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1 Introduction

The transfer of ions such as Na', K* and Ca®* across membranes is a fundamental process of
information transfer in cells. lons are transferred across the bilipid membrane by channds, which are
proteins that form a pore through which the ions can move. The essentid properties that underlie the
sgndling ability of channdsisthear ionic soecificity, their ability to be regulated and the kinetics of the
opening and closing of the pores.

1.1 Calcium channels

The influx of cacium ions couples dectricd activity with intracdlular sgnd transduction, thereby
playing a pivotd role in the triggering and modulation of cdl excitability and function. Cacium ions
are second messengers that regulate processes as diverse as hormone secretion, pacemaker activity,
snooth muscle contraction and neurotransmisson. The flow of cacium through the plasma
membrane is regulated by a large family of channds, which open and close in response to an
gopropriate simulation. This stimulus can take the form of interactions between pore proteins and
cydic nucleotides, binding of neurotransmitters to channel receptors or changes in the potentia
difference across the membrane. The latter form of cacium channels, known as voltage activated
cacium channels, activate upon membrane depolarization caused by action potentials as well as sub-
threshold depolarization sgnds.

A number of voltage gated calcium channds exist, which can be broadly classed as High Voltage
Activated (HVA) and Low Voltage Activated (LVA) channds. HVA channds have large single
channd conductance and variable voltage dependent inactivation. These channels are regulated by
CAMP-dependent protein phosphorylation and are inhibited by drugs such as dihydropyridines
(DHP), phenyldkylamines and benzothiazepines. LVA channds are activated a more negative
potentias, inactivate rapidly and have small single channd conductance. The HVA channels can be
sub-grouped into L-, R, P/Q and N-type, depending on their biophysica characteristics. Both
HVA and LVA channds conss at least of an a; pore protein that conducts current, isthe target of
drugs and contains the voltage sensor. A change in conformation of the pore protein is induced by a
physica shift of the voltage sensor, effectively opening the channd and dlowing cacium ionsto enter
the cell. Closing of the pore occurs as the calcium channd inactivates, a process triggered by the



decrease in the dectrochemicd driving force, as wdl as intringc shut-down mechanisms that prevent

excessve influx of cacium.

The firgt voltage gated cacium channd was purified and cloned from transverse tubules of skeleta
muscle (Curtis and Catterall 1984, Takahashi et d. 1987) and found to consist of a;, a,, d, b and
g subunits (reviewed in Suh-Kim et d. 1996). Since then atotd of seven genes have been identified
for the a; pore subunits of HVA channels (for a review see Hofmann et d. 1999) and three for

LVA channels (Perez-Reyes et d., 1998, Cribbset d. 1998, Lee et a. 1999). The calcium channdl
a, proteins are 190-250kDa large and consist of 4 smilar structural domains. These domains are
predicted to have 6 transmembrane segments, with a membrane-associated |oop between segments
5 and 6 forming the pore. Although the subunits were originaly named according to the tissue in
which they were identified, eg. a ;s from skeletal muscle, a new nomenclature based on relatedness
and shared characteristics has recently been adopted (shown below). The Ca,1.1-4 a; subunitsare
classfied as L-type, dihydropyridine (DHP) sengtive HVA channdls, and the Ca,2.1-3 sub-group as
non-DHP senstive HVA channedls. The LVA channels form the third group, Ca,3.1-3.

old Current type | Drug sensitivities Distribution New
nomenclature nomenclature
ais L DHP Skeetd muscle Call
aic L DHP Heart, smooth muscle, Cal.z2
bran
ap L DHP Brain, endocrine Ca/l3
tissues, cochlea
aF L Retina Cal4
aia PIQ w-agatoxin IVA Brain, peripherd Ca2l
NEervous system
ais N w-conotoxin GVIA Bran Ca2.2
aE R SNX-482, -ACN, Brain, reting, Ca2.3
-ECN endocrine tissues,
heart, cochlea
aic T Mibefradil, kurtoxin Brain, heart Cas3.1
an T Mibefradil, kurtoxin | Heart, brain, kidney Ca3.2
ay T Mibefradil Brain Ca3.3




1.2 Neuronal calcium channels

Voltage activated cacium channds are fundamenta to neurona function. Of the known a ; subunits,
only Ca1.1 and Ca1.4 are not found in brain. The L-type channels, Ca,1.2 and Ca/l.3, are
postulated to be associated with NMDA receptors and to play an important role in the coupling of
excitation to gene transcription. These channels are therefore not required for fast synaptic

transmission, but for longer term signa transduction.

N- and P/Q type channels are found in presynaptic nerve terminas (Westenbroek et al. 1992,
Westenbroek et d. 1995), and are thought to be involved in excitation-secretion coupling.
Exocytosis of synaptic vesicles requires high Cat* concentrations, and the channels directly interact
with the synaptic vesicle docking and fuson machinery (Catterall 1998). These interactions are
cacium dependent, channel specific and regulated by phosphorylation. T-type current, ie. the
Ca,3.1-3.3 subunits, are responsible for neural behaviour that is triggered near the resting potentid,
such as thdamic oscillations and rebound burst firing (Huguenard 1998).

Whileit isknown that HVA channds are modulated by accessory subunits physically associated with
the a; pore, it remans to be unequivocdly established whether the LVA channds are amilarly
sructured. The HVA auxiliary subunitsarethe b, a ,d and g proteins (Figure 1).

Figure 1: A schematic representation of a High Voltage Activated channd, conssting of an a ; pore
protein and the auxiliary b, g and a .d subunits.



1.3 Theb and g auxiliary subunits

The b subunits are cytosolic proteins of 52-78kDathat chaperone a ; to the cell surface and remain
associated with the pore. These subunits modulate al aspects of HVA channd function such as the
current amplitude, rate and voltage dependency of activation and inactivation, coupling of voltage
sensng to pore opening, relief from G-protein inhibition and ligand binding (for review see
Birnbaumer et a. 1998). Four non-dldlic genes have been identified for the subunit (Ruth et d.
1989, Perez-Reyes et d. 1992, Hullin et d. 1992, Castellano and Perez-Reyes 1993) as well as
multiple splice variants. The proteins and their splice forms are expressed in a tissue- specific manner.
The effect of the b subunit on channd function varies according to the b and a; type. In some cases
the b’s can be ‘reshuffled’ to compensate to some extent for the absence of one of the subunits. This
is seen with b4, where a mutation causes a premature termination of the protein, producing the
neurologica deficits in so-caled lethargic mice (Burgess et d. 1997). However, knocking out the b 1
genein mice leads to death at birth (Gregg et al. 1993).

Until recently only a sngle, skeletd muscle specific g subunit had been identified (Jay et d. 1990).
Mice with absence epilepsy (Stargazer phenotype) were subsequently found to have an early
trangposon inserted into a homologous gene, which was named g2 (Letts et d. 1998). This new
family member was found to be bran specific, and dthough some functiond mRNA may be
produced, the transposon insertion causes considerable phenotypic aberrations. In addition to g2,
three other g subunits have recently been identified in mouse (Klugbauer et a. 2000). Two homologs
were dso identifed in human, as wel as a Sxth g subunit that has not yet been further characterised
(Black et a. 1999, Burgess et d. 1999). g3 and g4 are dso only found in krain, whereas g5 is
expressed in kidney, skeletd muscle, liver and lung (Klugbauer et a. 2000). The sequence identity
between gl and the rest of the family islow, with g1 and g2 only 25% related at the amino acid level.
A saquence dignment is shown in Fgure 20. The hydrophobicity profiles are Smilar however and

severd dructurd motifs are conserved. The neurond g's are 60% identical, and form a phylogenetic

subgroup.

The g subunits are 35-38kDa proteins with 4 putative transmembrane segments and cytosolic amino
and carboxy termini. The gl subunit modulates the pesk current as wdl as the activation and
inactivation kinetics of the skeletd muscle a ; subunit (Eberst et d. 1997, Singer et d. 1991). Inagl
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mouse knock-out model, the calcium influx was decreased relative to controls, and the steady State
inactivation shifted to more positive potentials (Freise et d. 2000). The eectrophysological effects of
g2 on the neurond Ca,2.1 subunits are modest, with a 7mV hyperpolarizing shift of the voltage
dependence of activation (Letts et d. 1998). This may be enough to lead to an increased calcium
current that disturbs the neurond firing patterns.

1.4 Thea.d auxiliary subunit

The a.d family congsts of three genes. The firgt subunit identified was a.d-1 in rabbit skeletdl
muscle (Ellis et d., 1988) together with the firs a;, b and g subunits Fve tissue-specific a.d-1
glice variants exist (Angelotti and Hofmann, 1996) but a functiona sgnificance of the splicing has
not been established. Two new a,d family members were subsequently identified in human and
mouse, and were named a,d-2 and -3 (Klugbauer et d., 19994). The nove a.d subunits are 56
and 30% homologous to a ,d-1 at the amino acid level and share anumber of structurd motifs. Only
asngle a,d-3 slice form was found, but two splice variants differing by a totd of 7 amino acids
were identified for a.d-2. All three a,d’s have smilar hydrophobicity profiles and contain severa
potentia N-glycosylation Stes. An dignment of the subunitsis shown in the gppendix (7.1).

a,d-1 congsts of 2 proteins — a highly glycosylated a ; that is believed to be extracdlularly located,
and agmdler d protein that anchors the a; to the cel membrane (Brickley et a. 1995; Wiser et dl.,
1996). These proteins are coded for by a single gene, the product of which is trandated as a
precursor polypeptide that is post-trandationaly cleaved (De Jongh et ., 1990). The a, and d
asociate by disulfide bridges that form between the numerous cysteine resdues found in both
proteins (Figure 2). The characterigtics of the novel a,d have until now not been established.



