1

SroCavbetaB1

SroCavbetaF2
Xhol
SroCavbetaB2
Xmal
Srocavbetaintro
nB3
Srocavbetaintro
nF3
SroCavbetaF5

SroCavbetaB6
SroCavbetaF7
SroCavbetaB8

Sequence Lengt Tm
h C
GCCAACGACAACGAACAAA 19 54.2
CATCATCATCATCATCGCATC 21 51.5
GGAACTCGAGACCATGATGCAGCGAA 34 70.9
GCCGCCGG
CCATGCCCGGGCTACACGGGGTGCAGC 32 74.1
ATGCG
CCACTTCTGGGGACTAGGGA 20 58
TCCCTAGTCCCCAGAAGTGG 20 58
CGACAACGAACAAACATGATGC 22 55.2
GGACCAAAGAAGACGAGGGG 20 57.6
CCCCTCGTCTTCTTTGGTCC 20 57.6
ATCATCGCATCTACACGGGG 20 56.9
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Table 2.6: Primers used in nested PCR cloning of SroN& 1 §hibunit

Cloning of

SroNav2SpelF1
SroNav2PvulB1
SroNav2ISpelF2
SroNav2PvulB2
SroNav2PvulF1
SroNav2SaciB1
SroNav2PvulF2

SroNav2SaciB?2
SroNav2SaciF1

SroNav2BspEIB1
SroNav2SaclF2
SroNav2BspEIB2
SroNav2BspEIF1
SroNav2XmalB1
SroNav2BspEIF2

SroNav2XmalB2

SroNav2 U subuni't
TTGTTGCAGTTGTCCCTCTG 20
GTTGTCCAGGAGCCAGTAGC 20
ACTAGTCCACCATGTCGGCCAGCCCTG 35
ACACTCGT
GAGTTGAGCAAGGCGTCAC 19
TCTGCGTCTTCTCCATCCTC 20
AGAGCGTGCAACATCTCTCC 20
GAACCTGCGATCGGTGAC 18
GAGCTCGCCACTATCATCACTG 22
TTCCTTCTCCAGCAGTCAGC 20
AAGGATGCCCAGCTCAAAC 19
GAGCTCGGCAAAGATGCTG 19
ACCAGGCGAAACACAAACTT 20
AACCGCAAGCCTGTGAAG 18
AGCGGATGGTTGTCTGAAGT 20
AAGGTGGAGCCCAAGTCAC 19

CCCGGGCTACAAAGTTGTTGCTTGGAT 28

G
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55.4 50

57.9 60

70.5 60

56.5 57.9

56.3 55

57.3 55

56 61.1

57.4 54.5
57 55

55.6 52.6

56.6 57.9

55.4 45

56 55.6

56.5 50

57.5 57.9

63.4 53.6



Table 2.7: Primers used for sequencing of subunit fragments in TOPO and pGem

Sequencing primers

M13 GTAAAACGACGGCCAG 16 50.7 56.2
Forward (-

20)

M13 CAGGAAACAGTATGAC 16 43.2 43.8
Reverse

T7 TAATACGACTCACTATAGGG 20 475 40
SP6 ATTTAGGTGACACTATAG 18 42.1 33.3

Synthetic oligonucleotide for insertion into pIRES2eGFP

SroNav2 TCGACGGCCGGCCCCTGCGATCGTGGCGAGCTCCCGGCATCCGG
AGTTC

SroCavl/S TCGACGGCCGGCCGGCTTCGTCTCATCACATCGGACGCCGGCGAC

r oCav 1 CGAGGACCCCGTCCCGCGGTCGTC

subunit

CGCCGGTGCTGATGGGAATGACGGCGACGACGACGATGACGACATTGACGA

TGACGCGACCACCGTGCTGGTCCTCGGCCTCTCCCTACCCAGCGGCAATCGA
GACTTTGTTGAAGCGGAGCCAACAGAGCCCATCAGCAACATCCGCACGCGCA

TTATGCAGAAGTTTGCTGAGCAGGGCGAGGACAGGGACAAGCTGATGTCGTT

TGTGCTGGCGCATCCGCACGACGGCCACATTCTTGATGAGACACGCACG CTC
GGGGAACAAGGCGTCCAAGTGAAGTCACTGCGGGAGTACAACGAAATCCTCA

CGATGTCGCAGCACAATCAGCACGAACTGTTGAAGCCGGCGACAGTGCAGAT

GCTCTCAAAATTGGGCGCCGTTGTCAAGTCGCGCTGGTTCAACCTCGTGGTG

ACGTTCATGGTGCTGGTGAACACTGTGCTGCTCGCCGTCCAGACGGACGCCG
GCG

Figure 2.2. Synthetic oligonucleotide ér SroCa,1

Synthetic oligonucleotide provided by BioBasic Inc. (Markham, ON, CA) to complete cloning of
SroCal.
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Chapter 3

