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Abstract

Calmodulin(CaM) is a ubiquitous calciurdindingprotein responsible for the binding and

activation ofa vast numbeof enzymes and signaling pathwalscontains two lobes that bind

two calcium ions each, separated by a flexible central linker. This structural ftgxabidws

CaM to bind and regulate a large number of diverse protein targets within the cell in response to

cd”* gradients.

Voltage gated calcium channels (€g as main sources of extracellulafGare crucial
for a number of physiological processem muscle contraction to neurotransmission and
endocrine function. Thedarge transmembrane proteimigen in response to membrane
depolarization and allow gated entry ofCians into the cytoplasnTheir regulation is
currently the subject of intense investigation due to its pharmacological and scientific

importance.

CaM has been previously shown to-associate and act as a potent inhibitor of one class
of hightvoltage activated (HVA) channetsilled L-type channelsia its interaction witttheir C-
terminal cytoplasmic region. This interaction is primarily mediated by a conservebiDdvg
motif call ed t he igdeQiheamiglutamie résidugsalthoughthe exactv e d
molecubr detailsof its involvement irinactivation are currently uncledlucidation of these

details was the primary objective of this dissertation.

Recently, a novedequencenotif within thischannet al | ed 6 NSmirmalT E6 ( N
spatial calcium transformgnelement) has been described as an important contributor to calcium
dependent inactivation (CDI) of-type channels. It was presumed taupéque tovertebrates,

but we also show its conservation in a distantly relatégpe channel homolog @éfymnaea



stagnalis(pond snail). The interaction of CaM with a number of peptides representing the
different regulatory motifs (IQ and NSCaTE) for both mammalian and snail isoforms was
characterized in an attempt to better understiei role inCDI. Biophysical wak with
peptides as well as electrophysiology recordings witN-a@rminal truncationrmutant of
LymnaeaCa,1 homolog were performed to expand our understanding of how the interplay
between these channel elements might odnurief, the most striking ggure of the interaction
concerns the strong evidence for a CaMddiated bridge between the &hd Gterminal

elements of Ltype channels.

Further investigation of the CaM interaction with both IQ and NSCaTE peptides using
Cd*-deficient CaM mutants revesah preference of both peptides for thé*@2lobe of CaM,
and a much higher affinity of CaM for the 1Q peptide, suggesting thatthbéNof CaM is the
main interaction responsible for the physiological effects of NSCaTE. These results are
consistent wth our electrophysiology findings that reveal a distinct begrsitive CDI in wild

type LCa/1 that can be abolished by thet®&minal truncation spanning the NSCaTE region.

In addition to L-type channels, CaM has also been shown to have an indireit tioée
regulation of lowvoltage activated (LVA) or fype channel§Ca,3.x), via their
phosphorylation by CaMlependent protein kinase Il (CaMKIl). Usingamary sequence
scaming algorithm a CaMbinding site was predicted in a cytoplasmic regiorhese channels
that was also previously shown to be important in chagetetg Biophysical experiments with
synthetic peptides spanning this gating brake region from the three human and the single
Lymnaeasoform strongly suggest that there is a noleha fideCaM interaction in this channel

region, and also hint that this interaction may be d-8ependent switch of some sofhe



results confirm a possible new role for CaM in the direct regulation of these channels, although

the exact mechanism rema to be elucidated.



Acknowledgements

| would like to thank my supervisors, Dr. JG Guillemette and Dr. JD Spafford, for their
helpful discussions, guidance and support during my graduate (and undergraduate, in Dr.
Gui |l |l emet t e dheUnoversstyeoj Wayerdoa. Y aur kaowledge and wisdom has kept
me on track more than once in these last five years.

| would also like to thank my committee membéds. Palmer, Dr. DunckeDr. Joseph,
Dr. Tupling,and my externagéxaminey Dr. van Petegem, foheir time and consideration of this
dissertationl am grateful to NSERC for providing scholarship funding for the majority of my
stay here.

| am also grateful to othg@raduatestudentof my chemistry lab, including Erica Lee and
Mike Piazza, and my biogy lab, including Julia FysWendy GuanDr. Adriano Senatoreand
of course DrAdrienneBoone whose work was instrumental to this thesis. | leay@yed the
friendshipand camaraderie of several otgeaduate students in the departmaentd will
definitely miss our chats and coffee breaksl running practice®\n honorable mention goes to
HarmenVander Heide, whose help in rescuing our microcalorimeter allowed me to complete my
experiments and finally get to writing of this thesis.

A special mention ges to Cathy van Esch, who is a miracle worker and life saver of
many students, myself included, for her seemingly limitless knowledge about the arcane world of
administrative procedures, deadlingstsons and anyt hi befpunéontbecsUWM hat c a
home page.

Several undergraduate students have spent many hours working on thisvatbjea

directly or through Dr. Spafford, and | would like to thank them all, including Edmund Luk,

Vi



Erica LeeKristin van den HamDanielle WebetAdrian, and especia}l Vanja Polic, who set a
high standard for the rest of the undergrads to come.

Lastly, | would like to thank all my friends, family, and my incredibly supportive and
patient partner, Tyrell Worrall, fartheering me on and pushing me forward even vhiegys

were not going well. |l woul dndét be here witho

vii



Dedication

To my parents, Irina and Fedor,
whose hard work and commitméeattheir children are unmatched,

thank you for making this possible.

viii



Table of Contents

AUTHOR'S DECLARATION .ottt mene e eneens i
Y 0111 = Vo OSSP PRRRURSR iii
ACKNOWIEAGEMENTS......cciiieieiiiiiiic e s e e e e e e e e e s emmesss s s s e e e e e eeeseesssssssssnnneessseeesseesssns VI
[ =To [ o3 11 o] o 1RSSR viii
Table Of CONIENTS ..o reea bbbt e e e e e e e e e s seet ettt e e e aaaeaaeeeens iX
LIST Of FIQUIES. ...t eeens e e e e e e e e eeas Xiii
IS o) B 1= o] L= TR XV
(IS 0 N o] o 12N = (0] 1 PSP XVi
(@ aF=T o) (= g A = = Tod 1 [ 10 01 T RPN 1
0 1 1 Yo [ T £ o 1
1.2 Structure, Nomenclature, and Evolution of lon channelS.........ccccccoviiiieeeld 6
1.3 Voltagegated calcium channels: History and Background.............ccccoovviecceeeeenennnn. 9
1.3.1 AUXiliary SUDUNILS........cooiiiiiiiiiiiimmce e s et e e e e e e e e e e amanna s 13
103 Lo L2 13
I o P PSSREUUPRPRR 14
L 3 i B D ———— 16
1. 3. LB Ud e 19
I Y= 1o 1Y/ /PRSPPI 20
1.5 Voltage Sensing and Gatlig ...........uuuuuurmeiiiimamiiiiiieiieieereeeee e e e e s ememre e e e e e e e e e e e e e e e e aannes 26
1.6 Calcium and CalmMOAULN...........ccuiiiiiii e e 35
0GP0 = [ 11 ] o 4 PP 35
1.6.2 The EF hand MOtif...........ooommiiiiiiieee e e e e e e amee s 36
1.6.3 Calmodulin: general background..................ueeiicciiiiiiiiee e 37
1.6.4 CaM target DINAING ........oveeiiiiiii e 39
1.7 CaM regulation of other channels...........ccccoeoviiiiicccciiiiiiii e A4
1.7.1 Voltage gated sodium ChannelS.............oooiiiiiiiieee e 44
1.7.2 Calciuragated potassium channels...............ovvviiiiccereeeiiiicceeee e D A7
1.7.3 RYANOAINERECEPIONS ....eviieiieiiiiiiee ettt e e e bbb eneas 48
1.7.4 Transient Receptor Potential Channels..............ccoovvieeeei e 49
1.7.5 NMDA T8CEPIOIS ... e cieeitiee et eeee s rere e e e e e s e e e e e e e e e e e ammmnne s 50
L.7.6 SUMIMIAIY...ccuiiiiii et e e et e et e e eennr e et eeeaa e e e eaa e e e ess e e e aan e e eesan s 52
1.8 RESEAICN ODJECHIVES . ....uuii ittt eee e e e et e eaneeeeeeeene 52
Chapter 2 : Characterization of a Novel Short Linear Motif in the N-terminus of an
Invertebrate L-type Channel..........ooooiiiii e 54
Y2200 I [ 0T [0 Td 1 0] o 54
2.1.1Lymnaeaas a Model ORINISM........ccouiiiiiiiiiii e e e 55
2.1.2 Current overview of mechanisms involved in CDI and VDl...............cccoevieeen.. 56
2.1.3 Review of literature and experimental goals..............ooooiiiiimmn i) 63

iX



2.2 MOENOUS . e e e 64

2.2.1 Cloning of the #type Ntermini from LCg1 and Cal.2.............cccevvevvvvviirieeneeeenn. 64
2.2.2 Protein EXPreSSION.......cooii ittt ieees st eeeea e e e e e e e e e e e e e e emmee s 65
2.2.3 Bioinformatic analyses of oligonucleotide and peptide sequences.................. a7
2.2.4 Gel Shift MODIILY ASSAY........uuuuiiiiiiiiiiiiiiieeeiie et e e e e emmmr e e e e e e e e e e e e 68
2.2.5 Native Trp flUOTESCENCE. .......oeeeeeiieii e eernr e e e e e e e eaaaead 63
2.2.6 DansYICaM flUOIESCENCE. .........oooiiiiiiiieeee e e e 69
2.2.7 Circular DICRIOISITL........uuiiiiiiiiiiiiiiii ettt e e e e e e e e e e e e e e e s ammne s 70
228 Cloning and -EGagdr.e.s.s.i.o.n...of.... .@NT........... 71
AR I = =Tod 1 0] o] 12T (o] (oo /RSP 71
2.2.10 Datamining and Computational Analyses otype OrthologS.......cccccceeeeeeeeeenne. 12
2.2.11 qRTPCR of LC&1 andgiNT-LCayL N-termini......ccccccvviiiieeeiiiiiiiiccceeeeeeeee e, 73
2.3 RESUITS. ...ttt ettt e e e e e e e e eet ettt e e e e e e e e e e e e e e s s s s s rmmne e e e e e e e e e e annnnnnnerne e 74
2.3.1 Conservation of NSCaTE intlpe channels..........ooiiiiiiieene 74
2.3.2 NSCaTE as an optional motif..............coooiriiiieeer e 75
2.3.3 Electrophysiology recordings of L{da Met; and Meb. ......ooooeeeevivvieeeeeiiiiieeee e 78
2.3.4 Expression of ferminal HIStag fusion construct of G&.2 and LCal................. 82
2.3.5 Gel ShifiVobility Studies of Ltype channel peptides...............ccccciiiimmnniinienns 85
2.3.5.1 CONTOIMALION. .. ..uiiiiie e eeeeee et eeme e e e e e b s smmrnnnes 85
2.3.5.2 Competition EXPEIIMENTS.......ccuiiiiiiiiiieie e mmme e 88
2.3.6 Fluorescence studiebL-type peptides...........covviviiiiiiiiiieeeieeeeeeeeee e 89
2.3.6.1 Tryptophan flUOrESCENCE..........ooiieeeieeeeeee e 89
2.3.6.2 DansylCaM flUOIESCENCE.........covviiiiiiiiiie e 93
2.3.7 Circular Dichroism of dtype peptides..........coooriiiiiiiiiiiieee e 94
2.2 DISCUSSIONL ...ttt eeeesse bbbttt et e e e e e e e e e eeeseeeeeeeeaaaaaaaaeeaessssammmeaeaeeeaaaeassannns 104
P2 O 0] o o3 11 o] o 1 107
Chapter 3 : Thermodynamic analysis of CaM binding to IQ and NSCaTE peptides......109
3.1 Introduction and SUMMALY..........cceeeiiiiiiiiiieeee e e ee e e e e e 109
3.1.1 Isothermal Calorimetry of-lype Peplides..........cccuuuvrrriiiiiiiieeniiiiiieeeeeeeee e 109
3.1.2 Nuclear Magnetic Resonance Spectroscopy (NMR).........cccceeeiiiiiicccvvinnnnnnnnn. 114

G 37 |V =1 T T £ 115
3.2.1 Isothermal Titration CalormMetry..........cooiiiiiiiiiiieeer e 115
3.2.2 Purification of CA deficient CaM ProteiNS..........c.ooecveeeeeereeeseeeeeeeeeeeeeeeneeenn. 116
3.2.3 NMR SPECIIOSCOY. .. e eeeetitieeeeinittttmmme e et eeeeeeettnas s smme s n s e e e e e e e e e e eenas 117
BB RESUILS ...t e e e e e e e e ana e e e e e e e e e e e e e eeeaeenrae 118
3.3.1 Isothermal CalorimMEtry..........uuuuiiiiiiiiiii e 120
3.3 L. L Wild type CaM. ...ttt e e e e e e e 120
3.3.1.2 Competition experiments with wild type CaM............ccccoovieiiieeeeeiciiieneee, 122
3.3.1.3 EF hand CaM MULANES..........ccceeiiiiiiiiiieeee e mmme e e eeeeeeeeannnes 125
3.3.1.4 Competition experiments with EF hand mutants...............ccccveviiennnn. 127