Figure 2: Line drawing of the a,d-1 subunit. Although the a, has 2 hydrophobic domains, it is
believed to be entirdy extracdlular. The a is bound to the transmembrane d by disulfide bridges.
Both proteins are glycodyated.

The effects of a,d-1 on the biophysica properties of a; subunits depend on the expresson system
and subunits used. a.d-1 invariably increases the current density of calcium channels by increasing
the amount of functional channd at the cdl surface, and has been reported to dlogtericaly dter the
activation and inactivation of saverd a; subunits (Singer et d., 1991; Bangdore et d.; 1996, Fdix et
a., 1997; Klugbauer et a., 1999a). a.d-1 is dso known to enhance DHP binding to L-type
channels and w-conotoxin GVIA to N-type channds (Fdix et d., 1997; Brugt et d., 1993). Co-
expresson experiments with b2a subunit and a,d-1 show that these auxiliary subunits have a co-
operative effect on the expression of the Ca,1.2 (@aic) channd a the membrane, resulting in an
increase in current dengty (Y amaguchi et d 2000).

The molecular diversity of voltage gated cacium channelsis due to the expression of severd forms of
the subunit proteins, as well as differentid splicing of the mRNA. The existence of these numerous
forms dlows for many different pore-accessory protein combinations, which may be one way in
which tempord and tissue specific control is exercised over cacium entry. Mutations of severa
channd proteins have been shown to be causative factors in severd disorders, making the cacium
channel subunits targets for thergpeutic interventions (Burgess and Noebels, 1999).



1.5 Gabapentin

Gabapentin (1-(aminomethyl)cyclohexane acetic acid) is an anti-epileptic drug that was origindly

designed as an andog to the inhibitory neurotransmitter, GABA (Leiderman 1994). It penetratesthe
blood-brain barrier through the L-system amino acid transporter and is well tolerated (McLean

1995) (Figure 3). Although gtructurdly smilar to GABA, gabapentin (GBP) wasinitidly not found to
bind any GABA receptors (SumanChauhan et d. 1993). However, there is evidence for GBP
acting as an agonist of a specific population of GABAg receptors in hippocampal neurons (Ng et 4.,
2001). These receptors are Gprotein coupled proteins that bind GABA and decrease neurond
excitability postsynapticaly by activating inwardly rectifying K™ conductance. In addition to its use
againg epilepsy, GBP isincreasingly finding application in pain and anxiolytic disorders (Beydoun et
al., 1995; Wdlty et a., 1993). GBP binds to rat brain (SumanChauhan et d. 1993; Hill et a. 1993)
and keetd muscle homogenates (Gee et d., 1996), with lower binding seen in heart, lung and
pancreas (SumanChauhan et d., 1993). This binding was found to be due to the specific interaction
of GBP with the a,d-1 subunit of voltage activated cacium channds (Gee et d., 1996). Since
voltage activated channds are involved in controlling the eectrical excitability of neurons, it has been
postulated that this drug reduces calcium current by modulating a ; indirectly through its association
with a,d-1 (Gee et d 1996, Taylor 1998). Whether the clinical effects of GBP are due to cacium
channd modulaion, GABAg receptor interactions, or a combination of both, remains to be
established.

AN

HN COO-

Figure 3: Structure of gabapentin (GBP), a drug used for neurological disorders. The a,d-1 subunit is
known to bind GBP.

The identification and characterisation of cacium channd subunits is essentia for understanding the
contribution of the channdls to cdlular and organ function, as well for enabling the design of drugsto

counter diseases associated with abnormadlities in calcium influx.



2 Aim

Due to advancesin molecular techniques, numerous voltage activated calcium channels subunits have
been cloned and characterised. It is unclear however, which subunits associate to form the multi-
protein channe complexes in vivo. Since the subunits differ in their conducting and modulatory
properties, it is the combination of subunits making up the channd that defines the
electrophysiologica properties of the cell membrane. In our laboratory severa novel subunits have
recently been identified and cloned (Ca,3.1, g3, ¢4, g5, a.d-2 and a.d-3). It istherefore of interest
to investigate how these novd, as yet uncharacterised subunits, associate. Such associations can be
established usng two complementary techniques. The digtribution of subunit mRNA in brain can be
determined by in situ hybridisstion. An overlgp of subunit expresson may reflect physiologicd
interactions, since the subunits are localised to the same cells. As a second gpproach, cDNA clones
of the novel subunits can be expressad in a human cdl line, and changesin the biophysical properties
of the channds measured. This, together with the spatia digtribution of the subunits, can be used to
infer which proteins naturaly interact.

Although the auxiliary a.d-1 subunit has been intensvely studied, the distribution and properties of
a,d-2 and -3, which were fird identified in our laboratory, have not been investigated.
Immunoblotting studies can be used to ucidate the gross protein structure of the novel a ,d-2 and
-3 subunits. It is of particular interest to determine whether the characteridtic traits of a ,d-1, namely
its composition of two proteins derived from a single precursor protein, and its high leve of
glycosylation, are conserved in the new isoforms. Furthermore, since a.d-1 is known to bind the
anti- epileptic drug gabapentin, it is dso important to establish whether a ,d-2 and a .d- 3 are capable
of drug binding.



3 Materialsand Methods

The molecular and cell biologica methods applied are described in this section. Techniques that are
common to the larger analyses are presented first. The more complex methods, namely Northern
blotting, in situ hybridisation, functional characterisation, immunoblotting and gabapentin binding
assays, are subsequently described.

3.1 Materials

All reagents used were of molecular biology grade. The compostion of specific solutions are given in
the rdlevant methods, and genera buffers are presented in section 3.20. Specidity items purchased

aeshownin Table 1.

Table 1: Suppliers of specidity materials.

Material upplier Material upplier
pcDNA3 Sephadex G-50 Nick-
pcDNA3.1/Myc-His columns
pcDNA3.1/V5/His-TOPO ECL sysem Amersham
Zero blunt TOPO PCR Invitrogen Hybond ECL nitrocdlulose | Pharmacia
doning kit Hyperfilm
Anti-Myc monoclond
antibody
Redtriction enzymes Random primed labdlling
T4 ligese New England kit Roche
T7 and T3 polymerase Biolabs N-glycosdase F
T4 DNA polymerase FuGene 6
Custom
E.coli XL1 blue MRF Stratagene [*H]-gabapentin synthesised by
Amersham
Pharmacia
Anti-a ,d-1 monoclona Applied NTB-2 photographic
antibody Bioregents emulson Kodak
ABI Prism 310 Genetic PE Applied CY-3 conjugated goat Jackson
Andyzer and Sequencing Biosygems anti-rabbit 1gG Laboratories
reaction kit Norma goat serum
Dulbecco’'s MEM GIBCO Life Anti-mouse- horseradish
MEM Technologies peroxidase Dianova
Lipofectamine
Human and Mouse multiple
tissue northern blots Clontech Centrissp Sze excluson Princeton
Human Dot Blot columns Separations
DEPEX SERVA Sulfolink coupling gel Biorad




3.2 Vectorsused

cDNA sequences were inserted into the vectors listed below for amplification, manipulation and

expresson in mammadian sysems.

pcDNA3 is a eukaryotic expresson vector that can be cultured in E.coli. pcDNA3 has a
cytomegaovirus promoter for high leve transcription of the inserted sequence, a polyadenylation
sgnd and a transcription termination sequence.

PAL was constructed for in vitro transciption of RNA probes (Ludwig et d. 1997). T3 and T7
promoters with BamHI and Asp718 stes were inserted into the multiple cloning Ste of the pUC19
vector. The promoters bind the T3 and T7 polymerases, dlowing for transcription of the insert
sequence. The redtriction Stes are used for the linearisation of the plasmid prior to transcription of the
template DNA.

pPcDNA3.1/V5/His-TOPO is a pcDNA3 based vector with attached vaccinia virus topoisomerase
that aids the ligation of blunt-ended sequences. This vector was used for cloning of PCR products
and blunt-ended inserts.

pcDNA3.1/Myc-His isapcDNA 3 derived vector with a Myc-Hisfuson tag dlowing for detection
and purification of the fuson protein.

3.3 Bacterial techniques

3.3.1 E.coli cultureand storage

The drain used for amplification of plasmid DNA was E.coli XL1 blue MRF . The genotype is:
D(mrcA)183 D(mrcCB-hsdSVIR-mrr)173 endAl supE44 thi-1 recAl lac [F proAB lacl“ZDM15
Tn10 (Tet")]. Culturing of E.coli was done in Luria-Bertani (LB) medium (3.20). The bacteriawere
grown in glass or polypropylene vessdls at 37°C on a shaker set at 225rpm. Selective antibiotics
included in the liquid media induded ampicillin and kanamycin a 100mg/ml. Agar plates were
prepared usng LB medium and agar (15g/l). The medium was autoclaved, cooled to 55°C and
antibiotics added. Plaes containing 50ng/ml ampicillin were used with pCDNA3 and
pcDNA3.1/Myc-His, and 50ngy/ml kanamycin for pcDNA3.1/V5/His-TOPO. Cultured bacteria
were plated onto agar plates, and following overnight incubation a 37°C, kept for short term storage
at 4°C. For longer term storage glycerol stocks were prepared (1:1 bacterid culture:glycerol).
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3.3.2 Preparation of competent bacteria

E.coli capable of taking up plasmid DNA were prepared as follows: A 6hr pre-culture of E.coli
XL1 blue MRF " in LB(-) (no glucose or antibiotics) was set up and innoculated into 100ml LB(-) for
a 16hr culture. The culture was placed on ice when the ODgoo reached 0.35 to 0.38. The bacteria
were pelleted a 4 000g, resuspended in 15ml 1x TTS (10% polyethyleneglycol 3350, 50mM
MgCl,, 5% DMSO in LB(-) medium), aiquoted and shock frozen in a dry-icelethanal bath.
Competent cells were stored at -80°C.