Results

3.1Isolation of channel gene coding sequences

PCR amplification of idubueioffSeoN®andUesobaritdi ng f
and b s ub ulnproved to lhe difficulbddeatearious spurious intron sequences being
amplified A significant amount of PCR amplification resulted in larger than expected products
which were found to be a result of introns not bemmaved from the coding sequence. To
counter this, introsspanning primers were created which would only anneal to adjacent exon
sequences in which the contaminating intro was excised. Consensus sequence data was compiled
by Dr. David Spafford to confirm ecect coding sequence. In each consensus, a minimum of 3
independently amplified PCR products sequenced at The Center for Applied Genomics (TCAG)
at Sick Kids Hospital (Toronto) were aligned using Sequencher5.1 software (GeneCodes Corp.).

Thetwo fullyisd at e d edulaunitshadho aliernative splice variantor both
SroNa2 and SroCa Ui-subunitspreviously unidentified sequences (Fig. 3A,B) were found to
be exon coding sequence. To confirm, the sections of each respective channel were PCR
amplified with additional primer sets, including intkspanning primers. Fragments were then
identified at TCAG to confirm amino acid sequence, from which a consensus was built with a

minimum of three independent clones.
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A

Previously identified intron of SroNay2

50

CACTTCCAGCAGCACTTCCAGCAGCAGCACAGCTCAGAGTATAC GTGTGAATGGTATTGGC
ACGCGTGGCAAAGCAAGCAGGCAGCCAGTCTCGACAGAGCAGCGGCTGCAGAGCATGGAG
ACGATCAAGGCAACGAAAGCCGGTTCGAGGAATGTCATCAAGCACGTGTGGAGTGAAGACG
GCGCTGACCCCACAAGCACCAGTGTTGTCGACTCAGATGCGCGCGCGCACAG GGGCGCTGG
TGATGTGGTGCTCGTTCCAAGTTGAGAGCACCATCACCGTTTGGACACGATGCTGCACGCA
CCGGTGTGATGGCGGTGAACGAGGGCTTCCTCAGGGTGGGCGCCAACCAGGCAGCCCTTCT
GTCGAGCCCAAAGGCCAAGTTTGGTGCAGACAGCAACGACGACAGTGATGAGGACGTCGAT
CATGACATGACAGGGAGATGGGCAGTCCACAGGCACGGGGGTGGCAAGAGCAATGAGAGT
AGCGACGACGACACAATCTCAAGAGCATCGTCTCTGCCACAGAAGAGGATGCAAGGCAAGC
AGGTGACGCTGGTTGAGGAGCCAACTGTCGTGCCACACCAACAACGGCTTGGGACACGGAC
AGCGAGCGTGGCACCGTGGATACTGTTGCGATGCTAG
CTGGGGACGGAGCCGCTGCTGTGATGCCGCGATACCGCCGCCG -3 6

B

Previously unidentified SroCa,1 coding sequence

59
GCTGTGTCTTGCTGGATCGTCGCCAAACTCCAACATCACCGCGTTCGACCACGCAGGGAT T
GCCATTCTTGCCGTCTTCCAGTCAATCACACTCGAGGGATGGACTGATATCCTCTACAACGT
GGACGATGCTGTTGGTTACAAGAACATCAACTGGCTGTTCTTTGTGTCTCTGGTGATTGTGG
GCGCATTCTTCGTCATCAACCTCGTCCTCGGTGTTCTCAGCGGGCAGTTCACCCGCGAGGGT
GACCGCATGAAGGCGTCTGTGAAGTTTCTTCGCGCGCGGCGCAAAGAACAGCACCGCTTCC
AAGTCGCCGGGTACAGGGACTGGCTCTCAACAGCGCGCACGCTGCAGCCGAATGAGCCGTG
GCAGTCGGAGCTCCCAGACCACATGGTGCTCTACCACCGCGACAAGTTTCTCAAGTTTGATG
CGGCGGAGAGCATGGCAGAGCACGAGCAGAACTTCTTCAACAGCAGCGCCGGTGCTGATGG
GAATGACGGCGACGACG ACGATGACGACATTGACGATGACGCGACCACCGTGCTGGTCCTC
GGCC TCTCCCTACCCAGCGGCAATCG AGACTTTGTTGAAGCGGAGCC -3 6