3.3.2 Qualitative NMR @nalySIS........cccuiiiiiiiiiiieeiiiiiiii e 131

3. DISCUSSION.....ceiiiiiiiiiiittbbebieees bbbt ettt et e e e s seets e e ettt e e e e aaaaaeeeeeeessmmeaaeeeeeeeeeennnnnns 134
3.5 CONCIUSIONS... .t e e e e e e e e e e s emnn e e e e e e e e eaaaas 139
Chapter 4 : Characterization of a novel CaM-binding site in the I-l linker of low -voltage
ACHVALEA CNANNEIS. ... .uuiiiiiiiiiii e 140
0 R 1 11 o o [ 3o 1o o 1P PRPPPPRPPUPPPPN 140
AV = i VoL TR 144
4.2.1 Gelshift MODIlIty SSAYS........cciiiiiiiiiiiiiimr e e e e 145
4.2.2 NMR SPECIIOSCORY...cevuuititieetitieetinmmteieeeetieeessaseeeesasaaneesesnaeeesnseeasnnsessrnnnss 145
4.2.3 SPECIOPOIAITMELLY. ...ttt ieeee et e e eeer e e e e e e e e e e e e e e e e nmnnas 145
4.2.4 Isothermal Calormetry.......coooiiiieeieiiieeeieeee e 146
4.3 RESUIS ..o i e ittt et tan— et ettt et e e e e e e e eaaeaas 147
4.3.1 Gel shift MoDIlity 8SSAYS......cciiiiiiiiiiie e 147
B.3.2 NIMR ittt ettt e e e e e e e e e eet et e et e e e e e e e e e e e e e e e e mnnr e e e e e e 148
4.3.3 Circular DCNrOiSM .. ...ccc oot e e e e e e e e 150
T PP UO PP PPPPRPUPPRPPPPPR 153
I3 Yo 11 o o PSP 157
N 0] o ot 11 1S3 o E TSP 160
Chapter 5: Conclusions, contributions, and future direCtions................eevvviiiiiiiicennennn. 162
5.1 OVErVIEW and SUMIMEAKLY.....ceieeeeeeeiieeeeeieiinene e e e e e eeeeeeeeeseennnn s ammeeeessessnnnaaaeeeeeesanaas 162
5.2 CaM regulation of {type ChannelS..........couviiiiiiiiiiiiicc e 165
5.2.1 Inactivation @s @ CONCEMAL..........cciiiiiiiiieiieeee e eee e 165
5.2.2 Identification of apoCaM PHESSOCIAtION SItE(S):....uuvrrrrirrriiriiiiiieiieereeeeeeeee e 166
5.2.3 CaM regulatory elements and their dynamic interplay..............cccccevveeeeevvnnnnns 167
5.2.3.1 NSCaTE, CaM and..t.he..ol.o.c.al.lXpT
5.2.3.2 Suggested future experiments with NSCaTE:...............cccvvieeeeeeeiieveeennnn, 168
5.2.3.3 Finding the..dl.i.db6...s.hot.gun.Bpproact
5.3 CaM regulation of neh-type channels:............ccccoiiirieee e 170
5.3, Other HV AS ..ottt e e ettt e e ettt et e e e e e e e e e e e e e e e emmreeeaaeeeas 170
5.3.2 TtyPe ChanneIS:. .. .o e e 172
5.4 Other CA-DINAING PrOtEINS: .. ..vcveeeeeeeeee oo eeeee et ee et et ee et e e eeee e eeeeee e e eeeeens 174
5.5 Summary of Original ContribUtioNS:...........oooiiii e 175
5.5.1LymnaeaNSCaTE is a global regulator of CDl............cccooooviiiicciiieeeeeeei, 175
5.5.2 NSCaTE as an optional Matifi...........ooooiiiiiiiicce e 176
5.5.3 NSCaTE may form a tertiary complex With@@M:.............cooeviiiiiiiiiieemeeciinnnn. 176
5.5.4 CaM is capable of interaction witktyipe channels directly via the gating braket76
5.6 Recommetiations for future StUAIES:..........uueiiiiiie e 177
5.6.1 NSCATE MUIAGENESIS ... iii i e ee et ieeee ettt oo e e e e e e es 177
5.6.2 NSCaTE and CaM binding t0 @ ......veieeeeeeee oo 178
5.6.3 NSCaTE and emteraction with IQCaM:...........cccooiiiiiiiiiiiceer e 178

Xi

obal 6



5.6.4 Peptide O0fishing st udjyCaM comptex:.t.h1E8 possi |

5.6.5 Ttype channel recording with CaM mutants:..............coovvvvvimemeeeeeeeeeeeeiiiieinnnns 179
BIDIOGIaPNY: ... 180
Y 0] 01 T [PPSR 202

Xii



List of Figures

Figure 1.1: Summary of phylogeny, function, architecture and common assatisaeters of

main types Of 0N ChaNNEIS............oooiiiee e e eren s 5
Figure 1. 2: C g splunitdodunddotthe AID of Gd.2.....0.1...... [ T 18
Figure 1.3: Structural depiction of the 'gate’ region (one subunity 2K ...............ccceeennenn. 31
Figure 1.4: Ribbotfiormat Structure Of KCSA-.......co oo e 33
Figure 1.5: A 'dissected’ view of KCSA pastomain (S56)..........uuciiiiiiiiieeeeeiiieeeiiiieeeeeeeeeeen, 34
Figure 1.6: Schematic representation and structural view of the EF hands of CaM........ 42
Figure 1.7: Modesummarizing the proposed CaM regulation of/Na...................cccceennee. 45
Figure 2.1: Typical electrophySiology g SEtUR.........uuriiiiiiiiiiii e 61
Figure 2.2: the dansylation reaction (for a Lys reSidue).........ccccceeeeeeiiieeciiciiieie e 70
Figure 2.3: qRTPCR of Met and Mej LCa,1, showing lack of transcriptional differences.76
Figure 2.4: Sequence alignment of NSCaTE and®@#&) motifs across animalhyla............ 77
Figure 2.5: Electrophysiology traces and summary of results of wild typeNihd.Ca, 1. .....81
Figure 2.6: SDSPAGE results of snail NSCaTE purification using IMAC.............cevvveeeee. 83
Figure 2.7: Purification of soluble rat NSCaTE is aided bY-CaM...........c.cocevvoveereerieeen.. 84
Figure 2.8: Crystal structure of ¢Za2 1Q bound to CA-CaM..............coeeeeeeerereeseeeseeeeenes 87
Figure 2.9: Effects of peptide binding on CaM conformation in PAGE mobility.............. 87
Figure 2.10Competition gel shifts of NSCaTE vs. 1Q bound to CaM.............cccccevvvviennene. 88
Figure 2.11: Native Trp fluorescence of LN with addition of CaM..................ccevveeeenl 91
Figure 2.12: Native Trp fluorescence of rat NSCaTE with CaM..............ccoccviieeeiinccinns 92
Figure 2.13: Summary plot of fluorescence vs. the amount of CaM added to the NSCaTE
(1] 0] 110 L= TP PTPPPPPPRN 92
Figure 2.14: DansyCaM fluorescence with IQ peptides...........cccoovviiiiiiieee e, a3
Figure 2.15: CD spectra of IQC With CalML..........ccoiiiiiiiiiiiiee e 99
Figure 2.16: LIQL With CaM.......cccooiiiiiiiiiiiiieeeee e e 100
Figure 2.17: LN WIth CaM........uuiiiiiiiiiiiiiiiie e e 100
Figure 2.18: RN With CaM..........cooiiiiiiiii et emmneees 101
Figure 2.19: LIQL WIth TFE.......cooiiiieeee et e e e e e e e e e e e e anen s 101
Figure 2.20: 1QC WIth TFE........coi oo ennnees 102
Figure 2.21: LN WIth TFE.... oot emnnnee 102
Figure 2.22: RN WIth TFE........ccoo oo ennnees 103
Figure 3.1: The typical components of a calorimeter; not to scale............ccccevvieecrnnneee. 113
Figure 3.2: Representative ITC results from wild type CaM atypk peptides.................. 121
Figure3.3: NSCaTE (RN) fully displaces the P/Q 1Q (IQa) peptide from CaM............... 123
Figure 3.4: Competition experiments withtype peptidesind WtCaM..........cccoeeveeeeeiiinnnnn. 124
Figure 3.5: ITC competition experiments with CaM34 arAyhe peptides........ccccvvvveeeenn.. 127
Figure 3.6: Representative ITC results of EF hand CaM mutants wbelpeptides.......... 129

Figure 3.7°N HSQC of holeCaM alone (red), CaM + IQc (green) and CaM + RN (purp&g.
Figure 3.8N HSQC of holeCaM alone (red), CaM titrated with IQc (green), and CaM pre

bound to IQc and titrated with RN (PUIPI&)......coooiiiiiieeee e 133
Figure 3.9: Proposed mechanistic model d@fjhe calcium channel modulation by calmodulin.
........................................................................................................................................ 138
Figure 4.1: Alignment of the gating brake in human baywhnaear-type Hll linker. ............. 143

Xiii



Figure 4.2: Ttype gating brake peptide gel shift results witf'@@aM. ...............cccoevrvennn.n 148

Figure 4.3: NMR results with LG8 gating brake peptide andCa&CaM. .........cccooveveevevne.. 149
Figure 4.4: LC@3 gating brake peptide CD SPECIIAL...........uuurmimiiiiiieeeiiiiiiiiieeeeeeeeeeeeeeeean 150
Figure45:Ca3. 1 GEt@Gndary st r ulelicainsolutios....p.r.i.masi |y U
Figure46:Ca3. 2 (U1H) gating br aketrongyaffectatioy TERE condar
and somewhat €SS DY Cal..........coooiiiiiiiiiiiri e e e e e e e e aneeas 151
Figure 4.7: Mutant G&.2 gating brake peptide has very little secondangcsire................ 152
Figure 4.8: Ca3.3 gating brake peptide secondary structure is strongly affected by both CaM

=L 0 I PP 152
Figure 4.9: Representative isotherms for the wild type CaM and gating brake peptide titrations.
........................................................................................................................................ 153
Figure 4.10: EF hand CaM mutants with LGayating brake peptide.............cccccvviiiceee. 156
Figure 5.1: Summary of key channel motifs described/studied in this dissertation........ 164
Figure 5.2: CLUSTALW Alignment of the 'IQ" motifs of various HVA channels............. 171
Figure A.3: Sequence of LGAWIth PriMErS..........uuuiiiiiiiiiiiiiiiceeeeeeeeeee e 203
Figure A.4: Gel filtration chromagram of wild type C&-CaM with IQ and NSCaTE peptides

(at STOICNIOMELIIC FALIOS)-.. . eveeeieieiiiti ettt e e nees s 204
Figure A.5: Deconvoluted MS spectrum of CaM............ccccoiiiiiiiiiceciiiccie e eeeeeeeeea, 205
Figure A.6: Deconvoluted spectrum (peptide range) of CaM/IQC/RN................eevvvieenes 206
Figure A.7: Formaldehyde cross linking ririal................ccooiiiiiiiieeee e 207
Figure A.8: Preliminary binding of the-type channel-ll linker peptides to Cd-CaM......... 208
Figure A.9: ITC results (fitted) of LG 1Q peptide (KIYAGLLISENWKAYKASQNA) with
0] o 1= 1 PO 209

Xiv



List of Tables

Table 1.1: Nomenclature, current classification and tissue distribution of vogiédge calcium

(0] 0 F= ] = £SO PPP PP TR 8
Table 1.2: Brief overview of prototypical (and some atypical) CaM binding targets and their
(0 =y T Lo TR (== LU = 42
Table 2.1: List of Ltype peptides ordered from CanPeptide.........cccovveviiieiiceciiiiiiiieeeeeee 68
Table 2.2: List of Ltype peptides ordered from GenscCript..............ovvvveiiicccreeeeeevvnninnnnn. 68
Table 2.3: Summary of NSCaTE effects on LCaUIrentS............cooevviiiiiiiiieeee e 81
Table 2.4: SumMmary Of CD reSUILS.........ccooiiiiiee e 103
Table 3.1: Ltype peptides and their Properties..........uuvvvviiiiiiiieeeiieeeeee e 116
Table 3.2: Summary of ITC results with theype calcium channel pages and CaM (mutant
=T aTo V1[0 10 o 1) TR PP PP PP TP 130
Table 4.1: Ftype gating brake peptides and their parameters...........cccccovvvvieeeee e 144
Table 4.2: Summary of ITC results with gating brake peptides..........ccccevvvviieeciriinenne. 154

XV



List of Abbreviations:

AID Uinteraction domain (& subunit binding site)

ALS amyotropic lateral sclerosis

AMFE anomalous mole fraction effect

AMPA U-amino3-hydroxy-5-methyt4-isoxazolepropionic acid (Glu analog)
ASD autism spectrum disorder

BAPTA 1,2-bis(o-aminophenoxy)ethard,N,N',N-tetraacetic acid
CaM Calmodulin(apo = C4' free, holo = C¥ replete)
CaMKll CaM-dependent protein kinase |l

Ca, see VGCC

CD circular dichroism

CDF calcium dependent facilitation

CDI calcium dependent inactivation

CNG cyclic nucleotide gatefthannel)

COosy Correlation spectroscopy

Cp heat capacity

DSC differential scanning calorimetry

DMSO dimethylsulfoxide

DTT dithiothreitol

EDTA ethylenediaminetetraacetic acid

EGTA ethylene glycol tetraacetic acid

ESIMS electrospray ionization mass spectrometry

FCS fluorescence correlation spectroscopy

FID free induction decay

FPLC fastproteinliquid chromatography

FRET Forster resonance energy transfer

GABA 2-amincbutyric acid

HCN hyperpolarization cyclic nucleotidgated(channe)
HEK human embryonic kidney

HEPES 4-(2-hydroxyethyl}1-piperazineethanesulfonic acid
HSQC heteronucleasingle quantum coherence

HVA high voltage activated

IMAC immobilized metal affinity chromatography

IPTG | s o p r-D-p-thibgaldrtopyranoside lactose analog
ITC isothermal calorimetry

IUB International Union of Biochemistry

IUPAC InternationalUnion of Pure and Applied Chemistry
LB Luria Bertani (broth culture)

LVA low voltage activated

MRE mean residue ellipticity

Nay voltage gated sodium channels

NMDA N-methylD-aspartate

XVi



NMR nuclear magnetic resonance
NOESY Nuclear Overhausdtffect Spectroscopy

NSCaTE N terminal spatial calcium transforming element
PAGE poly acrylamide gel electrophoresis

PDB Protein Data Bank

PKC protein kinase C

gRT-PCR guantitative reverse transcription polymerase chain reaction
Q-TOF guadrupoldime-of-flight (in reference to ESI MS)
RyR ryanodine receptor

SASA solventaccessible surface area

SB superbroth (when in context of protein expression)
SDS sodium dodecyl sulfate

SMMLCK small myosin light chain kinase

TFE 2,2, 2trifluoroethanol

™ transmembrane

TRP transient receptor potential

UTR untranslated region

VDI voltage dependent inactivation

VGCC voltage gated calcium channel (also seg)Ca

VSD voltage sensing domain

Primarily the three letter amino acid code is used intki@sis, as outlined in the IUPACB
Joint Commission on Biochemical Nomenclat(@ipeéxon, 1984) DNA sequences use single

letter abbreations.

XVii



Chapter1:Backgr ound

1.1 Introduction

All living organisms are composed of cellsiny droplets of biomolecules enclosed in
vanishingly thin envelopes of lipid membrane. Since the concentrations of these biomolecules
are crucial to sustaining celarl metabolism, the entry and exit of water, gases and solutes across
the membrane must be tightly regulated. lon channels are perfectly suited to fill the latter of
these roles; these uniquely shaped, large protein structures span the thickness of taaenemb
(and often extend quite far into the cytoplasm), and precisely control the entry (or export) of only
one or very few different ion species. Not every periodic element has a channel associated with
it, but there is at least one channel associatedeaith of the more common ions (e.g.
potassium, sodium, chloride and calcium). Some channels are highly selective, being virtually
i mper meable to al/l but their o6chosend el ement
agueous pores that allow nyaions and even small molecules through in response to specific
stimuli. The opening behavior of different channel species is also quite diverse; saperare
for prolonged durationgike the potassium leak channed®me are opefor fleeting, several
millisecond durations and closed the majority of the t{like many neurotransmitter receptors)
(Rosenmund et al., 1995; PefiReyes, 1999, 2003There are as many reasons to study ion
channels as there are types of ion channels, for each one of them is uniquely suited to fill the role
for which it evolved, and even slight changes in amino acid sequence or expression levels can
result in anythingrom strange behaviors to severe and even lethal cond{ffanse 1.1)

Electricity, that is, the movement of charged particles, has been observed by humans for a

long ti me. Specul ation aside, the first real e X



to Jan Swammerdam in the 1600s, although he did not claim an electrical nature for the cause of
muscle contraction; this idea was proposed (but not experimeataifirmed) by Sir Isaac
Newton. It was not until the following century, and the more commonly recognized experiments
of Luigi Galvani and his colleagtentagonist, Alessandro Volta, that a concrete idea for the
electrical nature of neuronal impulses cocithg muscle contraction emerged. Their work with
frog muscle and electricity paved the way for modern day understanding of neurotransmission.
As scholars refined their techniques and equipment, more elaborate experiments were conducted,
and a more comek picture of the nervous system emerged.