3.3.3 Trandormation of E.coli

Plasmid DNA was introduced into competent E.coli by adding the ligation reaction (3.5.4) to 400m
competent cdls and incubating on ice for 30min. This mix was added to 2.6ml LB medium and
incubated at 37°C, 150rpm for 1hr. The bacteria were plated onto agar containing the corresponding
sdective antibiotic and incubated overnight at 37°C. Colonies were picked, cultured and the plasmid
DNA isolated by the ‘mini-prep’ procedure (3.7.1). The DNA was andysed for the presence and
orientation of insert DNA.

3.3.4 ZeroBlunt TOPO cloning

A rapid and sdlective method was used to clone PCR products and problematic inserts. The ligation
resction was considerably quicker than that of the conventiond ligation 3.5.4). A 51l reaction
contained 0.5 to 4m PCR product and 0.5m pCR-Blunt 11-TOPO vector. The mix was incubated at
room temperature for 5min and the reaction stopped by addition of 1 stop solution. The contents
of avid of One Shot TOP 10 cells was added to the ligation mix and incubated on ice for 30min.
After a heat shock for 30s at 42°C the tube was incubated on ice for 2min. 250m of SOC medium
was added and the tube shaken horizontally at 37°C for 1hr. Two volumes (10m and 50m) of
bacteria were plated onto LB plates containing 50nmg/ml kanamycin and incubated overnight. Since
the insertion of a sequence into the vector results in the disruption of a letha gene (ccdB), ahigh
cloning efficiency is obtained.
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3.4 DNA and RNA techniques

3.4.1 Determination of nucleic acid concentration

The concentration of DNA and RNA was photometrically measured at 260nm, and calculated
based on 1 ODys correponding to 50ng/ml for DNA, and 40nmg/ml for sngle stranded RNA.
Nucleic acid purity was assessed by the Axso/Azgo rétio.

3.4.2 Nucleic acid precipitation

DNA and RNA were precipitated from agueous solutions usng sat and acohol. A /10 volume of
3.3M sodium acetate, pH5.2, and a 25 volume of ice-cold 100% ethanol, or 1 volume of
isopropanol, were added to the solution. After 10min at -20°C, the solution was centrifuged for
15min at 13 000g in a benchtop centrifuge cooled to 4°C. The pellet was washed with 70% ethanal,
dried and resuspended in water. All DNA and RNA preparations were stored at -20°C or -80°C.

3.4.3 Phenal-chloroform extraction

To remove contaminant protein, DNA and RNA solutions were extracted with a mixture of
phenol/chloroform/isopamylalcohol (25:24:1). An equa volume of phenol-chloroform was added to
an agueous solution, vortexed and centrifuged a 13 000g for 5min. The upper agueous layer
containing the nucleic acids was transferred to a fresh tube. To remove any remaining phenol, a

chloroform wash was performed.

3.4.4 Polymerase Chain Reaction (PCR)

PCR was used to generate in situ hybridisation templates, probes for Northern blotting and for
ateration of sequences. A 50m reection typicaly contained:

25pmol of forward and reverse primers

0.2mM each dATP, dCTP, dGTP, dTTP

1X PCR Buffer (10mM TrigHCI pH 8.3, 50mM KCl, 1.5mM MgClL,)
50-100ng of cDNA or plasmid DNA

0.05U Taq or Pfu polymerase.
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The cycling protocol used was as follows:
Initid denaturation: 94°C, 1min

30-40 cydesof:

Denaturation: 94°C, 1min
Primer anneding: 45-65°C, 1Imin
Elongation: 72°C, 30s-2min

The anneding temperature was varied according to the meting temperature of the primers.
Elongation time depended on the length of the desired product, with Imin used for amplification of
1kb.

3.5 Enzymatic manipulationsof DNA

Various enzymes were used to andyse DNA fragments, as well as to prepare the sequences for
ligetion to plasmid DNA.. These procedures are described below.

3.5.1 Redtriction

Redtriction enzymes were used according to the supplier’s ingtructions. A typica reection conssted
of a 20m volume containing 1-3rmg of DNA, 1 X reaction buffer (from supplier), and 100nmg/ml BSA.
The reaction was incubated at the temperature recommended (usualy 37°C) for times from 30min to
overnight, depending on whether a qualitative or quantitative restriction was required.

3.5.2 Dephosphorylation

To prevent the re-ligation of linearised vector and to promote the insertion of the desired DNA
fragment, it was necessary to dephosphorylate the 5 ends of the vector. This was achieved using
caf intesina phosphatase (CIP). Linearised plasmid was incubated with 1U CIP in 50mM Tris
pHB.0 (or redriction buffer compatible with CIP) for 20min a 37°C. The enzyme was heat-
inactivated a 75°C for 10min prior to ligation.

3.5.3 Blunt-ending and phosphorylation

For blunt-end ligation, nucleotide overhangs of both vector and insert were diminated usng 1.5U T4
DNA polymerase in the supplied or other compatible buffer, with 0.18mM dNTF's added. The
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DNA was incubated for 40min a 37°C and subsequently hesat-inactivated at 75°C for 10min. For
the case that PCR products were being inserted, it was necessary to phosphorylatethe 5 ends. This
was done by incubation of the DNA with 20U polynuclectide kinase for 40min at 37°C, followed by
heet inactivation.

354 Ligation

Insertion of a DNA fragment was done by sticky-end (both vector and insert have compatible
overhangs) or blunt-end ligation (the ends of vector and insart have no overhangs). Linearised,
dephosphorylated vector (approximatey 50fmol) was incubated with an excess of insert DNA
(100fmoal) in 1 x ligase buffer containing ATP, and 1U T4 DNA ligase a 16°C for 6-16 hrs. The
ligase mixture was subsequently used to transform bacteria (3.3.3).

3.6 Electrophoretic separation of DNA and RNA

DNA and RNA fragments were separated from other nucleic acids through polyacrylamide or
agarose matrices. This was done to isolate the desired fragments as well as to assess the success of a
reaction, for example the in vitro transcription of riboprobes for in situ hybridisation @.11).

Precautions to avoid RNase contamination were taken for all RNA work.

3.6.1 Agaroseand polyacrylamide gel electrophoresis

Nucleic acids were separated by verticd polyacrylamide gel eectrophoress (PAGE) or horizonta
submarine agarose gd eectrophoresis. For fragments smaler than 1kb, a 5% polyacrylamide gd
was used, and agarose gels of 0.7% to 2% for larger fragments. 1 x TBE was used as the gel and
running buffer. Polyacrylamide gels were run a 250-290V and agarose gels a 100V. Ethidium
bromide (0.5ng/ml) was included in agarose gels to dlow for visudisation of the nucleic acids.
Polyacrylamide gels were gained in an ethidium bromide solution after electrophoresis. The gels
were viewed under UV light and bands of the correct sze excised. The DNA was subsequently
electrod uted (3.6.2) and precipitated (3.4.2).
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3.6.2 Electrodution

DNA in gels dices was dectroduted in 1 x TBE buffer in didyss tubing secured at both ends. The
electroel ution chamber was cooled on ice and a constant current of 145mA gpplied for 1-2hrs. After
eution, the TBE in the tubing was transferred to a 1.5ml tube and the DNA precipitated.

3.7 Isolation of plasmid DNA

Following amplification of plasmid DNA in E.coli, the episomal DNA was extracted using a rapid
method (‘Mini-prep’) to screen for clones with the correct insert and orientation. Clones with the
desired insart were then re-cultured in a larger volume, and high quality DNA extracted usng a
‘maxi-prep’ method.

3.7.1 ‘Mini-prep’ isolation of DNA

A rapid protocol was used to isolate plasmid DNA from bacterid colonies. Single colonies were
picked from agar plaes, innoculaied into 3ml of LB medium containing the suitable sdective
antibiotic and grown overnight at 37°C, 225rpm. The bacteria were pelleted by centrifugetion
(5 000g), resuspended in 125m buffer P1 (50mM Tris-Cl, pH8.0, 10mM EDTA, 100ng/mIRNase
A) and transferred to 1.5ml tubes. 125m of lysis buffer P2 (200mM NaOH, 1% SDS) was added,
and the tubes incubated a room temperature for 5min. The reaction was neutrdised with 125m cold
P3 (3M potassum acetate, pH5.5) and incubated on ice for 15min. Genomic DNA and bacterial
debris was pelleted a 13 000g for 15min a 4°C. The plasmid DNA in the supernatant was
precipitated using isopropanal.