Figure 3.1. Newly identified coding sequence in SroN2a and SroCal

(A) Coding sequence previously identified as intron sequence was found as part of Dlomain
of SroNaz2. (B) Previously unidentified coding sequence was found at #teerinus of the
SroCal channel.
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SroNa2 shares only 33%51% sequence similarity among the channels examined. The
fully expressed channéhs an open reading frame58®2 base pairs (bp) long trangaty
producing a protein of 183mino acids (AA). The full coding sequence of SrgNaas
aligned with vertebrate Nand invertebrate channel homologs that have either been
functionally characterized or have been propasetasal proteins but remain categorized as
putative proteins as per GenBank (NCBI) (Fig. 3.2A).

A cladogramwas generated (Jalview) based on neighbouring % identity scores (Fig.
3.2B). Based purely on the selected sodium channel gene coding sequeNeg, Bianches
basaly to all vertebrate homologs and closely with,2lahannels fronbrosophila
melanogasteandBlattella germanica TheTrichoplaxadhaeren$Na, channel has not been
isolated or functionally analysed tmwonfirm identity and remains a ptitee channel based on

transcriptome datantry.

SroNa2 possess the DEEgelectivity filterconfiguration in agreeance with other
invertebrate channels, with the differentiating factor fidagl homologs being the lysine (K)
residue inprimarily in Domain Il but also Domain Il in the case Giyanea capillatgjellyfish)
(Figure 3.3A) In the lIFIV linker, the residues of the IFvhotif (boxed) are replaced by VLL
(valine-leucineleucine) (Fig 3.3B). Furthermore, the proposed docking site alanjnegue
of Domain Il is substituted with a serine (S). These likely play a role in the slow inactivation

seen in SroN& (Fig. 3.10C) and other Nachannel homologs from other invertebrates.

SroCal shares 45%58% sequence similarity among the chdsesamined. The fully
expressed channel produces an open reading frame obp998oducing a protein of 166%A.
SroCal sequence was aligned with vertebrate HVA calcium channels, including all human
homologs, as well as invertebrate channels that beea experimentally confirmed and
functionally characterized (Fig. 3.4A) Invertebrate channels include those that remain as
putative proteins as per GenBank (NCBI)cladogramwas then created based neighbouring %
identity scores of calcium channel genle<(Fig. 3.4A). SroCA branches basaliy all
vertebrate channels bat a later node thaall other invertebrate channels (excephmaea
stagnalig. This could reflectthe similarity and degree of conservation betweerSth®setta

and human homologs.
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SroCal appears to be the only channel to pos:
ot her HVA calcium channels possess an -OEEEES®G
calmodulin (CaM) binding domain (Fig. 3.5B) which tains the critical I@motif for CaM
binding revealsthatSro¢a i s t he only channel to possess a
seem to affect channel inactivation with calcium as the charge carrier (Fig. 3.13).

During cloning of SroC4. it wasdiscoveredthatS. rosettgpossessed the gene for an
aux i l-sukumityo SECA. This subunit was isolated and cloned into the mammalian
expression vector pIRESE&SRED. The gene CDS is aligned in Figure 3.7A. SybCas har e s
only 2426% sequence similarityiwt h ot her v er t e bsubanitsexaminetlandn v er t
based on neighbouring % i de nsuburityltisessentidt®e pl ace

successful expression of Sraa
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Figure 3.2.SroNa,2 Sequence alignment and neighbour % identityladogram

A) Amino acid alignment of NA (Homo sapiens) and Na(invertebrate) sodium channel

homolog. Input sequences on left (top to bottoBalpingoeca rosett&SCN1A [Homo sapiens]