We are now able to measure single channel currents, whole cell currents, currents from a
single channel type, their amplitude, frequency, open probability, cowodtage dependence
and soon and so forth. Weadn ssect a channel s biochemical
measure their expression patterns, determine their primary sequence and genetic location, and
observe crude (lowesolution) structures with electron microscopy. What we cannot yet do, in
manycases, is obtain a higlesolution picture of the thredimensional structure of these
channels and point out how it correlates with their spatial and temporal regulatory mechanisms.
lon channels are simply too large, in most cases, and quite hydropiabimain qualities that
make a protein difficult to purify and prepare for structural analysis by eitiay X
crystallography or NMR spectroscopy. Since modern electrophysiology equipmentigite
automated and most labs do not have access telmgighputrecordingequipmentdetailed
kinetic analyses of channel effectors are rat
pictured is an integration of the current pie
characterization of channel fragms, molecular modeling and electrophysiology with various

surrogate systen(e.g. liposomesr Xenopuseggg. Therefore it is important to take all work in



this field with a proverbial grain of salt: one can only infer so much about aszeth puzzle
based on a windovgized arrangement of pieces that seemingly fit together. So far, no single
complete molecular model for channel regulation has been accbptesveral working models
for various channel groups are being refined

Below is a brief introdction to the field of voltage gated calcium channels and may be

helpful in putting the subsequent chapters into context.



Function

Associated Pathologies

Domain architecture

Holo Channel
Architecture

(single subunit)

schizophrenia and drug dependence™

‘cys-loop’

Neurotransmitter-gated

Various. Ex.: epilepsy (GABAAR and neuronal

receptors ion channels (both nAChR): congenital myasthenic syndrome or CMS
cation and anion) (muscle nAChR): hyperekplexia (GlyR)™
CLC Voltage-gated chloride ~ Myotonia: epilepsy: osteoporosis and lysosomal

channels

storage disease; Bartter’s syndrome; glioma;
e di 2
Dent’s disease™

Nay Na+ currents (rising Paramyotonia, hyperkalemic periodic paralysis:
phase of the AP) Long QT syndrome and ventricular fibrillation:
generalized epilepsy with febrile seizures plus’

NALCN Na“ leak channels Myotonia and cognitive /developmental problems’

Cay3 LVA Ca’ channels, Absence epilepsy. chronic pain: possible autism-
‘pacemakers’ spectrum disorders (ASD)*

Cay2 HVA non-L-type Ca™ Episodic ataxia: familial hemiplegic migraine:
channels (neuronal) spinocerebellar ataxia’: pain disorders’

Cayl L-type Ca™ channels X-linked congenital night blindness: hypokalemic
(muscle, neuronal, periodic paralysis: malignant hyperthermia;
retinal, auditory) sinoatrial node dysfunction and deafiess: Timothy

syndrome’

TRP* Diverse: sensory: Many® (examples: pulmonary disease, coronary '
‘transient receptor heart disease. diabetes mellitus, cold’heat/ete.
potential’ —many gating  sensitivities, taste and hearing dysfunction, bladder
variables and renal diseases, bowel disease)

Kv10-12 ‘ether-a-go-go’ Long QT syndrome, epilepsy, schizophrenia,

(KCNH) potassium channels. cancer’.
regulate excitability

HCN Hyperpolarization- Leaming abnormalities, epilepsy. altered vision.
cyclic nucleotide-gated  ataxia, reduced pain: cardiac abnormalities (sinus
current (Na/K") arthvthmia, QT prolongation. bradveardia)®

CNG Cyclic-nucleoride Retinitis pigmentosa: axon guidance defects in
(cGMP/cAMP) gated C.elegans: inflammatory pain’
cation channel:
vision/olfactory

KCal ‘big conductance’ (BK) Rheumatoid arthritis': ethanol response in
voltage+Ca’"-gated K*  C.elegans'": hypertension' ‘
channels

KCa2 ‘small conductance’ Hypertension"*

(SK) Ca”*gated K
channels

KCa3 ‘intermediate
conductance” ** *

Kv7 Neuronal *M-current’ Benign familial neonatal convulsions (BFNC):

(KCNQ)  Voltage gated K* various long-QT syndromes: deafness'’

Kvi-4 AP repolarization Episodic ataxia/myokymia' : possible autoimunune

(KCNA) disorders (Kv1.3)'® ém‘\/.e

K2P K leak channels Mental retardation (KRCNK9)*

Kir Inward rectifier K~ Bartter syndrome and renal’electrolyte imbalances:
channels vision loss: neonatal diabetes mellitus: jul-

developmental delay’ retardation: seizures:
Andersen-Tawil syndrome'*

GRIK Tonotropic Glu receptor  Epilepsy: autism: mama and mild mental

(KAR) binds kainate: mosily in  retardation: schizophrenia: Huntington disease:
PSEP (nonselective) major depression: bipolar disorder’

AMPA Fast excitatory Alzheimer disease™: amyotropic lateral sclerosis™
ionotropic Glu receptor,

Na /K" only

NMDA Excitatory 1onotropic Stroke-related neuronal damage: Alzheimer’s:
GluR (Na"/K™/C ) Huntington® |

P2X Purinergic (ATP Stroke and trauma-related neuronal death;
ADP/UDP etc.) gated Alzheimer’s, Parkinson’s, Huntington’s, ALS, MS:
signaling mood disorders (depression. bipolar):
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Figure 1.1: Summary of phylogeny, function, architecture and common associatetisorders of

main types of ion channels

Left side: color coding indicates the approximate evolutionary timing of the divergence between the

channel families (blue = basal metazoans, red = sitgjled eukaryotes, green = prokaryotes, black =
various/emegent/unknown)Right side: domain architecture, subunit organization. Color coding

indicates le individual distinct subunits eparate polypeptide chaiase different colorsporeforming
domains are denot ed b yFamilgunigue catwesuch ataMand nt r a | 6hol
nucleotide binding domainare indicated. Cartoon design and phylogeny information adapted from

(Jegla et al., 2009heither are to scale. References for the channel funscéind channelopathies are

cited below, along with abbreviations and other relevant numbered notes.

(1)(Al-Sayed et al., 2013p) (PerezReyes, 2003; Splawski et al., 20@8) (Cooper and Jan, 1999;

Kullmann and Hanna, 20023) (Wilson et al., 2011§5) (Striessnig et al., 2010; Bidaud and Lory, 2011,
Napolitano and Antzelevitch, 201T)mothy syndrome is a mulrgan disorder characterized bydiac
abnormalities, webbed digits (syndactyly), facial dismorphy, ASD and developmental delay. It is typically
lethal by early childhood. (6) TRP family of channels is very diversgé¢a@s in humansgated byany

number of stimulifrom temperature tpH to cell volume t@ometimewoltage. Not surprisingly, a large
number (upwards of a 100) of human diseases is associated with one or more members of this family; the
subject has received an excellent rev{dlilius, 2007)(7) These channels bear some similarity to the
CNG/HCN channels in having a cyclic nucleotide binding blmgy domain or CNBHDbut are not

actually regulated by cAMMaitin et al., 201B8(8) (Postea and Biel, 20119) (Ashcroft, 2000; Heine et

al., 2011)(10) (Hu et al., 202) (11) (Davies et al., 20031L2) (Sobey, 2001§13) (Dalsgaard et al., 2010)

(14) (Jentsch, 200Q)L5) Ataxia (loss of muscle control) and myokymia (muscle rippling) of this disorder

are also linked to the P/Q (¢&1) type C& channelShieh et al., 2000)KCNA1 is homologous to the

well characterized Shaker channel frbmosophila (16) (Beeton et al., 200§)1L7) (Barel et al., 2008)

(18) Bartter syndnme is a cluster of symptoms resulting from renal malfunction (hypokalemic alkalosis,
hyperprostaglandinuria, hypercalciuriAnderseii Tawil syndromds a rare autosomal dominant disorder

that manifests in a number of physical and neurological defectedjweparalysis, arrhythmia, facial and

limb abnormalities and developmental proble(®attnaik et al., 201Z)19) (Lerma and Marques, 2013)
PSEP=poss ynapti c excitat or yamipo8-hydroxySinethyt4 20) AMPA = U
isoxazolepropionic acid (Glu analo@jenley and Wilkinson, 2013p1) (Corona et al., 2008ALS

(sporadic ALS) is associated with a mutation in one of the AMPAR subunits that renddrarthelc
Cd&permeabl e when it normethyD-aspaitasgRobhnan@ Dney,N9OHA = N
(23) MS = multiple sclerosi@urnstock et al., 201X) 2 4 )  G-arBinf®bufyric acid) and glycine

receptors are anieselective (thus inhibitory). nAChR (nicotinic acetylcholine receptors) dienia

(excitatory). Hyperekplexia is O6excess surprisebd
response and subsequent hypert¢8iae and Engel, 2006; Pless and Lynch, 2Q¢025) Bar tt er 6 s
syndrome can alsobe causedbytkut at i ons (di fferent <clini<cal form)

linked recessive nephrolithiasis (kidney storag) associated proteinuria, hypercalciuria and
hyperphosphaturi@dentsch et al2005; Puljak and Kilic, 2006; Planefzases and Jentsch, 2009)



1.2 Structure, Nomenclature, and Evolution of lon channels

The basic conducting pore subunit of an ion channel has existed in one form or another for

hundreds of millions of years; there are prokaryotic ancestor forms for nearly every major

channel family found in mammalénderson and Greenberg, 2001; Jegla et al., 200&¥e is

no one Otemplatedé for an ion channel sequence
subunit configurations in which the different channel types can meet toemaucting

requi rement . Natureds O0solutionsd to this ran
manner of the Shaker potassium chahteethe much more complex topology of the chloride

channels (CLCs), which contain 2 identical subunits with @ pach. The lack of any similarity

between even the most primitive members of each archetype suggests that channels evolved
multiple times, independently, pointing to convergent evolution for ion selectivity in some cases
(Jegla et al., 2009 he great diversity in ion channel isoforms (over 200 genes for most

metazoan species) came about from gene duplication and specialization that accompanied the
evolution of a more complex nervous syst@iontkivska and Hughes, 2003)his is especially

evident in the case of the voltagated potassium and sodium channels; the general topology of

these two is quite similar, but the former is a sifigbenologydomain channel (e.g. forms a

tetramer) while the latter is a single polypeptide consistinghadidly similarTM domains, each

of which bears homology to the voltagated potassium chanr@nderson and Greenberg,

2001) It is quite likely that the sodium/calcium fedomain architectur is a result of serial gene
duplication of a more potassiduamannellike ancestor. While there is an apparent trend in the
accumulation of channel diversity in higher organisms, there is no correlation between the

size/complexity of the nervous systenddahe number of ion channel genes in metaz@dsga

! Shaker aDrosophilagene, codes for a homolog of mammaliajik and is a homotetramer of 6TM helix
subunits (se€igure 1.1)



et al., 2009)humans have twice those of a barnacle, but about 50% less than a puffer fish. In

fact, most of the unique channel classes found in Mammaliasaréoaind in mos€nidarian

genomes, and there has been |l ittle O6innovat.

the divergence of c¢cnidarians from bilateral
functionally nonredundant set ofhannel types required for basic functioning in modern
metazoan life forms, while the gene diversificatwathin channel families was a result of tissue
specific requirements arising from higher life form compleifipontkivska and Hughes, 2003;

Jegla et al., 2009)

Thenomenclatur®f voltagegated channelsas been a subject of much revision since
their very discovery. Before the advent of molecudloning techniques and amino acid sequence
analysis, different channel typesuld only badistinguished by their functional or physiological
characteristics, e.g. current properties and sometimes tissue distribution. The broad distinction
between theifferent groups of calcium channels (higbltageactivated and lowoltage
activated) as well as the different current types (L, N, P/Q, R and T type) still gets plenty of use
today. However, individual channel genes are typically referred to by one robtle common
nomenclature types that aim to distinguish each unique isoform. The International Union of

Basic and ClinicaPharmacology (IUPHARhttp://www.iuphardb.org/index_ic.jspusesan

intuitive naming conventigrusing selectivity and gating mechanism as identifiers, e.g. Kv for
voltagegated potassium chann€ln the other hand, tHéuman Genome Organization (HUGO)

Gene Nomenclature Committegvw.genenames.oygises gene names and numbers

approximately correlating to the order of discovery or localization (e.g. CACNALS for the

skeletal muscle Gd.1). There is yet a third system for voltage gated calcium channels that

o

m

identifies the pordorming subunits (U1) approximately ident


http://www.iuphar-db.org/index_ic.jsp
http://www.genenames.org/

counterparts (e.

-

g. Uls for CACNA1S).

To

researchers use the [IUPHAR system, this method will be predominanthAusgabpsis of

channelnd currenhomenclature is available imablel.1

Table 1.1: Nomenclature, current classification and tissue distribution of voltagegated
calcium channels.
Adapted from(Kang and Campbell, 2003)

Gene IUPHAR Primary tissues Current type

designation
CACNA1S Cal.l Skeletal muscle L-type
CACNA1C Ca/l.2 Heart, smooth muscle, brain, adrenal,

pituitary

CACNA1D Ca/l.3 Brain, pancreas, kidney, ovary, cochle
CACNA1F Ca/l4 Retina
CACNA1A Ca2.1 Brain, cochlea, pituitary P/Q type
CACNA1B Ca2.2 Brain, nervous system N-type
CACNA1E Ca2.3 Brain, cochlea, retina, heart, pituitary R-type
CACNA1G Ca3.1 Brain, nervous system T-type
CACNA1H Ca/3.2 Brain, heart, kidney, liver
CACNA1lI Ca/3.3 Brain

reduc



1.3 Voltage-gated calcium channels: History and Background

Despite their ubiquity and key roles in many physiological processes, it calcium
channel{VGCCs) were slow to emerge to the forefront of electrophysiology research, probably
due to the much higher abundance and availability 6fadd K channels, as well as a much

smaller concentrations of calcium in both the cytoplasm and extracellular(sglatige to N&

and K. Their discovery was largely an accident, and came amidst a bustling new field that was
still in its infancy. It took nearly two decades from the original paper by Fatt and Katz in 1953

for the scientific world to accept €achamels as a rule rather than exception (Zamponi, 2005).
Further studies revealed their pivotal role in neurotransmissi@audition to the previously
describedtardiac contraction and excitatigontraction coupling soon after which VGCCs

were at the fafront of neuroscience research. The channels were initially considered to be the
same across all vertebrate species as well as tissues, but this soon proved to be inaccurate. They
were later classified as either higbltageactivated (HVA) or lowvoltageactivated (LVA),

first described as Atype | and |10 respective
starfish egg¢Hagiwara et al., 1975 he evidence was entirely based on electrophysiological
recordings; very little biochemistry had been done at the time taagnaecular basis to this
distinction.HVA channels were distinguished by the much higher voltage step required for
activation, speedafact i vati on (faster tdhoawin 6L VoAs )l,o srse soifs |
following patch excision or dialysis of cytosol (LVAs are more resistant théhsiand

sensitivity to cadmium (LVAs are more resistant). Thigyjhe channels (HVA) were so named
because of thelarge andonglasting unitary conductance to B&which was used as a charge

carrier to avoid rapid inactivation associated witi*Gaavery distinct property of several

VGCCs discussed in a later section). Thgyge (LVA) channels were named after theiy



conductance to Baand had aransient average current with a characteristically slow

deactivation following sudden repolarizatidoth T and L-type were found in heart tissue. The
third, new, category was essentiallgesignatiorfor channels that did not exhibit typical ar

T-type properties and was primarily confinech&urons and hadhiermediate BE currents but
requiredhigh voltage for activation andesethusneither L- nor T-type. It was thus aptly named
N-type. The difficulty with the distinction was palpable due to the coexistence of various channel
types in same cell and tissue types and furthermore a lack ofaameimical way of confirming

a particular channel type. Nonetheless, research continued, aided by the discovery of compound
families capable of modulating channel activity. Nowycky and colleagues showedttipa L
channels arselectivelyaffected by Bay8644’, which belongs to the dihydropyridine class of
drugs; these can act as either agonists or antagategesnding on the particular activation state

of the channel in which they bind most stron@anguinetti et al., 1986Furthermore, work

with various paralytic toxins from cone snails and funnel web spiders led to the discovery of very
specific peptide blockers of individual channel types, a pharmacological breakthrough that also
greatly simplified the identification andolation of VGCCs long prior to their eventual cloning

and biochemical characterization. As a result of this work, new channel types were identified that
had different pharmacological properties from any of the previously described types according to
thetripartite model (N, L, T) these were primarily isolated because of their resistance to drugs
known to inhibit the known channels, not for unique electrophysiological characteristics. These
were named #ype (found inPurkinje cells), Gtype (granular ells) and eventually fype (for
resistant; these currents remained even at saturating concentrations of all known blockers).