3.7.2 ‘Maxi-prep’ isolation of DNA

For the large scde production of good quality plasmid DNA, the Qiagen Plasmid Purification system
was used. A bacterial colony known to contain the desired insert was pre-cultured for 6hrsin 3ml
LB medium containing a sdective antibiotic. 100ml of LB medium (containing antibiotic) was
innoculated with pre-culture and grown overnight. The bacteriawere pelleted at 6 000g, for 10min at
4°C and resuspended in 10ml cold P1 (buffer as used with mini-preps). 10ml of lysis buffer P2 was
added and incubated for 5min a room temperature. The solution was neutraised with 10ml of P3
and incubated on ice for 20min. This lysate was ultracentrifuged a 70 000g for 30min at 4°C and

15



the supernatant decanted onto an anion exchange column equilibrated with buffer QBT (750mM
NaCl, 50mM MOPS, pH 7.0, 15% isopropanol, 0.15% Triton X-100). The column was washed
twice with 30ml buffer QC (1M NaCl, 50mM MOPS, pH 7.0, 15% isopropanol) and the DNA
euted with 15ml buffer QF (1.25M NaCl, 50mM Tris-Cl, pH 8.5, 15% isopropanol). The DNA
was precipitated with 10.5ml isopropanol and pelleted a 10 000g (30min, £C). A 70% ethanol
wash was performed, the pellet dried and resuspended in water.

3.8 DNA Sequencing

DNA preparations were sequenced using the ABI Prism 310 Gendic Andyzer and BigDye
Terminator Cycle Sequencing Ready Reaction mix. A sequencing reaction conssted of 0.5ny
plasmid DNA or 90ng purified PCR product, 3.2pmol primer and 5 of Reaction Ready Mix in a
20m volume. To incorporate the fluorescent nucleotides into the template, the reaction was cycled

25 times asfollows.

Denauration:  95°C, 30s
Anneding: 50°C, 50s
Elongaion:  60°C, 4min

Separation of template from unincoporated nucleotides was achieved by centrifugation through a
Centrisep sze-excluson column, following the manufacturer’ s indructions. The euted template was
dried, resuspended in Template Suppresson Reagent and denatured at 95°C for 3min. The sample
was then dectrophoresed through short or long capillaries of the Genetic Andyzer and andysed with
the supplied software.

3.9 Generation and purification of radioactively labelled probes

3.9.1 Random primed labelling

Radioactively labelled DNA fragments were generated using the Random Primed Labelling Kit. 25ng
of template DNA was denatured at 100°C for 10min and placed onice. In afina volume of 20m the
following was added: 25mM each of dATP, dTTP and dGTP, 21 10X reaction buffer containing
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random hexanucleotide primers, 2U of Klenow enzyme and 50nCi *P-dCTP. The reaction was
incubated a 37°C for 30min. The enzyme was inactivated a 65°C for 10min before purification
through a Nick column (3.9.2).

3.9.2 Purification of labelled oligonucleotides

A Sephadex G-50 Nick column was used to separate radioactively labelled DNA or RNA probes
from unincorporated nucleotides. The column was equilibrated with 1 x TE, the sample loaded in a
volume of 300m TE, followed by 800m of TE. Fractions were collected, and the eution profile
followed by scintillation counting. The fraction containing the labelled probe was stored at -20°C in
the case of **P-labdlling of DNA, or made up in hybridisation buffer in the case of **S-labelling of
riboprobes, prior to storage at -20°C.

3.10 Northern and dot blot analysis

The cDNA probe used for thea ,d- 1 dot blot was generated by PCR (3.4.4) usng primerslised in
section 7.3. This probe corresponded to nucleotides 2760-3170 of the rabbit clone. Thea.d- 2 and
—3 probes were smilarly generated, and correspond to nucleotides 2897-3249 and 2893-3377,
respectively. Commercidly available mouse and human multiple tissue Northern blots and dot blots
were used. The membranes were pre-hybridised in 1ml/Scr? hybridisation buffer (1 x PE, 4 x SSC,
50% formamide, 150mg ssDNA) at 65°C for 3hrs. The solution was replaced with fresh buffer
containing 5x10° cpm/ml of *2P-labelled probe (3.9.1) that had been denatured for 10min at 100°C,
and the blot incubated overnight at 42°C. To remove excess and non-specificaly bound probe, the
blot was washed twice for 5min with 2x SSC, 0.1% SDS at room temperature, twice for 10min
with 1 x SSC, 0.1% SDS a room temperature and findly with 0.1x SSC, 0.1% SDS at
temperatures up to 60°C. The blot was exposed to Hyperfilm at -80°C for severd hours to days
and developed in an automated film devel oper.
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3.11 In Situ Hybridisation (1SH)

In order to study the physiologica digtribution of various cacium channd subunits, ther mRNA
expression patterns were determined by hybridisng antisense riboprobes to cryosections of mouse
brain.

3.11.1 Preparation of brain dices

Wild-type Bab/C mice were killed by cervical didocation. Intact brains were removed immediately
following degth and frozen in isopentane cooled to -40°C in adry-ice/ethanol bath. The brains were
sectioned at 16mm in a cryodat and thaw mounted onto polylysine dides. The tissue was vacuum
dried for 30min, fixed in 4% paraformadehyde in PBS (20min) and washed in 1x PBS (5min).
Sections were acetylated in 0.25% acetanhydride in 0.1M triethanolamine-HCl, pH 8.0, for 10min
and washed in 2x SCC (2 x 2min). The tissue was dehydrated through a series of ethanol solutions,
from 50% to 100% (3min each). The dides were vacuum dried for 30min and stored dessicated at
-80°C until used.

3.11.2 Templategeneration and in vitro transcription

In each case, the DNA fragments specific for the mRNA of interest were generated by PCR and
cloned into the pAL vector. The sequence of the probe and integrity of the T3 and T7 promoters
were verified by sequencing (3.8).

A murine specific riboprobe corresponding to nucleotides 6231-6584 of Ca,3.1 was generated. The
DNA template was amplified from the murine cDNA clone using primers EM4 and LVA4, which
are specific for the variable carboxy termind region of the protein. The template was blunt-end
ligated into vector pAL (3.5.4).

The murine g2 and g4 specific riboprobes were generated by amplifying highly varigble regions of the
template from murine clones usng forward and reverse primers to which BamH1 and Asp718
restriction sites had been added, respectively. This approach alowed for sticky-end cloning and the
correct orientation of the insert in the vector. Primers G2F and G2R were used to amplify
nucleotides 820-947 of g2, and primers G3F and G3R for nucleotides 839-980 of g4 (7.3).

18



For both a,d- 1 and a,d- 3 the probes were selected to be in the variable C-termind region of a ,
in order to avoid cross-reactivity between isoforms. BamH1 and Asp718 redtriction Sites were
added to the a.d- 1 forward and reverse primers (EM10 and EM11), respectively, to alow for
sticky-end ligation to vector pAL. Primers AD13 and AD15 were used to amplify a.d- 3 fromthe
cloned murine cDNA.. The template for a ,d- 3 was blunt-end ligated into the pAL vector.

RNA grade reagents and water were used for the transcription and hybridisation procedures. Sense
and anti-sense probes were generated from the template, with the T3 promoter used for the
transcription of the sense, and the T7 promoter for the anti-sense probes. For each probe
approximatdy 12ng of template cDNA in the pAL plasmid was linearised usng BamH1 and,
separately, Asp718. The enzymes were removed by phenol-chloroform extraction and the DNA
precipitated. A 20m transcription reaction was set up, conssting of: 1ng linearised cDNA template,
1 x transcription buffer, 37.5M DTT, 0.5M each rATP, rGTP and rCTP, 48U RNasin, 75nCi *S-
UTP and 25U T3 or T7 polymerase (T3 polymerase was used when the DNA was linearised with
Asp718, T7 polymerase when linearised with BamHI). The reaction was alowed to proceed for
30min a 37°C, an alditiond 25U T7 or T3 polymerase was added, and incubated for a further
40min. Template DNA was digested with DNase 1 (27U) for 10min at 37°C. The volume was
made up to 50m with TE buffer and the radioactively labelled probe separated from unincorporated
nucleotide using a Sephadex G-50 Nick-column (3.9.2). Probe activity was measured by scintillation
counting (5m of probe in 1Iml scintillant) and diluted to 1x10"dpmyml in hybridisation buffer (10mM
Tris pH 8.0, 0.3M NaCl, ImM EDTA, 1x Denhardts, 10% dextran, 50% deionized formamide,
50mM DTT and 0.5nmg/m tRNA). Prior to performing the reaction with radioactive nucleotide, the
templates and enzymes were tested in a ‘cold’ assay using unlabdled rUTP, and the successful

generation of transcripts assessed by electrophoresis of the products in a 2% agarose gel. Once it
was established that the promoters were functiona and that the products were of the correct size,
transcription was performed using *S-rUTP.

3.11.3 In situ hybridisation and autor adiogr aphy

Hybridisation with radiolabelled probe (gpproximately 60m per section) proceeded for 16hrs at
55°C in ahumidified container. The sections were washed in 2 X SSC, ImM EDTA, ImM DTT and
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treated with 20ngy/m RNase in 0.2M Tris pH 8.0, 1M NaCl and 0.1M EDTA to remove unbound
probe. A high stringency wash of 0.1 x SSC, ImM EDTA, 1mM DTT was done for 2hrs at 60°C.
The dides were dehydrated in a 50-100% ethanol series (3min each) and analysed by
autoradiography. Following autoradiography, the dides were coated with NTB-2 liquid film emulson
and developed after 34 weeks. The dides were counterstained by immerson in 1% toluidine blue
(1-5min), ringng in water and destaining in 70% ethanol until the desired colour intendity was
obtained. The dides were dehydrated in xylol and coverdipped usng DEPEX. The sections were
examined under dark- and bright-fidd illumination.