SCNZ2A [Homo sapiens]SCN1A [Homo sapiensSCN4A [Homo sapiens]; SCN5A [Homo

sapiens] SCNBA [Homo sapiens]SCN7A [Homo sapiens]SCN8A [Homo sapiensFCNOA

[Homo sapiens]SCN11A [Homo sapiens]Mnemiopsis leidyiThecamonas trahens

Nematostella vectensigrichoplax adharens Cyanea capillataAiptasia pallida. Sequence

similarity is indicated by colour blocks. Salpingoeca rosett& Naighlighted by red box)

exhibits a high degree of similarity to other recognizediNammd Ng2 c hannel s. Extr ar
sequencetrimmedqB) Phyl ogenetic tree generated based
Na,1/2 channels. Branch numbers indicate distance scores based on % neighbourBdeckity.

star represents emergence of Lysliheesidue in slkectivity filter. Red star channelack Lysine

K. Green star indicates NeDKEA channel in jellyfish Alignment doneusing Clustal Omega

and Jalview, phylogenetic tree produced using Jalview
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A DIV
*

Salpingoeca/t-1831 242 | , d
SON1A/-1998 203 a
SCN24/1-2005 204 a
SCN3A/-1951 203 a
SONIA/-1836 300 n
SCNSA/1-2015 206 s
SON7A-1682 283 d
SCNBA/1-1980 201 1
SCNIA/-3936 201 a
SCN11A/-1791 208 s
SCN4A_RAT/1840 300 n
BSCY/1-2304 200 :
DSCH/1-2539 283
Nematostella(2.4y1-1365 239
Mneaiopsis/1-1496 230
Tichoplax/-1347 255 Mo W0 1 B0 Wl ok vada-
Thecanonas/1-388
Cyanea/1-1740 297 IqI | "n H vIa a-
Aiptasia/t-1810 268 fq | nyviliss -

B DllI [11-1V Linker
Salpingoeca/1-1831 1134 - -
SCN1A/1-1998 1254 - -
SCN2A/1-2005 1255 - -
SCN3A/1-1951 1204 - -
SCNIA/1-1836 1078 - -
SCNSA/1-2015 1251 - -
SCN7A/1-1682 981 - -
SCNBA/1-1980 1245 - -
SCN9A/1-3936 1228 - -
SCN11A/1-1791 1103 - -
SCNIA_RAT/1-1840 1071 - -
BSC1/1-2304 1338 - -
DSC1/1-2539 1800 - -
Nematostella(2.9y1-1865 Q75 Tk
Mnemiopsis/1-1496 820 - -
Trichoplax/1-1947 1256 - -
Thecamonas/?-388 = . . . e e oo ...
Cyanea/1-1740 1011 - -
Aiptasia/1-1810 1094 - -

Figure 3.3. Selectivity and inactivation features of SroN&

(A) Expanded view of selectivity filter (star) and neighbouring residues of each Domain in
SroNa2. Red box in Domain Il highlights major substitution between vertebrate lysine (K) to
invertebrate glutamate (E). (B) Expanded view of docking site residues on-tte IBkers of
Domain Il & IV (stars) and IFMmotif (boxed) responsible for fast inactivation kinetics inNa
channels.
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9.15 Amphimedon
14.06 Salpingoeca
1031 CACNA1S
10.18 CACNATF
.19 (W5
[
10.68 CACNA1D
044
CACNAIGC
2.18
9.15 O3 amo
200 Rattus
RE::
14.37 CACNA1E
o087
4.14 5.80 Lymnaea
1.33 CACNATE
15.08 Mnemiopsis
3.14
1471 Stylophaora
915
1448 Cyanea
16.45 Trichoplax

Figure 3.4.SroCa,1 Sequence alignment and neighbour % identityladogram

(A) Amino acid alignment of GA L-type calcium channel homologs. Input sequences on left

(top to bottom)Salpingoeca rosetfdC ACNAL1S [Homo sapiens]CACNALF[Homo sapiens];

CACNALD [Homo sapiens]CACNA1C [Homo sapiens]CACNALE [Homo sapiens];

CACNA1B [Homo sapiens]; CACNA1A [Homo sapiendJrichoplax adhaerensAmphimedon
gueenslandicaRattus norvegicysStylophora pistillataMnemiopsis leidyiCyanea capillata