Subsequent success with molecular cloning of thepavzer mi ng U1 subunits of

2Bay K8644, a structural analog of nifedipine, is both an agonist asison#er ¢), and an antagonist as @s®mer

(+).
10



revealed that P and Q type were différgpliceisoforms of the same gene product; additionally

the actual subunit composition and interacting proteins (which differ for the P and Q channels)

were found to greatly influence the electrophysiology of the complete channel structures

(Zamponi, 200} First to be cloned werhe skeletal muscle-type channeldikely due to their

ready availability and abundanassinghigh-affinity binding antagonists. The SDS PAGE

revealed 4 distinct bands thatieograte when the purified channels were separétede were
identified as the major channel subunits: U1,
cardiac l-type and brain Nype channels with similar results; howevero 2 subuni ts we
found with the | atter t wogousadntkaveldsigndicard degréet s ar
of amino acid similarity to the pofferming subunits in Naand K, channels; it was correctly
hypothesized that they constitute the main gorming subunit and voltage sensor of the
channelCatterall, 2000, 2011) An U1 subunit consi stlg),each four
containing6 transmembrane helices (SB6). The S4 segment contains positive residues in every

third or fourth position (all facingy the same way) which allows it to respond to voltage

changes and act as the gating sensor (described in more detail in a later sectiorgniraatre

P-loop between the S5 and S6 of each domain is believed to form the actual channel pore

through whichons passSincet he first U1l subunit wa)s9 identi fi
others have been cloned, and eventually each has been assigned to one of the different described
current types (e.g. L type, N tuffigeest to@roduce) ( Zam
functional channels through heterologous expressiosumit channelexhibit low surface

expression and abnormal gating kinefiesrezReyes et al., 1989)vhich can be alleviated to a

high degree byce x pr essi on of the U2 U(sea®edtioke3s)peci al |y t

Through a number of biochemistry techniques, itgfasvnt hat t he b subunit i s

11



and has no transmembranedomam& i | e t he o subunit 1 s a trans:|
U2 s u lsuthought towe another large anchored glycoprotein but was found to have no
transmembrane domains; it is actual lthppughel d i n
t he | at t-termibastrarssmembrane i€gi@iRobinson et al., 2011; Dolphin, 2013he

U2 and U subunits ar e -pansiatonatycleavedfartktdmogethgre ne t h
by a disulfide bondCatterall, 2011) However, there are a number of difere b and U210
subunits, and each seem to confer slightly different kinetic properties whexpEssed with a

gi ven U1l subuni tausingthetgreatdsthvarietyof esfefiiialkar et fl.s1998)

More details regarding subunits and their properties cdoumel below.

12



1.3.1 Auxiliary Subunits

T-type channels are monomeficc o nt ai n o n | ,yhilé all ethetChs centaimu n i t )
auxiliary subunits that modulate the currents of the-4famaing subunit with which they

associate, or its expression. Thactioral effects of theinteractions have been mostly
characterized, but the mechanisms by which the regulation occurs are still not fully understood.

Below is a brief overview of the three major

1.3.1.12U020

HVACassaret ypi cal ly composed -fodr nmionug) ,s ufb,u nad tasn c
latter was initially believed to be a tight association of two different subunits but was later
determined to be a single pdsinslationally cleaved gene product. The two resulting
polypeptide chains remain linked by a disulfide bond. Of these,the@ mi nal end of t
fragment contains a single transmembrane mdii€wanchors the entire subumithile the
largerNt er mi nal product (.BaHU iasnadelkdilylglycosglated.r ac e | |
Interestingly, thepost r ans| ati onal c¢cleavage of U2d4 is oft
only about 30% of the ges@oduct is found in the processed form when expressed alone
(Davies et al., 2006 )Very little is currently known about the mechanism or the role of this
processing on the subunit function, and the cleavage link sequence is not very well conserved
among the isoforms. Muggnesis studigslacethe location of theleavageecognition sequence
between R941 and V946 and show reduced whole cell currents of the heterologeusly co
expressed Ul subunits for unprocess@audradgeut ant s
et al., 2007)

There are currently 4 knowrertebratésoforms ofU 2, &nd there are also a number of

splice variants of eachofthee . The i soforms are fairly well ¢

13



structurallysimilar (Davies et al., 2007)r'he different isoforms can be reconstituted with a

vari ety o fnvitdlheterslagdus axpression) but are most likely less promisénous

vivoo Al'l U240 suboniteneshahreu@h their associ at
mechanism ist8l uncertain(Davies et al., 2007; Dickman et al., 2008pwever, it seems that

an associated U20 is not always required for
systems)Davies etal.,,2006) Ther e appears al so tssociteel a pool
wit ham@iliso there could potentially exist an ol
which in itself could represent a rdgtory mechanism for specific channel kinei{@bermair et

al., 2008) Furthermore gl ycosyl ation of consensus asparadg

required for i1its current enhancing effects on

gating/activation properties, as shown by mutagenesis sii@hesoval et al., 2004)

1.3.1.29

Gamma subunits were a late addition to the accepted VGCC archetype because fonsadime ti

was believed that their expression was required for proper channel fumatydn musclebut

not neuronal tissyend was thought to be a tissspgecific isoform requirementowever it was
subsequently shown that a Bfacolsgrggesephendt ype
in mice, characterized by uneven gait and random head elevi@taitset al., 1998; Letts,

2005) Subsequently o smuthtiwraréestlting inataxia and epilepdyavefuelled scientific

interest and 6 more isoforms have been identified by sequence alignmentreati{ Kémng and

Campbell, 2003)In addition, this very finding (thetargazeror stgmouse) broughthe merely
accessoryole of the auxiliary VGCC subunitsnt o questi on, particul ar |
Surprisingly, thestgmice did not ave any functional AMPA receptors on the psyghaptic

membranes of cerebellar granule cells, a defect that was specifically attributed to the absence of

14



9 ZHashimoto et al., 1999AMPA, or U-amino-3-hydroxy-5-methyt4-isoxazolepropionic acid
is an artificial glutamate analog; its ionotropic receptor mediates fast synaptic transmission in the
CNS(DiGregorio et al., 2002 .ater, i mmunopr eci pitation studies ¢
binding to AMPARS, and knoek experiments showed restoration of full AMPA glutamate
signalingwithrel nt r o d(Clee at al. 522000})f or how these effects pertain to\Ca
regulation is unclear.

The biochemical aspects of o9 subunits are
lack of a crystal structure (typical mif@lock for membrane proteins). Tissue expression profiles
are known, but the speci f thatoccuenmiboiare antyknowns of 0
for a few isoforms. Electrophysiology studies haveducedcontradictory results; however most
curei r esearch |literature indicates that 9 subu
hyperpolarizing the inactivation curand in some cases lowering the current dengiiaag
and Campbell, 2003More biochemistry studies arequired to elucidate the mechanisms by

which these effects take place.

% In this dissertation and most neurosciencediterur e, O6hyper pol ari zation of a cury
to more negative potentials, e.g. requires a lower membrane potential for a particular effect. Conversely, a
depolarized curve is one that is shifted to the right, to more positivdoraampotentials.

15



1.3.1.3b

Perhaps the second best studied (after the Ul

ef fect s, nilsisdsbfairlybmal (¢3Oe, varies with isoformnandcompletely

cytosolic and thus solubleyhich has facilitated its (partial) structural determinatisamething

that has not been achieved for other subpag®f yet. Nonetheless, even with the amount of

biophysical information available, many functibhna and mechani sti c detail s

regul ate Ul subunits remain open to debate.
The first b subunit, much Iike its U1l coun

(Casl. 1), and s ub s(Pdphire 2003b)y Tchael | be ds ubblGECsis f ami | y

highly diverse; whil e t4) thair gpicalgenonocrsttugtureds k n o wn

comprised of 13 exons and several of those can be alternatively spliced, giving rise to a large

combinatorialpotential(Dolphin, 2003a, 2009; Richards et al., 200@)e sequence alignments

suggest a shareddomain structure (Db or abo A-E), with the second and fourttomains

being highly conserved among t he(Hidalgbandjenes an

Neely, 2007)Homology modeling analysisplace t he b subunits into the

associated guanylate kinase proteins (MAGUKS), which are scaffolding proteins for various

signaling complexes and contain multiple protein interaction donfldimet al., 2007)The two

conserved domains in b are t hlwomgogy3donan medi at e
(SH3, binds prolinee i ch sequences) ABO0, and the putative
the name and proposed relationshipooa fideGK s b subunits themselves

possess kinase activity, presumably because theirbidtng domain radues are not
sufficiently conservedDolphin, 2003a,2003b) The GK domain al so cont a

i nteraction domai n o0 inifiaByloé&idvedr b po h s i bsubartté or eghe

16



bindngt o U1 subunits at their AUl interaction do
transmembrane domains | and Iitb& U Jsubunit A few studies claim absolute requirement of

BI'D for functional r e g u lardthat @ is oftenfobliya®@for by t he
proper (heterologous) chaglrexpressioriDolphin, 2009) However,structural studies of threfe

subunis alone and in complex withn AID point to there being a lack of accessibility of the BID

region for binding and suggest tliaé AID binding occurs through a hydrophobic pocket

formed bya distal region of the s u bucleoiide kinase domainseeFigurel.2 (Chen et al.,

2004; Opatowsky et al., 2004; Van Petegem et al., 200&) authors suggest that the previously
observed BI D effects are mor eubunitfoléiiggnd/drue t o t
function, ratherthan t s i nt er act i o @neswidyexamined sevetallBIDs u b uni t
independent -pbrobipeditngs whetd two new fAishorto
BID were described. These variants lack the BID and partsi8féad GK domains, yet they

apparenthyb i nd and facilitate fy2)esubunits,raadltosemepxteats si o n
modulate their biophysical properti@dary et al., 2004)An interestingobservatiorthat raises

additional questionBom a study byHarry et alwas that the lack ohte 6 cor eé B and D
in wutkeehdrt o B2 manif est ed -dependanticactivagon E€CDIRof | 0 s s

Ca,/1.2(Harry et al., 2004)
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Figure 1.2: Crystal structure o f 3 suibunit bound to the AID of Cay1.2

The AID (residues 44246) peptide is in red, with the view facing itsé&minus. Yellow is the HOOK
domain, cyan is the SH3 domain, and blue is the g
implicated"Bi nt er act i o n isdnomge; ascande seeB helke it is not accessible to the AID

region as originally thought. The figure was generated in UCSF Chimera 1.8.1 using the PDB entry

1VYT (Chen et al., 2004)
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The mechanism by which b subunits modul at e
unclear; however, a number of studies suggest distinct roles for the chagiéechassociated
with increasd channel trafficking to the plasma membrgBehet et al., 2000)and the direct
hyperpolarizing effect on channel activation and inactivati@wiphin, 2003b) This likely
pertains directly to the modular natuleot he b subunit domains as we
di fferent possible isoform combinations of b
these questions wasadeby Arias et al., who created chimeras efype channels with regions
of the HI linkerof Ca2.2 (Nt ype or U1l B) thatlg6Kteesixtlt amalast TW depeat
indomain l)isimportant n t he i nteraction with the b subun
channel gating, propose a universal model by which channel regulationlsi eved by t he
subunityArias etal., 2005) Unf ortunately, only a handful of
the study (and only the IS6 regitmom N-type channels)o the true universality of this model

iS uncertain.

1.3.1.401

It is necessary to also describe the molecular and biochemical details of the actual channel pore if
one is to talk about its regulation. The pbr@ r mi ng s u b u n isundaufitedyhé CCs ( U1
best studied; however it is also the most difficult to characterize biochemically because of its
greatsize and hydrophobicity. Nonetheless, with the advent of electron microscopy and various
labeling techniques it has been possiblddtermine a number of key features responsible for the
function of this subuniand the channel as a whole

Since acrystal structure of a whole calcium chaniseiot currentlyavailable, all of the
existing information here comes from eitledectron meroscopyor, more commonly, homology

modeling withother voltage gated channels (usuallykanyotic). Although the sequences
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between the different channel groups are quite distinct, similar principles of gating and
selectivity appear to govern all membefgshe 6TM family of channels. There are gross

differences in the interdomain cytoplasmic regions, often even among different isoforms of the
same channglene likely owing to their specific physiological roles and relevant regulatory
mechanisms. Yet, éhprocess by which the channels sense voltage changes, open, and pass ions
through, despite individual channel adaptationsinslar for all of them. The actual pore af

channel contains three separate regions: the selectivity filter, followed byrafiiedecavity,

which extends into a narrow gate region. The selectivity filter and gate are of primary interest,

and each has a key role in channel conductance, described below.