3.12 Expression of proteinsin eukaryotic cells

Since the expresson of cacium channd subunits overlaps in many tissues, it was necessary to
express the proteins of interest in mammdian cdl lines to digtinguish between the various family

members.

3.12.1 Cultureof HEK293 and COS-7 cells

Human embryonic kidney cells (HEK293) were maintained a 37°C, 5%CO, in minima essentia
medium (MEM) with 1.8mM L-glutamine, 0.2% NaHCO;, 10% foetal caf serum (FCS), 100U
penicillin and 100ng/ml streptomycin. The cells were passaged when they approached confluency by
trypsnisng with 0.05% trypsin/0.2% EDTA and seeding into fresh medium. African green monkey
kidney cdls (COS-7) were maintained in Dulbecco’'s MEM (DMEM) containing 10% FCS, 100U
penicillin and 100ng/ml streptomycin a 37°C, 5% CO,. The cdls were smilarly passaged. Aliquots
of cdls were periodicaly frozen away in medium containing FCS + 10% DMSO. HEK293 cdlls
were used for lower levels of protein expresson and for dectrophysiological measurements, while

COS-7 cdlswere used for larger scae production of protein.

3.12.2 Calcium phosphate transfection of HEK 293 cells

Pasmids containing the cacium channd subunits were trangently trandfected in human kidney
embryonic cdls (HEK293) using the calcium phosphate method. Cells were seeded on day 1 in
10 x 100mm culture plates at 1x10%plate and grown overnight. Transfection was performed late on
day 2. The 10ml transfection mixture conssted of 15ng tota plasmid DNA 500m 2.5M CaCl,
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added dropwise, and 5ml 2x BBS, pH6.95. 1ml of the transfection solution was added to each
plate. The plates were incubated overnight in a humidified incubator at 35°C, 3%CO,. The cdls
were washed early on day 3 with 1x PBS until the cacium phosphate precipitate was removed.
Following 24hrs incubation at 37°C, 5%CO,, the cdls were loosened from the plates usng a cell
scraper, collected, washed with PBS, and the cdll pellet frozen at -80°C until processed.

3.12.3 FuGenetransfection of COS-7 cdlls

In order to obtain a higher transfection efficiency, the transfection reagent FuGene 6 was used.
Paamids containing the a ,d subunits, or pcDNA3 as control, were trangently transfected in COS-7
cdlls using FuGene 6. The COS-7 cells were seeded at 1.5x10° cells per 100mm culture plate. After
24hrs the cdls were transfected in antibiotic-free medium with 6rg DNA using 18m of FuGene
resgent per plate. The medium was replaced with complete medium after 16hrs and harvested
60-72hrs after the start of transfection.

3.12.4 a,d-Myc-Histag constructs

With a view to purify the a.d subunits and obtain sequence information of the post-trandationa
cleavage dtes, a Myc-His tag was added to the carboxy termina ends of the a .d- 2 and -3 proteins,
This was achieved by sub-doning the a.d sequences (with stop codon removed) into the
pcDNAS3.1/Myc-His vector. A PCR approach was used to amplify sequences corresponding to the
carboxy termind of the clones usng primers that lacked the stop codon. The condgiructs were
sequenced to ensure that the stop codon had been removed, and that the Myc-Histag wasin-frame
with the a ,d reading frame. The procedure is described in more detail below.

For a.d- 2, aunique Nhel ste Stuated in the putative d sequence was used together with the 3
multiple cloning Xhol dte to excise a section of the DNA containing the stop codon. The forward
primer ad2Hisl (with Nhel Ste) and reverse primer ad2His2 (with the modified sequence without
stop codon and a Xhol site) were used to amplify the replacement 3' end sequence. The restricted
PCR product was then ligated to the remaning a.d-2 sequence. This was subcloned into
pcDNA3.1/Myc-His usng the Acc65l ste in the upstream multiple cloning Site, and the 3 Xhol site.
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A dngle-cutting Bfrl dtein ad- 3 was smilarly used together with the multiple cloning Apa | steto
remove the sequence containing the stop codon. The forward primer a2d3Hisl, with a Bfrl site, and
the reverse primer a2d3His2 with an Apal ste for ligation with the remaining a .d- 3 sequence was
used to amplify the modified sequence. A Xbal site was added to the a2d3His2 primer to dlow for
eader insation into the pcDNA3.1/Myc-His vector. As with a.d- 2, this modified sequence was
restricted, used to replace the end of a.d- 3, and subcloned into pcDNA3.1/Myc-His.

The a.d (- stop + tag) proteins were subsequently expressed in eukaryotic cdlls (3.12.2 and 3.12.3)
and anadysed by immunoblotting (3.15.2).

3.13 Protein techniques

3.13.1 Microsomal membrane preparations

Tissues from Bab/c mice were crushed under liquid nitrogen using a mortar and pestle. The powder
was homogenized in Buffer A (20mM MOPS, pH 7.4, 300mM sucrose, 2mM EDTA, 1mM

iodoacetamide, ImM orthophenanthroline, 0.2mM phenylmethylsulfonyl fluoride, 1mM benzamidine,
Ing/ml leupeptin, Ing/ml pepstatin A and Ing/ml antipain) by two 20s bursts with a Polytron and 8
grokes in a Potter. Cell debris was pdleted by centrifugation a 5000g for 10min at £C. Low
speed pellets were re-extracted as above and the supernatants combined. The supernatants were
centrifuged at 70 000g for 30min at 4 C. The pdlets were resuspended in Buffer A and stored in
diquots a -80°C. Membranes from transfected COS-7 cdlls were prepared smilarly, with the
following modifications. cdls were harvested by scraping into 1 x PBS, pdleted by low speed
centrifugation, resuspended in 5mM Tris-Cl, 5mM EDTA, pH 7.4 containing protease inhibitors (as
above) and incubated on ice for 15min prior to homogenisation. The pelets resulting from
ultracentrifugation were resuspended in 50mM MOPS pH 7.4 plus protease inhibitors. The protein
content was determined by the Bradford method using BSA as a standard (3.13.2).

3.13.2 Determination of protein content

The protein content of membrane preparations was estimated using the Bradford protein
determination method. Bovine serum dbumin (BSA) standards were prepared from concentrations
of 25 to 100ng/m in water. 1ml of Bradford solution was added to 100m of standard or diluted
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sample, left a room temperature for 5min, and the absorbance measured at 595nm. A cdibration
curve of the protein concentration versus absorbance was constructed and the sample concentration

cdculated.

3.14 Anti-peptide antibodies

Polyclond antibodies were raised in rabbits by Gramsch Laboratories (Schwabhausen, Germany)
agang peptides of the human a .d- 2 (a.a. 98-115) and murine a ,d- 3 (a.a. 59-76) subunits. These
sequences were selected as they have low homology to each other and to a .d-1, are found after the
putative signa peptide sequence, and have no potential N-glycosylation Sites.

a.d-2: NHz- YKDNRNLFEVQENEPQKLWC - COOH

a,d-3: NHz- KYSGSQLLQKKYKEYEKDWC - COOH

A tryptophan (W) resdue was added to the carboxy terminal of each peptide to alow for
spectrophotometric detection. The cysteines (C) permitted coupling of the peptides to the adjuvant

aswdl as coupling to columns for antibody purification.

3.14.1 Purification of antibodies usng immunoaffinity columns

The polyclond antibodies were separated from the rest of the serum proteins by immunoaffinity
chromatography. The antigen peptides were bound to sulfhydryl linkers of a Sulfolink resin via the
carboxy termind cysteines. In order to ensure a high efficiency of binding of peptide to column, the
peptides were reduced using dithiotreitol (DTT). 10mg of peptide was added to a 750m solution of
degassed TE, pH 85, containing 0.1M DTT and incubated for 1hr a room temperature. The
peptide was separated from DTT using a G-10 Sephadex column equilibrated in TE. 1ml fractions
were collected and 50 fractions set aside for monitoring the absorbance of the aromatic amino acid
tryptophan at 280nm. Fractions containing the peptide were combined. A 2ml packed volume of
Sulfolink gd was equilibrated in TE for 15min a room temperature. Following a brief centrifugation
to settle the gd, it was resuspended in fresh TE. The fractions containing the reduced peptide were
added to the gd on ice and the volume made up to 4ml. After mixing and a brief centrifugetion, a
50m diquout was removed and used to estimate the total amount of peptide available for binding
(pre-coupling value). The gd and peptide were rotated dowly a room temperature for 2hrs. Before
awash with TE, a 50m diquot of supernatant was removed to estimate the total amount of peptide
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not bound to the gd (post-coupling vaue). The efficiency of the peptide coupling could be cdculated
as a percentage of the bound peptide (post-coupling) relative to the peptide available for binding

(pre-coupling).

In order to block sulfhydryl sites not bound to the peptide and to prevent nonspecific binding of
antibody to the column a alater sage, the Sulfolink gel was incubated with 50mM cysteinein TE for
1hr a room temperature. The cysteine solution was removed and the gel resuspended in 1M NaCl.
A 10cm, 4ml column was packed with the ge and washed with 65ml NaCl, using a perigtatic pump.
The column was equilibrated with 50ml of PBS, pH 7.4. Two ml of serum was diluted 6x with PBS
and filtered through a 0.2mm filter. The serum wes circulated dowly over the column overnight at

4°C.