Lymnaea stagnalisSequence sindtity is indicated by colour blockSalpingoeca rosett@a,1

channel (highlighted in red) shows a high degree of similarity to identified hometigel.

calcium channels in higher vertebrate® and in
Phylogewtic tree generated usingQahannel sequentea sed on 0% sequence i
Alignment done using Clustal Omega and Jalviptwlogenetic tree produced using Jalview.
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Salpingoeca/1-1661
CACNA1S/1-1873
CACNA1C/1-2138
CACNA1V1-2181
CACNA1F/1-1966
CACNA1A/1-2221
CACNA18/1-2339
CACNA1E/1-2270
Trchoplax/1-1557
Aumphimedon/1-1798
Rattus/1-2170
Stylophora/1-1891
Cyanea/1-1911
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B
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Stylophora/t-1891 - -

Cyanea/1-1911
Rattus/1-2170
Lynnaea/1-1609
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Figure 3.5.Selectivity filter and calcium-calmodulin docking siteof SroCa,1

(A) Expanded view of aligned selectivity filter residues (star) within Domai¥s (B) Calcium
calmodulin (CaM) binding site (black bracket) at&minus of HVA calcium channel.
Highlighted (red box) indicates key residues of themi@if responsible for CaM binding.

Alignments done using ClustalOmega and Jalview.
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MouseBetal
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Figure 3.6. SroCab al i g n madograma n d

(A) Alignment of isolated SroGB subunit against vertebrate hon
homologs fronLymnaea stagnaljsncluding all splice variants. (B) Phylogenetic tree produced
based on neighbouring % identity scores (Jalview).
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3.2HEK cell expression

SroNa2 exhibits stiking levels of expression observed in H2R3T cells by using the
standard calcium phosphate transient transfection strategy. Channel currents are observable in as
little as 12 hours after transfection and remain at significant current measurements for
approximaely 72hours postransfection, at which pointgak wrrentproduced by SroNa
increasd significantly in 2mM extracellular calciunflso, HEK cell membranegxhibited
decreased integrity as seen by significant current leakage, unstable membrane potential, and cell
death during patch clamp protocols. Visualll€ would appear shriveled or appeared to lose
the distinct outline of a cellular membraWhile expressing SroN2, HEK cells were found to
be highly unstable when resting membrane potentials were maintained-bé@wV during
whole-cell patch. Only cells expressing the channelldzhours after transfection could be used
to obtain steady state inaction data where membrane potential resH0 be set at130mV.

After this time the patch holding potential had to be adjusted to more depolarized potentials ([
110mV]1 [-90mV]). This phenomenon was not seen when expressing the $rci@anel
where cdbk could be held indefinitely al10mV. Theprecisereasos) behind the cellular

instability wasnot investigatedbut currently remains unknown.

SroCal currents were observableddys postransfection and were recordable for
approximately 48 hour$iEK cells maintained for >@ays postransfection exhibited signs of
senescence similar to Sro/dalncreased leak current, cellular death dgpatch clamp
recording and loss of a distinct cell membrane restricted experimentation-taoaid&indow.
Additionally, SroCal expression requiretb-expression withthe Sroa b subunit and
i subunit. Expressionl afi tsunpu reidt wi ¢ shwlutte d hien |
currentupto 14layspost r ans f ect isarb.u nHubmdsbod-&xpression was also
attempted in various combinations but no observable currents were seen tais pbst
transfection. Co-subunits with th&alpsgoecth-subunitneere alfbested

but no differencein kineticscompared to exgssion of only SroGa were seen.

Interestingly, under mercury lamp excitation HEK cells transfected with $StoGaJ
channel construct but without SroCa -siibunit continued to fluoresce green starting-dags
posttransfectionThis could onlyconfirm successful transfection of cell aliquot and did not

reflect channel expression.
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3.3Activity of SroNa,2