1.4 Selectivity

How is it that a Nachannel does not allow the passage oftidally charged Kions and vice
versa? If one uses ionic sizethe only criterionit only explains one and not the other.
Furthermore, a hydrated Nis larger than a hydrated Kvhile the reverse is true for the exposed
ions.For a long time, this qeéion has remained unanswer#chasrecentlybeen solved with
the help of the KcsArystalstructure and molecular dynamics software. KcsA is ayated
potassi um’ aystalogmehicalls i Ked acti vatSteptomyxdsannel 0)
lividans (Doyle, 1998; Li et al., 1998pand has been used extensively as a template for modeling
other voltagegated ion channelSansom et al2002)

The selectivity filter of KcsA is characterized by 5 ult@nserved residuésTVGYG
(Lu et al., 2001)Interestingly, it is their backbone and not the side chains that form hydrogen

bonds with the inaming ions Figure 1.4) i a situation which is reversed in the fdhomology

* The selectivity filter residues are usually highly conserved within channel groups. Thus nearly allyaleahe
potassium channel s s haysbkavetDElA, Cdhdve ¥itBed EEEE (\UAe or EEDD Na
(LVA).
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domain channels like Na and Cas. Innearlyall cases, however, the actual opening thhoug
which an ion must pass is smaller than the hydrated ionic radius of the cognate ion. This means
that the ion must lose its hydration shell in order to pass thyedgbhrequires energy (but

gains in entropyjCorry et al., 2001)The energy isecoveredvhen the iormakesbonds with

the selectivity filtedigands the residues in which are spaced precisely so as to maximize the
favorability of this transfe(Lipkind and Fozzard, 2001, 2008Jence a Nais too smdlwhen
dehydrated to fully compensate for the energy it loses when dehydrating, to pass through a K
channel. It also explains why €dcadmium), which is of a very similar ionic size (both
hydrated and not) to €3 is highly toxic and will block VGCCdt also means that small neutral
molecules (e.g. urea, glycerol, formamide, etc) can pass thpmugh larger than their radii
(Huang et al., 1978)nterestingly, anion channels typically select for larger ions, but are
generally far less selective than cation chanfi@szelmann et al., 1991; Hille, 2001, Gillespie
et al., 2002)likely because there are no other small anions to contengother than Cland

HCO;s.

There is also a question of how the ion actually travels down the channeVaooeis
crystallography studies and modeling showed two possible conformations for the pore; one in
which there were two ions in the filter and the other in which there weze, tim exactly the
opposite locations, sandwiched between water mole¢@ssom et al., 2002J his suggested
t hat aonddk nporckcess was responsible, e.g. electr
propelled the already present ions further thio channel (into the cavity), aided by the
concentration gradient inward. This model requires that there be ions of the selected type already
present in the channel for it to function; indeed, when% €®nnel is reconstituted in a

membrane without Gapresent in the environment, it will allow the passage dfibias (which
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are of a remotely comparable size) as well as small organic molecules but will not pass them if
there is any Cd presentThere are some channels which are less selective thers dikely
this has to do with the flexibility as well as the spacing of the ion coordinating residues and their
side chains, as well as surrounding residues. Presumably, when a divalent ion is not present to
offset the electrostatic repulsion betweendberdinating glutamate carboxyl groups, they face
away from the pore and the channel (Libkkhd o mes mo
and Fozzard, 2001Yhe model presented by Lipkind and Fozzard has a conical outer vestibule
about 18A tall thatapers from around 20A at its widest down to sub 6A within the glutamate
6circled of the sel-maps (reentrantyhelit/loop/telex motifior med by
between S5 and 6 segments of each domain), in which all four glutamates are perfectly
positioned to interact with a single €aon.

The selectivity filter sequence in (most) VGCCs is EE&te conserved glutamate from
each of the four domains, e.g. E393, 736, 1145 and 1446 in rahhi?a Nays it is DEKA,
and substituting one for ttegher is usually sufficient to convert one channel selectivity into the
other (Lipkind and Fozzard, 2001). Ryanodine receptohich are specialized &achannels in
the sarcoplasmic reticulurhave DDDD(Gillespie et al., 2005)The actual side chains form
hydrogen bonds with the cations, in contrast to what is seen with KcsA\adigalikinels.
Intriguingly, extant bacterial sodium channels (NaChBac) that share ancestral homology with the
major voltagegated ion channel families (KNa, and C&) haveadomain architecture
reminiscent of K;s (fourhomology domain, e.g. horrietramers) yet their selectivity filter
sequence (EEEE) is closer toy8aMolecular dynamics and energy calculations for single
residue mutants in this regiof NaChBacsuggest thathe size of the pore and thus, the number

of indirect metal iorwatercarboxyl contactsdetermines the relative selectivity of a pore
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between Naand C&" (Dudev and Lim, 2012)Essentially the pore length, charge distribution
and volume are all commensurate with the chan
ion (Malasics et al., 2009)n contrast, the cause discriminationof a channel among different
size monovalent ions is less clear. For instance, KcsA and similelnainels require a’on
for structural stabilization of their selectivity filters, and removal beHKtirely results in pore
collapse, converting the channel intoamoo nduct i ve, i Aacatcitv avtaetd osntoat
similar to that seen at low pHiBhate and McDermott, 2012YaChBac ipermeable to both
Na" and K" and has a selectivity filter containiity GDG/A instead of the consensus TVGYG
of KcsA ltalsodoes not require ionic O6support @hieto main
al., 2006) Presumablythe difference in NaK* selectivity is due to geometrigther than
electrostatic constraints in the amino acid stacking surrounding the ion bindi(iga#sics et
al., 2009)
This thermodynamic/electrostatic explanation has held true to a large extent: consider
that if a channel is bathed in a mixed solution of all possible monovalent iSpK{LNa’, Rb,
Cs) in equimolar amounts, 120 possiblelersof preferential selectivity are possible. Of those,
only 11 have been found in nature (thecsa | | ed OEi senman sequenceso)
being the straight forward size prohibition series K" > Na' > Rb" > Cs) (Krauss et al.,
2011) Thi s model , along with the ccuhrarnennetllsyd aicocne
selectivity(Hille, 2001) is based on a barrier meldwhere individual ions get passed along
from site to site within the selectivity filter, similar to the free energy wells of the transition
states in a reaction profilé. similar approach is taken by most molecular dynamics simulations
where the numbesf modeled patrticles is limited and can be predicted with swoeracy

There are issues with this model, however, as it does not take into account the frictional forces
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associated with iofon and ionfluid interactions while passing througmarrow pae (Gillespie
and Boda, 2008 Additionally, a more recerdrystalstructure of a bacterial sodium channel
Na,Ab (from Arcobacter butzlejiin its closed state shows that it passeSiblas in at least a
semthydrated state. In fact, the entire KcsA selectivity filter could fit indidé of NgAb
(Payandeh et al., 201T)he selectivity filter of Na@Ab contains a narrowyegatively charged
opening athe top of the porghus making an inverted funnel shape, with the narrowest point
being extracellulari n contrast to the O0right side up6 fu
voltage gated channelBhe rest of the vestibule is larger and accommodates amNavith its
primary hydration shell, and presents a hydrophobic surface over which the ions disperse rapidly,
thus accounting for the high conductance of these chanetsy recent review suggests there
is a high level of correlation between the structural festof NaAb and what is known about
the gating kinetics of vertebrate \é$Catterall, 2014)Much of the future advancement in this
field rests on the availability of structural data from a vertebmtedomain channel
Some channels that can pass more than one iordigpkya behavior called the
6anomal ous mole fraction effectd or AMFE, whi
changes notinearly with the relative concentration of that iorthe bath while the total ionic
strength of the bath is kept constéftiel and Tsien, 1989; Nonner et al., 1998; Gillespie and
Boda, 2008)Previously, the consensus explanation for this effect was related to theionulti
occupancy model of the selectivity filter as in the KcsA chafiide, 2001) the AMFE was
supposed to reflect the varying relative binding affioityhe several ion binding sites. In this
regard, having an AMFE for a channel would be synonymous to having aionyttore.
However, several discrepancies have since shown this assumption to be false. Firstly, all

mutagenesis studies point toy8as lving a single higlaffinity Ca&* site (the coordinating
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glutamates) rather than the singlle multi-ion pore seen in potassium channels, or any multi

pore or multi ion combinatio(Corry et al., 2001; Hille, 2001; Lipkind and Fozzard, 2001,
Zamponi, 2005; Gillespie and Boda, 2008; Malasics e2@0Q9; Dudev and Lim, 2012; Park et

al., 2013) Furthermore, an AMFE can be observed in simple 50A plastic nanopores in mixed
solutions, evidently without the requirement of multiple ion binding sites, ion
interaction/hydration or single &@lpermeatiorGillespie et al., 2008)The latter finding
essentiallyinvalidateseverything previously generalized for all channels about the nature of
AMFE and permeation. Mathematical models of bulk ion mam@nn fluids have been applied

to this problem, with a modified PoissdternstPlanck (PNP) equation being successfully used

to predict the AMFE in both an artificial oligopeptide chan(@en et al., 19979nd more

complex systems such as the ryanodine receptor(ByRespie et al., 2005; Gdspie and Boda,
2008) Essentially, the model treats the channel as a series of resistors formed by depletion zones
resulting from electrostatic effects of localized ion binding at the different affinity sites inside the
pore. This model@es not calfor ion single file passage through the paed thus accurately
predicts the AMFE in nanopores), but obviously requires some knowledge of the pore interior
for accurate predictiorisand in many cases extensive mathematical modeling.

Calcium channelsary in their permeability; however, all HVA Ga are largely
impermeable to Nan the presence of at leagiNl C&®*, but arequite permeable to Nan the
absence of G4 and are typically at least twice as permeable {0 Bato C&' (Hille, 2001;
Zamponi, 2005)They are not permeable to any particles larger than tetramethylammonium
(TMA), but can pass ions smaller than it, in a selectivity sequencéof Ga’* > Li* > Na' >

K*> Cs. LVA or T-type channels (G&8.x) have a different selectivity filter sequence (EEDD),
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and have different permeability/selectivity ratios in their various isof¢RasezReyes, 2003,

Talavera et al., 2003; Shcheglovitov and Shuba, 2006; Park et al., 2013)

1.5 Voltage Sensing and Gating

Gating is the process of opening (activation) of the channel in response to a speuifigs,
and is tghtly linked to inactivationThus, gatings an even more complex subjétan
sdectivity due to the great deal of controversy regarding the molecular mechamsived

Most voltagegated channels have similar topologywhichthe first four helices of their
basic domain unit constitute a voltage sensing domain, wittotinth helix(S4) of every
domain serving as the main voltage sensor. Sequence alignments show that the S4
transmembrane helix in all voltaggtedcation chanelsis structured so that about every third
residue is positively charged, creating a mol
helix. The importance of these positive charges, and surprisingly some of the neutral residues
around them, wapointed out in a number of different mutagenesis studies (see Hille 2001,
Tombola et al. 2006, Bezanilla 2006, and the references therein). Interestingly, not all mutations
had a similar effect: some are hyperpolarizingilevthe rest are depolarizingh change in
membrane potential (e.g. depolarization), causes a corkéikeemovement in S4, resulting in
translocation of charged residues across portions of the menibaareeordable phenomenon
known as 0 g(Retersongt alc 1999, Hille, 2@ 1; Doyle, 2004; Bezanilla, 2005,
2006; Zamponi, 2005; Chanda et al., 2005; Long et al., 2005; Tombola et al., 2006; Elinder et al.,
2007; Catterall, 2011)nitially, gatingmechanismsveremodeled based on tisguctures of

bacterial and archaeal channels, namely KcsA, MthK and KvAP @tmeptomyces lividans

®One would expect that removing the positive 6sensoro c
to reduced voltage sensing and cooperativity; however it appears that some changesrecasdsPo by
lowering the threshold potential (bgrpolarizing the currentoltage curve).
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Methanobacterium thermoautotrophicuamdAeropyrum pernixrespectivelyYTombola et al.,
2006) although their structural similarity to eukaryotic channels is mod@hste is a dearth of
structural data for-4lomain channel@.g. Na, and Cg), and eukaryotic channels in particular.
The most commonly used structure fmmologymodeling is th&Ky 1.2 channe{Chen et al.,
2010) which, like other K; channels, has a single domain architectune forms a tetramer

Whereas mutagenesis and modeling studies involvinigriben structures of single TM
domain channels (e.g. various potassium chana#t)t each of the four monomers identically,
the same cannot be said of the S4 segments in each domairdithdomain channels (e.g.

Nay, Ca,). Several mutagenesis studies in sodium channels pdim¢ ©4 of domain IV (DIV
S4)as being the slowest respond to depolarizatipand thus ratéimiting for activation and
suggest a degree of cooperativity between the S4 helices olthédimains. This might explain
the fast kinetics of the sodium channel, a necessary feature of action potentaghgicop
(Bezanilla, 2006)

Voltage sensing is fairly well understood: the change in membrane potential results in
gating currents caused by rearrangement of the sensor charges in response to the electric field
disturbance. The molecular details of hove ttnovement occurs, and more importantly, how it is
transduced into the gating region to actually open the channel, are less clear. Numerous kinetic
models have been developed that treat the opening process as any biochemical reaction, with a
number of enggy lows and highs, with discrete equilibrium constants governing the probability
of the channel occupying each stagesusthe membrane potential. These models are usually
empirically derived, as very few structural models exist to confirm and coreefsdicular
kinetic step to a physical state of the chann

the smaller the individual gating current ass
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work with sodium(Conti and Stihmer, 198a@nd potassiuniMika and Pdi, 1994)channels in
patch clamp experiments suggesistthe actual number of discrete gating states is low.