Prior to eution, the column was washed with 150ml PBS, 0.5M NaCl, followed by 100ml PBS,
0.5M NaCl, 0.1% Tween-20 and findly by 50ml PBS. The antibodies were duted with 4.5M
MgCl,, and 1ml fractions collected in an equa volume of PBS in YM-50 centrifugd filter devices
designed to retain molecules larger than 50 000Da. The st was reduced by centrifuging 3 times
(5 000g, 30min, 4°C) to dead stop volume and increasing the volume to 2ml with PBS. The antibody
was made to Img/ml BSA in PBS and stored at -20°C in diquots.

3.15 Analysis of membrane proteins by Wester n/lmmunoblotting

3.15.1 SDS-PAGE and éectrablotting

Proteins were separated by discontinuous SDS-PAGE (SDS polyacrylamide gel eectrophoress).
Resolving gels of 5 or 7.5% (in 0.375M Tris-Cl pH 8.8, 0.1% SDS) were prepared, with a 3%
gacking gdl (in 0.125M Tris-Cl pH 6.8, 0.1% SDS). The membrane preparations were denatured in
Laemmli sample buffer (0.25M Tris-Cl pH 6.8, 1.6% SDS, 5% glycerol, bromophenoal blue, with or
without 0.IM DTT) by bailing for 3min. Typicaly, 50-100nyg of tissue protein or 3rrg of cultured cdl
protein was loaded per lane. The gels were run a 100V in 25mM Tris, 0.2M glycine, 1%SDS. The
gel and Hybond ECL nitrocellose membrane were equilibrated for 15min in transfer buffer (25mM
Tris, 192mM glycine, 20% methanol, pH8.3) before dectroblotting. Transfer conditions were
300mA for 1hr, using aice block to cool the system.
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3.15.2 Western/Immunoblotting

Nitrocellulose membranes were blocked 16-64hrs in 3% BSA in TBST (1xTBS, 0.1%
Tween-20). Following a wash in TBST for 15min, the membranes were incubated a room
temperature for 2hrs in primary antibody solution in TBST containing Ing/ml BSA. The antibody
dilutions were 1/500 for a.d- 1 and -3, and 1/750 for a.d- 2. The blots were washed three times
for 20min in TBST. Incubation with the secondary antibodies, goat anti-rabbit- or goat anti-mouse-
horseradish peroxidase, proceeded for 1hr at room temperature at a dilution of 1/7 000 in TBST.
Following washing as above, antibody binding was detected using an enhanced chemiluminescence
(ECL) system. Equa volumes of solutions 1 and 2 were combined and the membrane incubated in
the mixture a room temperature for 1min. The membrane was briefly blotted to remove excessliquid
and exposed to ECL Hyperfilm for 10-120s. The films were developed usng an automated
developing machine.

3.16 Immunocytochemistry

To test whether the constructs expressing a .d proteins were functiond, polyclond antibodies were
goplied to fixed cdlls and detected using fluorescent secondary antibodies.

HEK 293 cells were seeded at 30 000/well onto polylysine-coated cover dipsin a24 well plate. The
cdls were transfected after 16hrs using the CaPO, protocol (3.12.2). 25nmg of DNA per well was
used for the overnight transfection. The cdls were washed in PBS and grown for 2 days. Following a
PBS wash, the cells were fixed with 2% paraformadehyde in PBS for 20min at room temperature.
After two PBST (PBS + 0.1% Tween-20) washes, the cells were blocked with 5% normal goat
serum in PBST for 30min. The primary antibodies were gpplied a a concentration of 1/500 in

blocking solution for 2hrs a room temperature. After 3 washes with PBST, CY-3 conjugated goat
anti-rabbit 1gG was applied for 1hr in the dark. The excess antibody was removed by two washes
with PBST and afind PBS wash. The cover dips were mounted onto dides with 90% glycerol and
the edges sedled with clear nail polish. The fluorescent CY-3 was excited at 546nm and the cdlls
photographed
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3.17 Deglycosylation assay

70ng of membrane protein was denatured by boiling in 0.1IM b-mercaptoethanol, 0.5% SDS for
5min. The reaction mixture was brought to 15mM Tris pH 8.0, 20mM orthophenanthroline and 1%
Triton-X 100. Two units of N-glycosidase F were added and the reaction alowed to proceed for
5hrsat 37°C. The protein was analysed by immunoblotting (3.15.2).

3.18 Gabapentin binding assay

10 to 30ng of COS-7 membrane preparations were incubated in 200m volumes with various
concentrations of [*H]-gabapentin (143Ci/mmol) in 10mM Hepes’K OH, pH 7.4, for 30min at room
temperature. The protein was precipitated usng 8ml of ice-cold precipitation buffer (22.5mM
Hepes, pH 7.4; 11,25% PEG 6000; 11,25mM CaCl,) and filtered over GF/B filters soaked in the
same buffer. Two further 8ml volumes of precipitation buffer were used as washes. The activity of
the filters were counted in a scintillation counter. Concentrations greeter than 20nM were achieved
by adding nonradioactive gabapentin to the required concentration. The corrected binding was
caculated usng:

concentrat ion non - radioactiv e gabapentin
concentrat ion [*H] - gabapentin

Tota GBP bound = (specific dpm) x (1 + ( )).

Non-specific binding was determined in the presence of 10nM of unlabdled gabapentin. The
background binding was less than 20% of the counts without unlabelled gabapentin.

To determine the K4 (protein-ligand affinity congtant or dissociation congtant), the equilibrium binding
of the ligand (GBP), to the protein was studied as a function of ligand concentration a afixed protein
concentration (COS-7 membrane preparation). The Scatchard plot is one way of determining the Kq
of an interaction. The Scatchard equation is:

Where B is the number of moles of ligand Bound to each mole of protein, K isthe affinity congtant,
F is the molar concentration of Free (unbound) ligand and T is the Tota amount of protein. It is
possible to determine the value of Kq by plotting B/F vs. B. The plot is biphasic if the binding is co-
operdive, or if there are more than one set of binding Stes which have different affinities.
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3.19 Electrophysiological analyses

The full length cDNA’s of the subunits cloned in pcDNA3 were trandently transfected in HEK293
cdls. The subunits were transfected with the DNA at aratio of 1:1 usng Lipofectamine. The petri
dishes with transfected cells were mounted on an inverted microscope and congtantly perfused with
Tyrode' s solution. lonic currents were recorded by means of a whole-cdl patch clamp. In the
following description, the extracelular solution for LVA channelsis shown in brackets when it differs
from that used for HVA channds. The bath solution typicaly contained 125mM  N-methyl-D-
glucamine, 5mM CsCl, ImM MgCh, 10mM HEPES and 5mM glucose (10mM), and was et to a
pH of 7.4 using HCI. 10 or 20mM of Ba?* (BaCl) or Ca®* (CaCl,) were incdluded in the solutions as
charge carriers. The pH was set to 7.4 using HCI. The pipette solution for HVA and LVA channels
contained 60mM CsCl, ImM CaCl,, ImM MgCl, 5mM K,ATP, 10mM HEPES, 50mM aspartic
acid and 10mM EGTA. The pH was adjusted to 7.4 usng CsSOH. When Ba?* current was
measured, 0.1mM EGTA wasincluded in the bath solutions.

Currents were recorded using an EPC-9 patch clamp amplifier and Pulse software from Heka
Electronics (Lambrecht, Germany). Paich pipettes were pulled from borosilicate glass. The pipette
input resistance was usudly between 1.8 and 2.0MW. The capacitance of individud cells ranged
between 15 and 90pF, and series resistance ranged between 3.5 and 5.0MW. Capacitance
trangents were compensated using built-in procedures of the Heka system. Curve fitting and
datistical andyss were performed with Origin 6.0 (Microca, USA). The datidtistical sgnificance
was evauated by nonpaired Student’st test. A p<5% was considered to be significant.

To demondtrate the voltage protocols used and the data evaluation, representative traces, plots and
schemdtic representations are shown in Figure 4. To determine the current-voltage (I-V)
relaionships, currents were activated by 40ms long depolarizations from the holding potentid, in
10mV steps, to 10 or 20mV above the reversal potentia (Figure 4A and B). The current density
was caculated and expressed as pA/pF. The half-maxima voltage of activation can be caculated by
normdizing the individud inward current pesks to the maximum current, and fitting the ascending part
of the I-V curve to the Boltzmann equation. The Vysa IS the voltage a which hdf the channels are
activated, and the kinetics of activation determined from the dope (Figure 4B). To cdculate the half-
maxima inactivation potentid (Vosinat) @ Steady-state inactivation protocol was used (Figure 4C).

27



The channels were inactivated by a 5s long prepulse in a step-wise fashion to various depolarizing
potentias. Following a prepulse, the current amplitude was measured during a 40ms test pulse to the
voltage at the pesk of the I-V curve. The time congtant of activation was caculated from
monoexponentid fits of the |-V traces fFigure 4D). The time condtants of inectivation were
caculated from bi-exponentid fits of traces activated by 5slong pulsesto the pesk of the l-V (E).
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Fgure 4: Typical voltage protocols and anadyses used for functional characterisation of the calcium
channel subunits. Data from the Ca,1.2 + by, channel without (o) and with (e) a.d-1 are shown as an
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example. In (A), the protocol used to obtain a |-V (current-voltage) relationship is indicated. The half-
maxima voltage of activation (Vosar) and kinetics of activation were caculated by fitting the
Boltzmann equation to the ascending part of the |-V data (B). The steady state inactivation (Vosinact)
was measured using the voltage protocol shown in C. The voltages used depended on the type of
channel expressed. The traces used for calculating the time constants (t ) of activation and inactivation
are shown in (D) and (E). HP is the holding potentid.
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3.20 Solutionsand media

All solutions were autoclaved unless otherwise specified.