SroNa2 appears to beermeabldo calcium ions as measurable currents were seen in
2mM calcium (extracellular). Interestingly, substitutingibar in place of calcium as the
primary charge carrier resulted in approxima@dodecrease in peak current amplitude at
equal molar concentratioiiBig. 3./8). An anomalous effect between calcium and barium was
not testedWe cannot concludehether SroN& is impgermeable to barium antle seen
decrease in current size is from barium pore block thereby restiihéngpnductingalcium

ions or the channel pore affinity for barium is lower

SroNa2 peak currents were elicited at depolaristeps to10mV in 2mM C&*
(Fig.3.8) with V1,2 achieved taapproximately31mV (Fig. 3.B). SroNa2 i s a fAsl owo
channel as time to peak data indicates approximatelyrE5(53.62ms) to maximal current. |
also appears to require >300ms domplete current decdiig. 3.8C). Recovery from
inactivation of the channel is dependant on patch holding potential but requires at minimum 13
secondgholding potential {Y90mV]) to achieve full recovergFig. 3.95, H). The most
interesting feature coméom steady state inactivation data indicating that Sy@Na90%
inactivatel at a holding potential e®0mV (Fig. 3.9C, D). Full recruitment of channels is
achieved with a holding potential oflpOmV] to F130mV], with half inactivation achieved at a
potential of-103mV. This implies that in several physiological contexts where other sodium
channel homologs are expressed (musuigcardial neuronal cell) SroNa is likely to be in an
inactivated statelhe activation and activation curves of SroNdo not overlap and there is no

window current possible.

59



n
in

T T T T T T T T
0.0 0.5 1.0 15 - ca® 0.0 05 1.0 15 20

0.8

Lo (€], [B"], 1 [CE" ],

o
)

=4
o

Z 124

peax NG & ca™), /[

|
o
[N}

1

o
o
1

Figure 3.7. SroNa,2 extracellular ion permeability

(A, B) Normalized barium perfusion data indicating a decrease in inward current with increased
barium concentration$C) Bar graph showing decrease in average peak current for barium
perfusion experiments. Error bars represent standard de\iBiddample tace showing

relationship of C# [red] conductance against Bagrey] through SroN&. No change in

Kkinetics, inactivation decay or speed are seen. (E) Sample representative trace recording of
Ca*+NMDG" (grey) and C&+Na'" (blue) to illustrate increase current at peak conductance
voltage. (F) Bar graph showing the average increase in current size at peak conductance voltage
of Na" against impermeable NMDGError bars represent standard deviation.
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Figure 3.8 SroNa,2 current-voltagerelationship

(A) Pooled normalized to peak current IV data of inward current, 2mi¥t]iGa(B) Averaged,
fitted IV curve analysis of SroNa. Maximal conductance ocauat depolarisations ta0mV.
(C) Sample trace of expressed Srem 2mM [C&*ex/[110mMM CSJint
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Figure 3.9 SroNa,2 activation-inactivation

SroNav2Activation/Inactivation Data. (APooled normalized activation data. Peakrent size
achieved at10mV. (B) Averaged activation data (Epoled inactivation data (D) Averaged
inactivation data (ECombined activation and inactivation data. SroNav2 activation/inactivation
curves do not overlap and the channel does not appear togpagsasistent window current.

(F) Time to peak data detemed from IV trace recordings. Inset: Tau activation d@.

Pooled recovery from inactivation (RFIA) data (H) Averaged RFIA data
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3.4 SroNa2 Permeability to monovalent ions

To assess ion permeation properties of the Sidhklaannel NaNMDG perfusion
experiments were performed whereirfOan concentration was kep constant 2 mM and
perfusion of 135 mM NMDGwas toggled with 135 mM NaSroNay2 allows the passage of
sodium ions alngside calcium through its pore withratio of N&: C&* near 1.6:1(Fig. 3.9E,

F). Some recordings indicated greater than double increase in peak current size wlsile other
indicated none to minimal change in current size. The discrepancies could be due to patch
current leak during recording, voltage error ahdted peak currents, or differences between

experimentto-experiment setup of perfusion experiments.