So how does the S4 helix actually move to open the channel? Several models have been
developed, although most of the early ones (full t@aion and moving orifice, and later the
6paddl ed model) did not bear out with the gro
of the helical screw modéKeynes and Elinder, 1999)hich is still widely discussed today
(Elinder et al., 2007; Broomand and Elinder, 2008; Nishizawa and Nishizawa, 2008; Catterall
and YarovYarovoy, 2010) The Opaddl ed model was introduced
whichthe S&link er O6paddl ed was i mmobilized using mon
configurations, which suggested there was a large transverse motion of this linker within the
membrandJiang et al., 2003bHowever, it has since been demonstrated that the antibody
bound conformation changes are distorted and not representative of native channéh&ates.
helical screw model was proposed by studies usysteme sbstitutions in S3 and S4 with
subsequent monitoring of disulfide bridge formatthuming S4 motior{reviewed inCatterall and
Yarov-Yarovoy, 2010)in which S4 rotates slightly about its axis in response to dédpation
Contrastinghese resultsvarious fluorescence studigsmthave quantitatethe motion of the S4
helicesreport thathe depolarizatiormssociated movement (either radial or translatiasal)
remarkably low (24A), a finding that is hard to reconcile with even the most conservative
predictions of a helical screw modé€lhanda et al., 2005; Posson et al., 2006an attempt to
reconcile all these findings a modi fi ed model -in-mlcacpdyr ad mogi n g
orificed and charge transl ocati on (Beaamillabeen su
2006; Tombola et al., 2006)lere the charges in S4 are in contact with two different aqueous

reservoirs, a large interconnected internal crevice (in the closed state) and a shallower externally
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connected one (in the open staf@gpolarization presumably results in a rearrangement of the
hydrogen bond network of S4 and these reservinra serie®f elegant studies by Bezanilla and
his group, Argto-His substitutions in the gatinghargecarrying S4 residues converted the
voltage sensing domain (VSD) of the Shaker potassium channel into a proton(Sloutibela
etal.,2006) strongly support i ngistarotheinstanceiviieeeas por t er
complete solution structure of the channel may go a long way in settling the, ddtbatiegh it
would be difficult to obtain structures of a channel in the resting state since neither NMR nor X
ray crystallography are amenalib maintaining an intact cell membrane at resting potential

What constitutes the actual o6égated of the
Crystal structures of KcsA, MthK and KvaP present us with a general shape reminiscent of an
0i nvert é@dylet1698;diang ét al., 2002, 2003&jth an internal water filled cavity
beneath the selectivityitier (Figure1.4) , f ol |l owed by the O6gated for
S6 helices at t he OFfperalls)l Expefimentdl évislende shevpsehat b un d |

guarternary ammonium (QA) compounds used intracellutddgk potassium currents, but can

be O6trappedéd in the aqueous cavity by a stron
channel ), | ®wati, 2004aElinder €t al.p20QY)bhis led to the idea that a
swiveling motion of the S6 helices padit t he

the channel. Mutagenesis studies with various S6 residues changed to cysteines and subsequent
probing ly thiol-reactive agents (methanethiosulfonates or MTS as well as the silver iprinAg

the open and closed states, | argely supported
from MthK show a much | arger &gARHKaAWasS i n the 0O
crystallized 61 oc k e@f-dipbedydwhibhyisimpassibe fot thef i c i a | C

distance observed in MthK & 1 2This indicates a higher degree of rotational movement at the
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6hingedé region of thehd&Kat &ha&ndha nmerde relge mMtnd a
conserved glycine residue in the S6 of prokaryotic channels, and either the ghaineé P V P 6

motif further down the S6 helix in Shaker and Kv chan(@®gartz, 2004a; Long et al., 2005;

Tombola et al., 2006; Elinder et al., 200Wutation of the second proline of this motif$aker
(aDrosophilaKy1.2 homologluncouples it from its VB, resulting in a constitutively active
channe(Sukhareva et al., 2003)he distal end of S6 arte residues downstream of PVP

appear teserve as a coupling site for the actual mechanical transduction of activation for the S4

5 linker and the VSSwartz, 2004a, 2004b; Long et al., 2005; Tombola et al., 2006; Elinder et

al.,, 2007) Thelrk er crosses over the Obentd S6 from a
contacts in Kvl.ZLong et al., 2005)chimeric channels with mismatched-S4inkers and €

terminal S6 sequences (fnodifferent channels) show very little voltage regulaion et al.,

2001; Lu, 20@). Whether the mutations render the channel constitutively closed or open appears

to depend on the resulting change in the angle at which the S6 helices converge, thus further

supporting the idea of thetCe r mi n a | ends of S6te&s. being the f
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Figure 1.3: Structural depiction of the 'gate’ region (one subunit) in K,1.2.
Generated using Chimera (PDB I2A79) (Long et al., 2005)

The gating transduction pathway is not fully understood, but so far has been shown to
involve the S45 linker, several contacts between the S4 and S5 helices themselves , as well as an
i solated 6gatingd motion ofefbdendbatofoccoapsniaml
involved in gating charge motidifombolaetal.,@6). Thi s | ast &égatingé st
charge and can be isolated from actual voltage sensing in Shaker through conservative

mut agenesis of several hydrophobic S4 residue
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is this final motion of S4hat supposedly imparts cooperativity to the opening of the channel
(Ledwelland Aldrich, 1999; Pathak et al., 200%he extent to which we can extrapolate this
informationonto four homology domain channels likeNend Ca& remains to be seen

(Bezanilla, 2006)Lack of structural data for these larger channels has beejoparoadblock in
obtaining a functional model. Furthermore, there are additional layers of regulation imparted by
the presence of auxiliary subunjsee sectiod.3.1) and calciurdbinding proteins such as

calcium binding proteins (CaBP) and calmodulin (CaM). The latter is nearly universal for all
HVA channelgPeterson et al., 1999; DeMaria et al., 2001; Erickson et al., 2@@Hrdless of
species, and is the main subject of the research covered by this dissertation. ThowsitHall

a brief introduction to this crucial protein is necessary, and can be found in the next section.
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Figure 1.4: Ribbon-format structure of KcsA.

Transverse inverted view (e.g. looking into the bottdrthe channel, where the S6 helices converge).
Generated using Jmol viewer on the PDB web site (KcsA entry ID: 1K4C). The different chains are color
coded The poreforming domain at the center is comprised of S5 and 6 helices from each subunit, while
the pHsensing/activation domains roughly corresponding to the VSDs of vajttgd channels are
positioned on the outside in an opposing maiirsse alsd-igure 1.1 for architectural diagrams.
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Figure 1.5: A 'dissected’ view of KcsA poredomain (S56).

Three of the four subunits shown for clarity (color coded)ios are purple. Selectivity filter {Bop)

sequence TVGYG is in cyan, only one is annotated for clarity. Generated using UCSF Chimera molecule
modeling softwareh(tp://www.cgl.ucsf.edu/chimenaand thePDB entry for KcsA (1K4C).
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1.6 Calcium and Calmodulin

1.6.1 Calcium

Calcium, while being present at much lower concentrations in biological systems than either
potassium or sodium, has a much greater chemical gradient across the plasma membrane, by at
least thre@rders of magnitu®éSimons, 1988; Hille, 2001; Tuckwell, 2012)is very

ubiquitous in naturegbeing thdifth most conmon element in the lithosphesndmany of its
saltshave low solubility. C& tends to crostink macromolecules resulting in aggregation and
precipitation(Zhou et al., 2013whichis likely the reason why evolution has favored its

exclusion from the intracellular space and carefully maintained distribution and storage
(Berridge et al., 2000Free internal calcium concentrations range anywhere Zbtn 200nM,
comparable to that of protofBerridge et al., 2000; Hille, 2001)his is achieved by the

existence of several plasma membran&- @3 Pases and NaC&* exchangers, as well asCa
pumps in the mitochondria and endoplasmic reticulGtapham, 2012)Chemical interaction of
metal ions becomes more covalent across the periodic table, favoring interaction with less
electronegative ligandsuch as sulphur andtrigen C&* and the metals in its group, in

contrast, are highly ionic in their character, favoring interaction with oxygen based ligands
(carbonyl, carboxyl, alcohols and ethers), a flexible coordination geome®)yaf@d fast binding
kinetics(Grabarek, 2005; Zamponi, 2005; Gifford et al., 2007; Zhou et al., 20h3)

combination of features makes it excellently suited for its role as a cellular messenger; indeed,
the number of regulatory pathwayswhich C&" is involved is staggerin(Berridge et al., 2000;

Clapham, 2012Zhou et al., 2013)0f course, having a abinding motif in every potential

® Exact numbers are cedpecific, but most never exceed 1uM free interndl (Berridge et al., 2000whereas
plasma concentrations are usually around 1mM fré& @acontrast to the 140/10 and 20/200 mM (out/in) range of
concentrations faud for N& and K
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regul atory target protein would be physiologi
solution to this problem was t (€& aswelbasuti on of
diverse protein targets; this allows a small number of consen/édrdfs to have a vast

number of downstream targets depending on wha

domains are present.

1.6.2 The EF hand motif

There are severabmmon calciunrtoordinating motifs in proteins, but the most
ubiquitous of those is the EF hand motif, at l@asbngcytoplasnic proteins There are five
other types of C& binding proteins found outside the cell, and a number of different ER/SR
localized proteins, phospholipidli ndi ng ¢ adomaa proteindike PKC&Ad
synaptotagmitinside the cellsuggesting thata* bindingproteins may have arisen more than
once in evolutior{Clapham, 2012)The first study to chacterizethe EF hananotif in cap
parvalbumin used alphanumeniclexing of the protein helices,-A (only the Gterminus of this
protein binds C&). Thehelix-loop-helix structure formed upon &abinding resembles a pair of
hands facing each other wittumbs perpendicular to the index fingers, thus giving the motif its
characteristic naméd=igure1.6). Each C&' binding loop contains 12 residues, 6 of which
provide seven coordinating ligands43ide chain carboxyl groups of acidic residues (positions
1,3,5 typically Asp), a backbone carbonyl of a rather variable residue (pos7), gooksized
water (9) and bth side chain oxygens of the final Glu residue (12). Interestingly, two non
coordinating residues also appear to be cruaiat least, invariable in most EF hands: a Gly in
(6), likely to accommodate the bend in the loop necessary for proper geoametry,
hydrophobic residue in (8) (lle, Leu or V&Gifford et al., 2007)The latter is proposed to be

needed to make intdrelix van der Waals contadtsthe collapsed apform, and hydrogen
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bonds (via backbone) between the 2 loops in tifé-@plete holo form of CaMGrabarek,

2005) The strength of the intdrelix coupling appears to be a factor in the cooperativity 6f Ca
binding(Linse et al., 1991; Nelson et al., 200@jus innearly all known EFhand containing
proteinsthese motifdiappen to occur in pairs. The actual arrangement dfdiiddomains
however especially their relative orierttan and linker flexibility,is quite variable in nature and
is the salient feature of all €asignal transducing proteins, to which they owe their vast
regulatory target repertoiieCaM in particulafChou et al., 2001; Hoeflich and Ikura, 2002;
Vetter and Leclerc, 2003; Yamniuk and Vogel, 2004; Gifford et al., 2@2¥) binding to EF
hands realigns the two helices from nearly-gatiallel to more perpendicular (e.g. opens the
6 h a n dFigure k6g @&nd allows the exposure of hydrophobic side chains which are often
involved in subsequent target bindi(thang et al., 1995; Ikura, 1996; Hoeflich and Ikura,

2002)

1.6.3 Calmodulin: general background

Calmodulinis the prototypical EF hand protein, belonging to a family collectively termed
OCTERG6 for each of t hecalmadslibtropobin@ ahdseentialffaraur me m
regulatory myosin light chains. CaM contains two EF hand domea@thicontaininga pair, for
a total capacity of four Gaions The CaM EF domainshare a 46% sequence identity,
separated by a 27 residue fl exi bl (€hobetalker , ro
2001) Calcium bindingo EF handsn CaM is thought to occur in the sequence of\W}-Il, in
a cooperative manner, although unusual tabgeind conformations where only theldbe is
Cd*-saturated do est (Vetter and Leclerc, 20033eeTable1.2). The C lobe has a#®ld higher

affinity for C&* than the Nlobe (Linse et al., 1991)which gives CaM an additional level of
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regulatory complexity by increasing the effective range of cellul&f @mcentrations to which
it can respon@Zhang et al., 2012)

CaM is an essential protein; its knockouts are lethBirosophilaand yeas(Davis et al.,
1986; Heiman et al., 201,0glthough maternal CaM sustains fruit fly larvae for up to 2 days.
Intriguingly, grossehavioral abnormalities in CaM knockowofsDrosophila(spontaneous
backwards movement) parallel some CaM mutation effed®aiameciun{aberrant backward
motion) (Hinrichsen, 1992)This observation supports the role of CaM in regulation of neuronal
activity related to C& current modulatioii although this was not directly confirmed until nearly
the turn of the centur(Peterson etal., 1999) Not surpri singly, given C
expression in mammals is mugjenetic: there are three nafielic mammaliarCALM genes, all
sharing éhigh degree ofucleotides e quence i dentity (a80% in huma
the same amino acid sequence. At first glance, this arrangement would seem like a good
Obackupd strategy for an essent i debreemhr ot ein, b
variation intheir untranslated regions (UTRS), typically associated with protein transcriptional
control(Toutenhoofd and Strehler, 2000his would suggest that the differé&®ALM genes
may actually serve as a way of controlling the availability of local CaM pools for differen
targets. The expression of CaM is highly variable aneéaygpto be finely regulatedith the
highest level®f total CaM found in the brain and testigakiuchi et al., 1982and typically
ranging from 1uM (erythrocytes) to 3QM (cerebral cortex).

In terms of its biochemistry, CaM is a relatively small (16.7 kDa), ubiquitous, highly
solubl e, aci di c8aiipolacids. It has a ligh requencyof roethioriinégs (9
total, making up a 6% of tohtee apmabproeome)2%) gr eat e

(DePristo et al., 2006 he methionines are thought to be crucillta M6 s ver satil ity
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binding(Gellman, 1991; Zhang et al., 1994; Yuan and Vogel, 1999; Yamniuk and Vogel, 2004)
and almost half of hol€ a M6 s h y d r o pabcesbiblecsurface area¢SAEA) is
contributed by thee Met residue6 O0 Ne i | and .Det Surpasohgy, Metloidaton

is associated with a loss of target binding by CaM and increased proteasomal degf@dation

et al., 1998; Snijder et al., 201 Hthough the effect may be residaad targespecific

(Montgomery et al., 2003)

1.6.4 CaM target binding

Actual CaM binding target sequences range widely but have a few coproymerties
and several conserved motifs, typically differing in the arrangement and spacing of their
hydrophobic anchor residues that interact with CaM (hence names3#&14, as in
smMLCK). Somerepresentative examples and sequences are outlifedble1.2
Acommon feature of these sequences i-s thei
helix, with the bulky anchor residues presumably facing the same wayeoside of the helix
(Vetter and Leclerc, 2003; Yamniuk and Vogel, 2004)at | east f or the maj or
type recognition sequencé@Rhoads and Friedberg, 199Admittedly, an increasing number of
new CaM target structures reveal unusual conformations not consistent wittf ttén@img
mechanics of CaM (e.g. the small conductance SK chaBmaglthracisedema factor protein,
etc.). There are instances of CaM beiaegiprocallyregulated by its actual target. For example,
the 1Q motif of the voltage gated sodium channe}IN2 actually preferentially binds thel@Gbe
of apaCaM over holeCaM (either lobe), and subsequently reduces its affinity féf Bover
2 orders of magnitud@eldkamp et al., 2011)nterestingly, this channel also binds’G&aM at
an alternate site upstream of the IQ motif, and the two are likely in compétitioro, serving

as a molecular G&dependent switch. Similar €aaffinity tuning effects have been observed
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with other targets as wdPutkey et al., 2008; Zhang et al., 201&) well as targets that increase
CaM6s af f3(reviewgd infurado 1¥98)Hence thawvailability of CaM, in any of the
C&*-bound forms (0, 2, or-4C&* ions) is subject to its retention by different csjpecific and
common higkaffinity targets. Several studies poiatCaMdependent kinase #s being one
such -t6rCapvd (Koml ekeat, 2004b; Sanabria et al., 2008aMKII is dodecameric
with at least as many higifinity Ca*-CaM binding sites, and is able to increase its own CaM
affinity via autephosphorylation upon CaM binding Not al | C aldapacityr aps o6 ar
however. Strong, nearly irreversible binding of CaM to certain targetslsameduce the pool of
avail able CaM, especially if the concentratio
binding proteins essentially treat CaM as an integral subAmigxample ighe inducible nitric
oxide synthase (iINOS), which bin@aM at basal C levels but requires Cafor full
activation, and is highly expressed in macrophages upon immune activation by cytCkioex
al., 1992; Censarek et al., 2004; Spratt et al., 2006act, INOS cannot even be heterologously
expressed at a practical level without any CaM present, due to severe aggregation, suggesting
CaM might also be acting as a chaperone in this (&seet al., 1996)Another lowcapacity
high-affinity CaM sequestering proteis neurogranirfNG), which contains an I§notif and,
like Nay1.2, attenuates the Eaffinity of CaM (Kubota et al., 2007NG is responsible for the
fine-tuning of longterm potentiation (LTP) in postynaptic neurons, although the exact
mechanism is still unclear.