2 x BBS: 50mM BES, 280mM NaCl, 1.5mM NgHPO,, pH 6.95. Stored at -20°C.

Bradford reagent: 100mg of Coomasse Brilliant Blue G250 was dissolved in 50ml 95% ethanal.
100ml of 95% phosphoric acid was added, the solution was made to 1l with digtilled water and
filtered.

50 x Denhardts: 1% Ficall, 1% polyvinylpyrolidine, 1% BSA. The solution was filter Serilised and
stored at -20°C.

LB (+) medium: 10% SELECT Tryptone, 5% Yeast extract, 5% NaCl, 1% D(+) glucose. The
medium was autoclaved and the required selection antibiotics added when the solution had cooled to
55°C.

1x PBS: 0.17M NaCl, 2.7mM KCl, 8mM NaHPO,, 1.7mM KH,PO,, pH 7.4.

1 x PE: A solution congigting of 0.5% sodium pyrophosphate, 5% SDS, 1% polyvinylpyralidine, 1%
Ficoll 400 000, 0.25M Tris-Cl pH 7.5, 25mM EDTA pH 8.0 was prepared and dissolved at 65°C.
BSA to 1% was added when the liquid had cooled to 37°C. The solution weas filter Serilised and
stored at -20°C.

1 x SSC: 0.15M NaCl, 15mM sodium citrate.

1 x TBE: 90mM Tris, 90mM boric acid, 2mM EDTA pH 8.0.

1x TE : 10mM Tris-Cl, ImM EDTA, pH 8.0

30



4 Results

One of the main thruds of this project was to identify physiologica interactions between the nove
voltage gated calcium channel subunits cloned in our laboratory (Ca,3.1, a.d-2 and -3, g3, g4 and
g5). This was achieved by determining the mRNA digtribution of the subunits in severd tissues,
followed by adetailed study of neurondly expressed subunits in mouse brain by in situ hybridisation.
It was then assessed whether the subunits interact functionaly in a mammalian expresson system, as
judged by the eectrophysiologica characteristics of the channd current. Based on these results, an
interaction profile could be inferred. A second god was to characterise the novd a,d-2 and -3
subunit proteins in terms of structure and drug binding properties. The results of these andyses are

presented below.

4.1 Distribution of Ca,3.1 (a1c) MRNA in brain

Although most HVA channds were cloned severd years ago, the genes for LVA channds remained
elusve until recently. It was only through a change in the Strategies used for database searches, and
by application of C.elegans cDNA information for library screens, that the T-type channdls could be
cloned. In our laboratory Ca,3.1 was cloned from mouse brain using a probe based on a C.elegans
sequence (Klugbauer et a. 1999b). Northern andysis had shown a strong expression of Ca,3.1in
mouse brain with a wesker sgnal in heart. In order to map the expresson of Ca,3.1in mouse brain,

in situ hybridisation with a Ca,3.1 specific probe was performed.

The thdamus, olfactory bulb and cerebellum showed high expression of the transcript, with moderate
expression in the hippocampus and cerebra cortex (Figure 5). Examination of dides coated with
photographic emulsion reveded that expresson was strongest in the Purkinje cdll layer in the
cerebdlum, and in the granular, mitrd and glomerular layers of the olfactory bulb. In the
hippocampus, Ca,3.1 expression predominated in the granular cell layer of the dentate gyrus and
pyramida neurons of CA1-3. Hybridisation with the sense probe showed that the hybridisation was
specific (Figure 9A)
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Figure 5: The Ca,3.1 (a1c) T-type channel is expressed in a region-specific manner in mouse brain.
Autoradiographs of in situ hybridisation of basal and central horizontal sections of the brain are shown.
Dark-field views of photographic emulsion coated dides show expression in cerebellum (Ce), olfactory
bulb (Ob) and hippocampus (Hi). The labels indicate the molecular layer (M), granular layer (G) and
Purkinje cell layer @) in the cerebellum, the dentate gyrus OG), the CA1 and CA3 regions of
Ammon’s horn in hippocampus, and the nitral Mi), glomerular GI), granular Gr) and external
plexiform (Ep) layers in the olfactory bulb. Origina magnifications are 100x for the Ce and Ob, and
50x for the Hi.

4.2 gsubunitsin brain

A comparison of mMRNA expresson patterns of the neuronal g subunits (@2, g3 and ¢4) in mouse
was performed by in situ hybridisation. The distribution of these subunits differed consderably. g2
was strongly expressed in the cerebellum and hippocampus, with intermediate levels in the cerebrd

cortex and olfactory bulb (Figure 6A). g3 was detected in the hippocampus and cerebrd cortex with
lower levels seen in the olfactory bulb and caudate putamen® (Figure 6C). In contrast to g2 and g3,
04 was highly expressad in the caudate putamen, olfactory bulb and habenulae, with weaker sgnas
in the cerebelum and thdamic nuded (Figure 6B). The specificity of the hybridisations was assesed
using sense probes (Figure 9B).

! 3 ISH done by G. Bohn. The probe corresponds to nucl eotides 748-912 of murine ¢3.
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To identify the cdl layers containing the transcripts, emulsion coated dides were examined under
higher magnification. g2 was found in the CA1-CA3 and granular cell layers of the dentate gyrus
(hippocampus) as well as the Purkinje cell layer of the cerebellum (Figure 6A). g4 mMRNA localisd
to the the glomerular, mitrd and granular cell layers of the olfactory bulb and the cerebellar Purkinje
cdl layer (Fgure 6B). While g2 appears to be localised to the Purkinje cell bodies, the g4 sgnds
could originate from processes of the Purkinje cells or associated basket cdlls.

F

Ob

Y3

Figure 6: The neuronal g subunits are differentialy distributed in mouse brain. Autoradiographs of
hybridisations done in situ on sagittal sections of brain are presented. @2 is broadly expressed (A), with
strong signals seen in the cerebellum (Ce), hippocampus (Hi) and cortex (Co). g3 is only moderately
expressed in the cortex and olfactory bulb (Ob) (C), whereas ¢ has a clear locdisation in the caudate

putamen (Cpu) and olfactory bulb (B). The dark field views below @2 and g4 show the cerebellum,
with expression in the Purkinje cdl layer (P).
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4.3 Distribution of a>d mRNA

Thetissue digribution of a .d-1 and the novel a ,d-2 and —3 subunits was first established by dot or

Northern blotting using isoform specific probes. Their expresson in mouse brain was then studied in
detail by in situ hybridisation.

4.3.1 Northern analyses

The expresson of a,d subunit MRNA in tissues was assessed by Northern blotting. Hybridisation of
a human mRNA dot blot with a specific probe showed that a.d- 1 is ubiquitoudy expressed, with
the strongest Sgnds seen in skeletd muscle, pituitary gland, kidney, lung, smdl intestine as well as
foetd brain and kidney (Figure 7A). A predominant 5.2kb a,d- 2 transcript was observed a high
levels in human heart, pancress and skeletd muscle, with wesker signdls in brain, liver and kidney?
(Figure 7B). Signals were detected in al tissues when the blot was exposed for alonger period. This
pattern was aso seen in amouse multiple tissue Northern blot (not shown). In contrast to thea .d- 1
and -2 subunits, a,d- 3 is a soley neurona form, with a hybridisation sgna seen a 4.3kb in brain
(Figure 7C).

2 a,0-2 Nothern blot done in cooperation with M.Hobom
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Figure 7: Dot blot and Northern blot analysis of the tissue distribution of a,d-1, -2 and -3. A human dot
blot was probed with an a,d-1 specific probe (A). A postiona grid is shown for identification of the
tissues. No signal was seen for yeast, E.coli or Cot repetitive sequences. Labels on a grey background
indicate the tissues with the highest expression levels. A human Northern blot probed with an a.d-2
probe (B) and a murine blot for a.d-3 (C) are also shown.

4.3.2 Localisation of a,d subunitsin brain by in situ hybridisation

Since dl three subunits were found to be expressed in mouse brain, a more detailed mapping of
a.d- 1, -2 and -3 mRNA digtribution was performed by in situ hybridisation. a ,d transcripts were
detected in severd regions of the brain, with a digtinct pattern for each subunit. Hybridisation of the
anti-sense probes were judged as specific, as hybridisation with the sense sequences resulted in a

negligible background signd (Figure 9C).