To further assess permeabilitya#tionsthrough SroN# and confirm the viability of
Na’ ion permeation seen in N&AIMDG* experiments bionic condition experiments were
performed. Monovalent ions at a concentration of 100mM were added to the intracellular
solution and external calcium was kept at 4mM. Currents were elicited by voltage steps from
50mV to +100mV, while the cell was held betweedbmV] to [-90mV]. There is a
hyperpolarizing shift in the reversal potential as you move up periods on the periodiBtable.
ionic reversal potential shows permeability to monovalent ions in the ordetoKi> Na" >
Cs', with reversal potentials of +7.0mV+415.0mV, +18.0mV <+42mV, respectivelySroNa?2
produces large outward currents at voltage steps above each respective ions reversal potential.
This condition allows for direct measure of the channels ability to pass monovalent ions as there
is a large oncentration gradient created entirely from the monovalent ion (10QmPBIMMey)

and a lack competition from divalent €an the extracellular solution.
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Figure 3.1Q SroNa,2 Bi-lonic reversal experiment

[Left to Right; Lithium-SodiumPotassiurCesium] (AD) Pooled recording data normalized to
peak conductance for intracellular monovalent ionsdjEAveraged pooled data, used to fit to
determine reversal potential of each ioAL)IRepresentative traces of each ion.dws tracings
coincide with voltage steps taken from 0mM85mV (shown in M, right) from a holding
potential of-90mV. (M) Combined graph of figuresfg with expanded view showing
differences in reversal potentials (inset). All recordings done in 4 mKf]iGa

Table 3.1. Bi-ionic reversal potentials of SroNa2

Lithium Potassium Sodium Cesium
SroNa,2
Erev (MV) 6.7809 15.5243 18.76907 42.90918
S.E.M. 1.08614 2.1202 1.38874 4.18464
Pcal Px 19.1974 34.90017 41.39771 273.3869
S.E.M. 1.463359 4.325008 3.739147 80.20794
n 10 9 9 7

Values are reported as means * standard error of mean (S.Eddrjotes the sample size.
Pcd/Px is the permeability ratio of the monovalent ion (x) in respect to calcium.
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3.5Activity of SroCa/l

SroCal producesneasureable currents in 20 mM2Calhe currentoltage relationship
indicates peak inward currents achieved at approxima@edynV (Fig. 3.13A), and a M
achieved at30mV in C&"* (Fig. 3.14B). SroC4. appears to be a rapid channetasiplete
current decay occurs in approximately 200 ms, and complete recovery from inactivation occurs
in approximately 8.1 seconds (Fig. 3.14H). Stesidye current is tested with voltage steps to
peak current with increasing holding potentials to deteertihhe percentage of channels available
at the varying holding potentials for firing. Half inactivation from this is achieved at holding
potential of-47mV, and the overlap in activation and inactivation data shows that there is a small

window current oftie channel (Fig. 3.14[E).

SroCal is impermeable to extracellular monovalent ions as tested using téMNRG*
experiments (data not shown). No obvious outward current was seen with 110" mM Cs
indicating a lack of conduction in either direction of mealent ions. SroGA appears to be a

highly divalent cation selective channel.

Most interestingly, the substitution of 20 mM%Bén place of extracellular calcium does
not produce the lontasting currents during depolarisation typical etiyfoe calciunchannels
(Fig. 3.15E). However, there is a hyperpolarizing shift in reversal potential and peak-of the
curve with barium and the charge carrier (Fig. 3.16; Table 2). Unlike S2oR&* appears to
be equally permeable as#hrough SroCd (data noshown).
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Figure 3.11 SroCa/l current-voltage relationship

(A) Average normalized, fitted 1V analysis. Maximal currents were seen at depolarisations to
approximately {5mV]. (B) Pooled normalized IV curve data of expressed Syb@&ecorded in
20mM [C&*]ext. (C) Sample trace of expressed SrdCia 20mM [C&*]ex.
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Figure 3.12 SroCa/l activation-inactivation

(A-B) Pooled activation traces and fitted average activation cgBatzmann fit), from holding
potential of-110mV. (GD) Steady state inactivation recoding, pooled and fitted average curves
(Boltzmann fit). (E) Combined activation and inactivation curves for Stb(Fg Time to peak
curve and Takkct curve [inset] (Bltzmann fit) (GH) Pooled and average fitted curves
(Exponential fit).n values denote sample size of presented parameter. Data collected in bath
solution containing 20 MM [Cex
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Figure 3.13 SroCa,1in Ba?* chargecarrier

(A-B) Normalized pooled and fitted averalg¥ curves for SroGd with B&* as the charge
carrier (Gaussian fit). () Normalized pooled and fitted activation curve (Boltzmann fit) (E)

Sample trace of SroGhwith B&* as charge carrier. (F) Fittedime to peak curve
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