As a result of such regulatory controls, CaM availability appedg limiting in the cell
(Persechini and Stemmer, 200@jth one study involving cardiomyocytes proposing a [GaM]
range of50-75nM, which is only 1% of total CaM in those cells, even at restirig @&u and

Bers, 2007)Another study in kidney cells using a biosertbat binds both apand holeCaM
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estimates the total available CaM for resting cells to be in the micromolar range, with an
approximately 5@old decrease upon cellular [Epiec elevation(Black et al., 2004)This allows
for selective activation of specific CaMediated signaling networks that is both spatially and
temporally controlledn response to G4 as a complex function of the number of targets and
Cc&* gradents(Slavov et al., 2013)0n the other hand, overexpression of CaM can also lead to
pathological effects, although there are comparatively few sttithedave been done to
characterize¢hen.

Considering that perturbations in CaB4’* binding can have devastating consequences,
such as recurrent cardiac arrest in infd@®tti et al., 2013)understanding the mechanism by
which CaM exerts its effects is paramount. As a first step in this direction, biophysical
characterization of the target binding sites in volkggted ion channels has beargely
successful, with a number of published structural and functional studies revealing several
conserved CaM binding sites in a number of chaninelsewed inKovalevskaya et al., 2013)
That number is poised to increase yet further, aided by the findings contained within this
dissertationThe three main groups of voltagated calcium channels (¢g2,3.x) are all
represented here (with more emphasis oarld T-type channels than others). Established,
canonical binding sites (e.g. the 1Q motif) are compared, and novel, moderately conserved
binding sites are explored and characterized, all with the ultimate goal of understanding how

CaM may affect the (in)activation profiles of these large, essential proteins.

CaM overexpr es s-Gelts nesuitsrin Ci-mduced eelhapdptosis Bnd subsequent diabetic symptoms
(Yuzawa et al., 2008)CaM overexpression iracdiomyocytes leads to hypertrophy via a calcineurin/CaMKI|
dependent pathwgDbata et al., 2005)
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Figure 1.6: Schematic representation and structural view of the EF hands of CaM

(left) EF 'hand' as represented by a pair of hands; the right index finger is 'E' and thumb is 'F' (middle),
corresponding to the PDB structure for the EF hand from CaRéEmeciun(PDB code 1EXR) (right),
visualized with Jmol. The helices are in green, whereas the shothéliteantip a r a-sheet (onlyfone

hand shown for clarity) is in pink. Coordinating oxygens are red; peptide bonds in black, the coordinating
water molecud is blue and Caion is yellow.

Table 1.2: Brief overview of prototypical (and some atypical) CaM binding targets and

their defining features.

Content adapted froiiRhoads and Friedberg, 1997; Vetter and Leclerc, 2003; Yamniuk and Vogel,
2004) Sequencefor the first 5 peptidearetaken from one of those three referen¢tsirophobic

anchor residuesarebolded consensus 61 Q mot i $pécialnetapndesourcee s ar e
references (1) The 0 Ca MYadpetald20008s wdllagYanmalsaadVogel, 2004)ist
CaMKK (bothUandb i s o f olrlfmotifs, act as®-16 as in(Vetter and Leclerc, 2003]2) The

initial PMCA-CaM structurestudyused a shorter PMCA fragment that only bound tHeb@ of CaM
(reflected in Vetter and Leclerc, 2003) in a different conformation than seennmtbaecent NMR

study with a larger peptidduranic et al., 2010§3) (Schumacher et al., 2001}4) The sequence is

actually a prediction from the edema factoBofanthracisadenylyl cyclase gene (GB ID M24074.1)

CDS analyzed by the prediction search algorithm of the CaM binding datxageset al., 2000and

structure obtained frofDrum et al., 2000)(5) The study actually reveals a reduction of Caflblz

affinity for C&* when bound to the N4.2 1Q peptidéFeldkamp et al., 2011p) (Van Petegem et al.
2005)(7) (Kim et al., 2008)8) based on a crystal structure fréifoudusse et al., 2008nyosin V

contains multiple IQ motifs with quite variable sequences; the more variable residues in the second (C
terminal) half of the 1Q motifs make contacts with thédoNe ofCaM and alter its relative orientation.
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CaM Target Sequence (Target / CaM) M otif CaM lobes
structural name bound to
conformation #(Ca) ions

smMLCK RRKWQKTGHAVRAIGRLS Helix /collapsed 1-8-14 N, C (4)

SS antiparallel
skMLCK KRRWKKNFIAVSAANRFK  Helix/ collapsed 1-5-8-14 N, C (4)
KISS antiparallel
CaMKlI FNARRKLKGAILTTMLATR  Helix /collapsed 1-5-10 N, C (4)
antiparallel
Ca MK Kb IPSLATVILVKTMIRKRSFG Helixib hai r pi 1-16" N, C (4)
NPF /parallel

Ca* pump LRRGQILWFRGLNRIQTQI  Helix /collapsed 1-18 N, C (4)
KVVKAFHSS antiparallel

K" channel  TQLTKRVKNAAANVLRET 3 helix/ extended 2:2 Non N (2)
WLIYKNTKLVKKIDHAKV complex classsical
RKHQRKFLQAIHQLRSVK
MEQRKLNDQANTLVDLA
K3

Anthrax HIFSQEKKRKISIFRGIQAYN ? /Extended non Unknown C (2)

edema factor EIEN* classical

Nay1.2 1Q KRKQEEVSAIVIQRAYRRY Hel i x/ 0 o p e Canonical Apo-CaM

domain LLK QKVKK C-lobe only IQ motif

Myosin V 1) Helix / antiparallel Canonical Apo-CaM

motor ACIRIQKTIRGWLLRKRY Semiopen Clobe, IQ motif

domain 2) Closed Nlobe (x2)

AAIT VORYVRGYQARCYA

L-type 1Q VGKFYATFLIQEYFRKFKK  Helix/ compact 1Q-like N, C (4)

(Cayl1.2) RKEQ Parallef motif

P/Q type IQ VGKIYAAMMIMEYYRQSK  Helix /compact IQ-like N, C (4)

(Cay.2.1) AKK LQ Anti-parallel motif
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1.7 CaM regulation of other channels

While voltagegated calcium channels and their modulation b3//CaM are certainly the best
studied, they are not alone in being subject to CaM control. A large number of other channels
from rather distant lineages (seigure 1.1) are all subject to direct modulation by CaM. Many
more are subject to some indireontrol ofCaM, such as a phosphorylatipathway, but the

latter are beyond the scope of thissgrtation and will not be touched upon. Among those

directly regulated by CaM are (in order of most related/similar {& Gand also the best studied,

to least): voltagegated sodium channels (g, ryanodine (RyR) and inositol triphosphate

(IP3R) receptors, voltaggated potassium channels(KL.1 and K;7.4), small conductance
Cd*-activated K channels (SK or KCNN), transient receptor potential channels (TRPV1,5,6),
cyclic nucleotidegated channels (CNGs) and certain liggiaded channels (NMDA ah

metabotropic Glu receptor@{ovalevskaya et al., 201.3FaM also regulates the plasma

membrane CAATPase (PMCA), although i(Boscheketnlot stri c
2008; Juranic et al., 2010phe interactions are quite diverse and so is our level of understanding
regading theirmechanisms and effecBelow is abrief summary of what is known regarding a
select number of representative examples; for a more comprehensive examination the reader is
directed toseveral review$Saimi and Kung, 2002; Kovalevskaya et al., 204r8] the

references therein.

1.7.1 Voltage gated sodium channels

As mentioned earlier in this chapter,/Sarecloselyevolutionarily related to G& (Anderson
and Greenberg, 2001; Goldin, 2002; Piontkivska and Hughes,.20&3jherefore not surprising

that these channels also possessEF hands and an IQ motif in theirt€@minus. At present,
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the textbook description of inactivation iny¢as a similar process toatin Kys, in that a
cytoplasmic region of the channel (DIIIV | i nker , or O0lidd) swings o
the channel rapidly and i n &atterialy 2000eHslle, PO01; Yub hi nge
and Catterall, 2003; Zamponi, 2008)terestingly, the IHIV linker also contains a CaMinding

site(Sarhan et al., 2012Which preferentially binds the &aC-lobe of CaM and has a

prominent attenuating effect on channel inactivation. This region is also a hotspot for-disease
associated mutations affecting channel gating kinéfoset et al., 2009; Sarhan et al., 2012)

contrast, the 1Q motif in these channels preferentially bindsCadd (Potet et al., 2009;

Feldkamp et al., 2a) and its effects on inactivation appear to lack'@ependence.

Low Ca®

"‘ —r = — =

R——
C—

HighCa®  \ =&« ™

Figure 1.7: Model summarizing the proposed CaM regulation of Nal1.5

In resting C&’, apaCaM remains tethered to the IQ motifviaitds @ be, al l owing the 61 i
circle) to freely interact with the docking site, causing rapid channel inactivation. When celfilar Ca

rises, its binding to the-{®be of CaM causes it to dissociate from the IQ motif and bind instead to the
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CaM birding site in the IHIV linker (crescent moon), which destabilizes thedimte complex and results
in increased channel opening (higher (8grhan et al.,@L2; Van Petegem et al., 2012)

The effects of the two CaM binding sites (IQ andMllinker) on the calcium/CaM
dependent modulation of the channel remain controversial, however, as conflicting results have
beenobtainedn different studiesdepending on isoform, mutation, and even cell lines used for
expression, with the general consensus that the 1Q motif is not actually essential fGfthe Ca
specific effects on inactivatiofvan Petegem et al., 2012he Na IQ motif has also been
shown to bind CaM with a few variable, isofespecific differences in conformation, such as
Nay1.5(Sarhan et al., 2012ps. Na,1.6 (Reddy Chichili et al., 2013s0omething that is also true
for the CaMIQ structures of various Ga(Kim et al., 2008) The mostrecently proposed model
describesthe@®rminalNgl . 5 | Q mot i f aCaM, whely¢he dp@-lobe f or apc
interacts with the @erminus in absence of &afor which it has a higher affinity than the apo
N-lobe (Figure1.7). But as soon aallostericC& " signals (either from nearby Ggor RyRER
activation) allowC&" to bind the Globe of CaM which has a higher Ghaffinity than the N
lobe, there is structural rearrangement leading to the relocation of th€@be to the 1HIV
linker, and an opening for the-ldbe to now bind the @erminus. This bridging of thevb
intracellular domains presumably leads to a destabilization of the inactivation gate from its
putative docking site in the SBtlinkers of DIIl and 1V, leading to a depolarizing shift (e.g.
increased channel availability) in the activation curve. Ippsimi f i ed t er ms, CaM ac
on the inactivation o0liddé, reducing its mobil
channels to remain open longer or at more negative potefMatsPetegem et al., 201his is
especially interesting in regard to its potential similarity to the regulation\gf, @fbeit with

different mokcular elements (the domadifl linker, NSCaTE, etci see Chapters 2 and 3). It
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wi | | be interesting to see whether some form

inactivating channels.

1.7.2 Calcium-gated potassium channels

Despite being looselgrouped within the voltage gated channel family, the small conductance
potassium channels (SK, oef.1-3) are solely activated by &avia a constitutively bound

CaM. These channels are tetramers of the standaédT®1 architecture, with a distinct

reguatory C&"/CaM binding domain in their cytoplasmict€rminus, immediately downstream

of the poreforming domain. SK channels are fairly unique in their regulatory mechanism and
structural interaction with CaM (as explained below), far different frormtber e 6 canoni c al
complexes seen with CBDs of other channels, showing yet again just how flexible CaM is as an
effector molecule.

There are two striking features of CaM regulation of SK channels. First, is that upfon Ca
level increase, only the-Mbeof CaM binds C#', while theC-lobe remains in the apo form,
although some of its hydrophobic residues do get repatifedently in the transition
(Schumacher et al., 2001, 2004; Lee et al., 2008ble that the G4 source has to be a nearby
C&"* channél or global cellular C& elevation since SK channels do not passC&econdly, is
that while the apoCaM be interacts with a relatively small (~10 residue) region of the SK2
CBD, the resbf which remainsinbound andexible, binding of C4" inducedarge scale
rearrangement leading to dimerizatiortlué CBDs of adjacent subunits. In the much less
flexible dimer form, the C&-N-lobe of one CaM interacts with at€rminal region of the

adjacent CBD, while thed®be repacks itself to crodimk two of the helices in its own CBD,

8 There is evidence of-fype channels being physically and/or functionally coupled to certain potassium channels,
such as k4 andSK (Wolfart and Roeper, 2002; Anderson et al., 2013)
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resulting in an unusual two CaM, three helix struc{@&humacher et al., 2004he proximity
of this complex to the S6 (and therefore, the
inactivated state and results in the opening of the channel, although this motion has not yet been

verified.

1.7.3 Ryanodine Receptors

RyRs are CA release charels found on the sarcoplasmic or endoplaseticulum, and often
found coupled to voltage gated calcium channels (e.gl.Can skeletal muscle) that direct their
opening. These massive (approximatelytif®s larger than Naand Cas) cationselective
channels are homotetramers 6060 residue subunits, largetBirminal portions of which are
facing into the cytoplasm in a roughly square pat(Zaik et al., 2007)The majority of the
sequence is associated with regulatory functions, whereas only about the last 10% of the protein
contains the transmembrane segmentsjrecated ~1000 @rminal residue subunit was
sufficient to create a Gasensitive pore in one studBhat et al., 1997)
Remarkably, CaM is a multier regulator othe RYR1 soform found in skeletanuscle
via its Globe binding directf to the 361443 region of RYR1asboth apo and hol@aM, as
well as by competing for binding of the {Jal Gterminus to this regiofSencer et al., 2001;
Maximciuc et al., 2006)The 36143643 region of RYR1 binds CaM in an aptrallel fashion
i n a rAovwelconmdf or mati on, with the two CaM | obes
each othe(Maximciuc et al., 2006)The Nlobe of CaMis alsothought to bind to a more
upstreamregion (196999, o6site 106) of an adjacent RYRI1
forbindingto3614 3 (6site 26) with a dewd®dt3I @as,mtwereigd ho
is predicted to have a Calike fold (Xiong et al., 2006)and may play a role in channel

activation by blocking CaM from its interaction with site 2. Even more bewildering is that CaM
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is also able to bind to this third site itself, in the apo state, with veryaffiigiity (Lau et al.,

2014) although the physiological effect of this interaction is unknown. Interestingly, CaM
binding site 3 (CBS3) is very weakly conserved and does not appear to affect'tGaia
regulation of RYR1 gating in deletion studies; thus it may simply be a CaM tethering site, or
have another, isoforrspecific role. Additionally, all three RYR isoforms contain one or more
EF hands in various locations (in RYR1, there are three tadehands just downstream of the
third CaM binding site), although thewles arestill not fully understood. Cé has a bimodal
effect on the gating of RYR1; at low concentrations (nanomolar) it is stimulatory and at higher
(micromolar) concentrationg,is inhibitory. In contrast, in cardiac RYR2, CaM is inhibitory at
all C&* concentrationg§Zalk et al., 2007)Whether or not this is a consequence of different
CaM-RYR interactions, or the differences in the position and properties of the RYR EF hand

motifs, or a combination of these and other effects remains to be elucidated.

1.7.4 Transient Receptor Potential Channels

TRP channels are essentially the cell 6sensor
large number (over 20 different isoforms in mammals) of different genes, broadly categorized

into seven groups. They share a similar topology (6 TM, hetenatetjavith other voltaggated

channels but are typicallyot gated by voltage. Instead, they are often capable of responding to
numerous (and often seemingly disparate) physiological stimuli, and display an impressive range

of cation selectivities and cyttasmic domain diversity. They are also often found associated

with other channels as effectors, and in many cases this interaction is essential for the TRP

function (e.g. the IP3 receptoidjenkatachalam and Montell, 200®lany human inherited

diseases are associated with mutations in this channel feseéligure 1.1).

49



At least threesoforms are thought to interact with CdMumazaki et al., 2003;
Kovalevskaya et al., 201.2)RP1,5and6 TRPV1l i s the O6classical 6 T
to heat, capsaicin, camphand several other pharmacological agelhthus acts aa generic
pol ymodal 0, pndl is the primacy IRA channil in sensory neurons. Pain
desensitization via capsaicin application is thought to be a result of inactivation of TRPV1
currentsand is a Ca-dependent process attributed to CaM binding to TRPV1 at a 35 residue
site in the Gterminus E767~T801). Intriguingly, this interaction occurs in both presence and
absence of G4 but thedesensitization process requires extracellulsf* @dumazaki et al.,

2003) The process may prove to be qualitatively similar to CDI-tgde channelsor theCaM
regulationof Nays; the exaciolecular mechanisms of this process remain to be elucidated.

TRPV5 and 6 are the most €aelective of the group and may have involvement with
storeoperated C4 currents; TRPV5 mutations are associated with high urinaf/eXaretion
and osteoclast&' resorption defectéNilius, 2007; Venkatachalam and Montell, 2007jtle is
known about theffects of C&" and CaM on the current/voltage properties of these channels.
However, there has been at least one study suggdsang to fiveCaM binding sites may be
involved (Kovalevskaya et al., 2@), thus the process is likely quite complex if these are all
indeed physiologically relevant. So far, only thaivitro CaM binding properties have been

analyzed.

1.7.5 NMDA receptors

Neurotransmission is a complex process involving several diffel@sges of channelsodium
and potassium channels for action potential propagation, voltage gated calcium channels for

neurotransmitter release, and finally, neurotransmitter receptors on tksypaptic neuron

50



membrangBezanilla, 2006)The latterare highly specialized among neurons and even by
location, and, unsurprisinglhavehighly complexarchitecturs. Glutamate is a key
neurotransmitter in excitatory signaling. NMDA is an analog of glutamate, and its receptors are
heterdetramers of two type of subunits: NR1 and NR2{B), with additional variation
contributed by splice isoforms of NRINMDARs are one of the most Easelective ligand
channels, and are subject to regulation by CaM. Binding of CaM to NMDARs reduces their open
probability andmean open timgRosenmund et al., 1995; Zhang et H998)

Interestingly, CDI in NMDARSs also strongly affected by cytoskeletdisrupting
agents, suggesting that physical coupling of the channel domains to the cytoskeleton may be
involved in their i naactinin2van actinassociated proteinact , addi
abolishes CaMnduced CDI(Zhang et al., 1998)There has been controversy regarding the
bindi ng bet weet@in2, wiliRohe studydugdestitigata direct interaction is
responsibléMerrill et al., 2007) and another showing a lack of any interacfidang et al.,
2008) thus a clear model is lacking. Furthermore, the interaction between CaM and CBS1 of
NR1 is C&*-dependent and does not likely support agssociation mode for CaM.
Additionally, CaM may bindCBS1 with a 1 : 2 (CaM : CBS) stoichiometry, suggesting that
functional channel dimerization (in a €alependent manner) drives CDI. Only théoBe of
CaM needs to be Gareplete for the interaction with CBS1, and likely proper folding of the C
termins, but either | ob actinnR. Additidnally, the regnlationtbp&adi s p | a
CaM may be at least in some part attributed to the action of CaMKII, which is able to bind to

NR1 CO ifU-actinin2 is first displace(Merrill et al., 2007) Much additional research is still

® The three mammalian NR1 exons (ZPare known; CO is invariant (and contains the fraM-binding site
CBS1) and C1 and 2 are developmentally reguléféaing ¢ al., 2008) C1 contains the higher affinity CBS2 that
appears to lack any effect on CDI.

51



needed to decipher the exact role CaM plays in the regulation of NMDARS, and settle the

controversy.

1.7.6 Summary

As evident from this section, the regulatiorddferent channel types by CaM is both intricate

and varied, and may rely on anywhere frioist one to many binding siteShe prevailing
moleculamrmechanisnarchetypes are either A) several short, contiguous motifs, typically in the
C-terminus, with dishct C&* dependences and therefore, functional effects, or B) distinct,

distant binding sites that may be brought clios@vo by their interaction with holoCaM, with

direct biophysical effects on channel activity. As only a handful of chgmotdirs havehad

their structural elements and biochemical properties of CaM binding sites elucidated, at this time
itisnealyi mpossi ble to derive a o6templatedé for cha
predict a particular model solely from primary sequehtmvever, ifwe were to obtain such

information for a much greater repertoire of channetshaps a clearer trend could be observed.

1.8 Research Objectives

The main goal of this thesis is to further our understandingltdge gatedalcium channel
reguation by calmodulinThe main hypothesis concerns the role of NSGailtitch is a novel
N-terminalCaM-bindingmotif in L-type channeldn global or local CDJlas well as the extent
of its conservation. We propose that this motif is presebymnaeaandperforms a conserved
role in all L-type channels. The questions mdnswered in this dissertatiare:
1. What arethe effects oNSCaTEon L-type channetegulationof diverse phyla
Hypothesis: NSCaTE is a conserved motif involved in some type of ADtype

channelf diverse phyla
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2. How doNSCaTE and/or IQ motif interact with CaM to elicit CDThis is to be answered
using biophysical analysis with various CaM mutaartd through peptide binding
studies Hypothesis: CaM interacts with NSCaTE, in ayvea conformation that is
distinct from its interaction with the 1Q motif, and consistent with its role outlined in 1)
3. Does CaM regulate other channels throatiter possible mechanisth@VA or LVA).
Hypothesis: CaM is a universal regulator of,€a
To complete these objectives, a combination of biophysical studies using peptides corresponding
to the regulatory motifs (IQ and NSCaTE) of their cognate chameksperformed, as well as
electrophysiology recordings with an NSCaTE deletion mutant o LCEhese studies include
spectropolarimetry (circular dichroism), native PAGE studitsadystate fluorescence and
isothermal calorimetryThe results obtained in this thesis will help further our understanding of
the molecular mechanisms governing @&*-CaM regulation of voltaggated calcium

channels.
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Chapter2: Characterization of a Nowvel Sho

terminus of an-tliypeeChaebneaete L

2.1 Introduction

L-type calcium channels (G8) have key roles in a number of physiological proce&satserall,

2011) The molecular endpoints of both voltadgpendent inactivation (VDI) and calcium

dependent inactivation (CDI) of Gghave both been extensively studied, altidough no

universal model exists, many key elements have been determined and charg@ehitkedet

al., 2000; Kim et al., 2004a; Cens et al., 2006; Barrett and Tsien, 2008; Findeisen and Minor,

2009; Cui, 2010; Tadross et al., 2010almodulin (CaM), a small 17 kDa) bilobed C&"

signal transducing protein, is an essential faico€CDI (Tang et al., 2003; Tadross et al., 2008;

Guo et al., 20104nd is found prassociateavith these channels vivo, regardless of its G

binding stat€Erickson et al., 2003)he difficulty of working with holechannels has precluded

a detailed stictural analysis of this interaction, but various mapping studies have pointed to the

IQ motif and surrounding sequences in thee@ninus and a small region of thet&fminus of

Cays as likely targets of CaM binding and regulatjtvanina et al., 2000; Dick et al., 2008;

Benmocha et al., 2009; Asmara et al., 2010; Liu and Vogel, 20h2)Nterminal region of Ca

l2and 1.hasbeendecr i bedt easmanafNspatial calcium tran
NSCaTE(Dick et al., 2008)because of its dominapto s i t i vien 60 kenfofcekct when f
Ca,2.2, resulting in robust, bufféensensitive CDI that is not normally present in this channel

(Peterson et al., 1999espite this profound effect, the actual role of IMSEin vivois unclear.

Several key mutations (W82, 186 and R90) do not greatly affect CDI even if they affect CaM
binding(Benmocha et al., 200Dut the deletion of the entire-tdrminus has an attertugg

effect on CDI(lvanina et al., 2000)To clarify the role of NSCaTE in CDI, we have
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characterized a homologous sequence in thgk channel okymnaeastagnalis(pond snail) or
LCay1. This channel has been previously characterized and shdvaive a very strong
resemblance to mammalian\da2 (Spafford et al., 2006; Senatore et al., 20litejuding all

the hallmarks of CDin vivoas well aavhen heterologously expressed in HEK cells. It has
striking sequence homology tfic andUld in the Gtermiral region, particularly the 1Q motif,

and a distinct yet si mi lylaand ad®efidd andtdadT bCatl,i f . Wi
without the first 112 residues) were recorded in the whelevoltage clamp mode, using both

C&* and B&" as charge carrie to distinguish the effects on CDI and VDI, respectively. In
addition, biophysical studies using synthetic peptides corresponding to the 1Q and NSCaTE
motifs of both LCgl and Cal.2 with wild type mammlian CaM were performad an attempt

to establista molecular mechanism for the effects observed with electrophysiology recordings
We confirm the existence of NSCaTE in invertebrates and show its conservation coincides with
the evolution of the 1Q motif to a much greater extent than previously thonghshaw it has a
weak binding affinity for CaM as well as a modest and bigéarsitive attenuating effect on

Cc&" currents.

2.1.1 Lymnaea as a model organism

Lymnaeastagnalis or the great pond snalil, is an excellent model organism for neuroscience
researchLike all invertebrates, it has a relatively simple nervous system. It is inexpensive to
maintain, has a low generation tinmas had most of itslready sequencexhd is in the process
of having its genome sequendéerg et al., 2009; Sadamoto et al., 20I)e genome of the
marine gastropodplysia its close relative, is already known. In contrasipdysig however,
Lymnaeas significantly easier to keep in a modest laboratory setting. Furthermang,

Lymnaeaneurors have been identifiedvith specific behaviors, and detailed neural networks
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with corresponding behavior maps have been descfitzedt al., 1999; Feng et al., 208ad the
references thereinJust as early electrophysiology studies with squid giant axon have paved the
way towards our understanding of the electrochemical gradient and the action potential,
subsequent work iAplysia(Eckert and Tillotson, 198 8nd therLymnae&aByerly and

Yazejian, 1986jvere the first to illustrate the basic mechanisms governing calcium channel
currentsThere is a high level of conservation, both mechanistic and at the sequence level,
among the regulatory elements ofylpe channel¢Spafford ¢ al., 2006) in fact it is not unusual
to cotransfect mammalian accessory subunits witlyranaeachannel for recording to simplify
the analysis. Another advantage of usinglijianaeamodel is thatt hasonly one isoform of
each channel type {type nonlL-type HVA and Ftype, corresponding to LG&, 2 and 3
respectively), in contrast to its numerous vertebrate homologs (there are 10 total hyman Ca

isoforms, see Chapter 1,

Table1.1). This simplifies recordings in neurons where only a singfé Garent may be
present, and fewer splice isoforms complicate the picture. The obvious downside to this is that
subtle isoformspecific effects present in mammalian systems cannot be inferred from their

counterparts iymnaea

2.1.2 Current overview of mechanisms involved in CDI and VDI

Before covering the controversial subject of tha@ecularelatedness of these two processes, it
is first necessary to describe the method by which currents passing through channels are
measured, that iglectrophysiological recordindhe basic setup of an electroptoysgy

recordingrig is shown inFigure 2.1. Different techniques can be used to gather different types
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of information regarding the channel in question. Firstly, one can monitor currents while keeping

the voltage across the cell merane constant,the secalled voltage patch clamp. Alternatively,

voltage changes associated with injecting current into the cell via an electrode can be measured,

e. g. 6current clampdé. The former i s muetsh mor e
whereas the latter is more featured in neurotransmission resédrca. t &ah olamip gefers

to the fact that only a small portion of the cekmbrand a o6 pat chdé) i s targete
only the channels found in this region of the membuaitidoe studied. There are also more

exotic alternatives of patch clamp that involve disconnecting it from the cell (basically ripping

out the patch from the plasma membrane), e.g. irmidipatch, outsideutpatch. If a patch is

small enoughor the lewel of channel expression is sparse, unitary channel currents can be

measured. Single channel recording is perhaps the most sensitive and arguably the most valuable
(and also difficultymethodin the study of channel behavior. However, since the chanmeintur

is usually a fixed valuglependinggn t he number of,themagmtudedf 6open
whole-cell currents cannot be measured this wayess exact expression levels and open

probabilty and mean open time are knaviAor this purpose, wholeell voltage clamp can be

used In this case the glass pipette containing the electrode is introduced into the cell through a

di sruption of the membrane patch (6breakthrou
(6internal 6) a nathidvdd.eBecausd of thisceledtricgh dormection, the currents

now measured by the electrode reflect the currents of the whole ensemble of channels found in

the cell. There is aaweat to thisunless all other possible currents are blocked or cell express

is limited to only the channel under study, the whole cell current can be a mixture of different
ion/current types. This is the main reason HEK293 and otheeleatrically active cell lines are

most often useds surrogate channel expression systems
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Since unitary channels cannot effectively describe inactivatiamolecell currents are
typically used. In this regard, the tirpeofile of inactivation is seen as a reduction of whudé
current from its peak. Whether the reduction in current éstduncreased channel inactivation
(via gating or allosteric mechanisms) or a reductioaatizationcan be further determined by
measuring the change (if any) in gating currents (see Chapter 1, section 1.5). Allosteric
inactivation mechanisms (e.g.pawmec cl usi on by mobil e cytopl asmic
chai nd me o khamels3 do nab tiypicadly alter gating currents.
The driving force for a particular ion cur

across the cell membrares described by the Nernst equation:

, Y'Y .0
0O ——=l +—-
@) U
Where R is the wuniversal gas constant, T is t
theequi Il i brium potenti al (al so Orevenpatantk 6 pot en

ions both inside and outside the cell, the resting membrane potential is slightly different from the
equilibrium potential for each ion, and can be summarized by the Goldman equation:

0
0O 0O -—0 0O
0

c-z| (]
c-z| C-

WhereO is the membrane potentialy B3 the relative permeability of ion X (typically in
Siemens) andRis the total ion permeability of the membrane for all three ions, ansl the
reversal potential of that ion (see previous equation).
Asper Ohmés | aw, current is directly propor

and inversely proportional to resistance. The resistance in the case of ion channels is described

YAl nactivationd for a single channel means a reduction
seen on a time course due to the stochasticingdehavior of single channels
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