A high levd of a,d-1 mRNA was seen in the pyramidd cdl layer of Ammon’'s horn in the
hippocampus (CA1-3) and in the granular cell layer of the dentate gyrus (Figure 8A). The olfactory
bulb dso hybridised srongly, with sgnas observed in the mitrd and glomerular cdl regions.
Hybridisation of the probe in the cerebellar cortex, and to alesser extent in thalamic nucle, was o

observed. Expression of a,d- 1 in the cerebelum was redricted to the granular layer. a.d- 2 was
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detected in the cerebdlum, reticular thalamic nudle, habenulae and septa nudle® (Figure 8C). The
Purkinje cdl layer was found to be the source of the cerebdlar Sgnd. a,d- 3 mRNA was
predominantly expressed in the caudate putamen, entorhind complex, hippocampus and cortex (a
typica didribution is shown in Figure 8B). As with a.d- 1, the pyramidd cdl layer of the
hippocampus (CA1-3) and granular cdl layer of the dentate gyrus showed the highest degree of
hybridisation with the a ,d- 3 probe.

o,0-1

ol

A

Fgure 8: Autoradiographs of a.d subunit expresson in mouse brain, as mapped by in situ
hybridisation. The expression of a,d-1 and -3 is shown in basa and centra horizontal sections of the
brain. a,d-1 is prominent in the cerebellum Ce), hippocampus Hi), cortex (Co), as well as the
olfactory bulb (Ob) (A). a.d-3 mRNA transcripts were seen in the caudate putamen (Cpu), entorhina
complex (Er), hippocampus and cortex. Dark field views of a,d-3 sections show expression in the Er
and CPu, and in the Hi for a,d-2 (B). Sagittal sections of brain were used for hybridisation with an
a,d-2 riboprobe (C), where the strongest signals were seen in the cerebellum, septal nuclel (Se) and
habenula (Hb).

% a,0-2 ISH done by M. Hobom. Probes correspond to nt 206-484 and nt 2878-3248
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To test whether the anti-sense probes bound specificaly to the brain dices, sense probes were
generated and hybridised to the tissue under the same conditions. Representative hybridisation of
Ca,3.1, a,d and g sense probes are shown in Fgure 9.

A B

Ca,3.1 sense Y4 sense

C

a,0-1 sense

Figure 9: The specificity of the in situ hybridisation technique was tested using sense probes
transcribed from each construct. Representative hybridisations using sense probes for each subunit
type are shown: Ca,3.1 (A), ¢ (B) and a.d-1 (C). In each case the sense hybridisation was negligible.

4.4 Functional characterisation of calcium channel subunits

The novel subunits were expressed together with other subunits in human embryonic kidney cdlls
(HEK293), to form a ;-auxiliary subunit complexes that conduct current. The effects of the auxiliary
subunts on current characteristics were then determined by dectrophysiological measurements’. A

sgnificant dteration in the channd properties suggests that the subunits interact in vivo.

In this section, the characterisation of a LVA channd, Ca,3.1, is presented, followed by anayses of
the auxiliary g and a,d subunits. In order to gain an overview of the effects of the auxiliary subunits
on cacium current, and to extract information on which subunits could interact, summaries of the
results are presented below. The numerica data are presented in tabular form in the appendix (7.4).

* All electrophysiological experiments were performed by L. Lacinovaor S. Dai
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4.4.1 Analyssof Ca,3.1(a;g) current

In order to definitively class the putative mouse Ca,3.1 asaL VA channdl, it was necessary to study
its electrophysiologica characteristics. The cDNA was expressed in HEK293 cdlls and anaysed to
determine whether its current characteristics resembled that of native T-type channels and rat Ca, 3.1
(Perez-Reyes et d., 1998). For this purpose, Ca&¢* and Ba®" currents through the channd were

measured and compared.

The average current dengties did not differ sgnificantly between charge carriers, and were 50.9+7.0
pA/pF (n=23) for Ba®*, and 52.9+8.0 pA/pF (n=15) for Ca®*. Activation of both currents started at
-50mV, with the pesk current measured a -10mV (Figure 10B). The current traces showed the
characterigtic cross-over pattern of T-type channds (Figure 10A). Due to kinetic differences the
Ba®* and Ca’* traces were not identical. While the activation was similar for both carriers, the Ce?*
current inactivated more sowly than the Ba** current at each membrane potentia. The steady State
inactivation curves are similar for Cat* and Ba?*, with half maximal inactivation at -57.3+0.6mV for
Ba®* and -55.0+0.5mV for Caf*. Recovery from inactivation was sSmilarly fast for both ions;
201+12msfor Ba™ and 203+13ms for Ca™.

T-type current is known to be sengtive to nickel and mibefradil, and the effects of these substances
on Ca?3.1 were tested. For nickel, ICs vaues of 0.47+0.04mM (n=11) for 20mM Ba?* and
1.13+0.06mM (n=11) for 20mM C&* (Figure 10C) were caculated. The effects of mibefradil on
the channels were tested using Ba?* as charge carrier. Ca,3.1 showed a voltage dependent sensitivity
to mibefradil with an ICs, of 391+74nM at a holding potentid of -100mV, and 121+36nM at
-60mV (Figure 10D).
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Figure 10: Characterisation of the Ca,3.1 (a1s) subunit by whole cdll patch clamp in HEK293 cdlls.
The typical T-type cross-over of currents is seen in representative traces of L, and Iz, (A). The
current-voltage (I-V) relationship for the charge carriers, Ba’*, and Ca™, isshown in (B). A 40mslong
depolarising pulse was applied to the marked potentias, and the current amplitude measured. The data
were normalized to the maximum current amplitude before being averaged. In (C) the inhibition of Ca*
current by Ni** is plotted. The percentage of non-inhibited current amplitude versus mibefradil
concentration is shown in (D), with normaized current at holding potentias of -100mVand -60mV. At
least 5 cells were measured for each data point. All data are shown as mean +SEM.

4.4.2 Electrophysiology of theg subunits

Possble functiond associaions of the g subunits with a; pore proteins were investigated in the
HEK 293 expresson system, using Ba** and Ca* as charge carriers. The g2, g4 and g5 subunits
were co-expressed with HVA channels Ca,1.2 + b2a (cardiac b), Ca2.1 + bla (skeletd muscle
vaiant). The b and a,d-1 subunits were co-expressed to Smulate the most likely physiologica
complexes. g3 was not tested, as it is 75% identica to g2, and it is likely that they have smilar
biophysica properties. g2 induced asmdl but significant shift in the voltage dependent activation and
inactivation of the Ca,1.2/b2a channel. Both g2 and g4 shifted the steedy State inactivation curve of
the Ca2.l/bla channdl to more hyperpolarizing
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potentials. The Ca,2.1 channd was adso co-expressed with neuronal b2a, and the results were
amilar, except that the negative shift in the voltage dependence of inactivation was only observed
when Ca* was used as a charge carrier. g5 did not modulate the Ca,1.2/b2a nor the Ca,2.1/bla
channels. More detailed data are found in the gppendix section 7.4.

The T-type Ca,3.1 was do investigated for functiond interactions with the g subunits. g4 produced
a dight pogtive shift in the steady State inactivation curve when expressed with the T-type channd.
05 accderated the time course of current activation (t »1) and inactivation (t in.) during adepolarizing
pulse over a range of voltages, whereas g4 only had a sgnificant effect & certain voltages. The
a.d- 2 subunit was aso co-expressed with the gb subunits, as results from the a,d experiments
indicated that it could be an interaction candidate (4.4.3.1). No additional effect of co-expression of

the a ,d- 2 subunit was noted however.

4.4.3 Functional characterisation of thea »d subunits

While the gructure and sequence of the nove a,d subunits suggest that they are modulatory
proteins, it was necessary to test whether they have any effect on calcium current. All three subunits
were expressed with severd a; subunits and b subunits that are considered to be potentia
interaction partners of the pore proteins. In al cases, the co-expression of ab subunit was required

for the a,d‘s to have a prominent effect on the current. More detailed data are presented in the
appendix (7.4).

4431 a.d-2aand a,d-2b

The two splice variants of a,d- 2 were co-expressed with the L-type channd Ca,1.2 + cardiac
b2a, as well as the non-L type channels Ca,2.3 + b3 and Ca,2.1 + neurond b2a The experiments
were repeated with ad-1 to dlow for a comparison of a.d subunits. The current dendty of dl the
HVA a; subunits was enhanced by expresson of a.d-1, -2a and -2b. The current-voltage
relationship and the Steady State inactivation curves were aso shifted to more negetive potentias.
There was no Sgnificant difference between the effects of a.d-1 and the a.d-2 subunits on
Ca,/1.2/b2a. The voltage dependent activation of Ca,2.3/b3 channd was dgnificantly shifted in a
hyperpolarizing direction by a,d-2a and -2b, but not by a,d-1. There was no difference in
modulation between the two splice variants of a,d-2. However, ad-2b, but not a ,d-2aor a.d-1
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shifted the voltage dependence of activation of the Ca,2.1/b2a channd to more negative potentids
(7.4).

4432 a.d-3

The brain specific subunit, a,d-3 was co-expressed with Ca1.2 + cardiac b2a, as wel as
Ca,2.3+ b3 in HEK293 cdls, and the Ba** current measured. The a,d-3 subunit increased the
current dengty, shifted the voltage dependence of channd activation and inectivetion in a
hyperpolarizing direction, and accelerated the kinetics of current inactivation of Ca,1.2/b2a. The
effects of a,d-1 and -3 on the Cal.2/b2a chand were very amilar. a,d-3 had a more
pronounced effect than a,d-1 when expressed with Ca,2.3/b3. The voltage dependence of
activation was shifted by a,d-3 but not by a.d-1, while a ,d-3 shifted the voltage dependence of
inectivation to alarger degree than a ,d-1. The numerical data are shown in the gppendix (7.4).

45 Analysisof thea,d proteins

Although the a ,d-1 subunit has been extensvely investigeted, the structure, digtribution and drug-
binding properties of the novel a.d subunits have not, until now, been characterised. Using isoform
specific antibodies, Western blot andyses could be performed, and information on the protein
compogtion and tissue expresson obtained. Potentia binding of gabapentin to the novel subunits

was a0 investigated, as this drug is known to bind a .d- 1.

45.1 Specificity of theanti- a ,d polyclonal antibodies

In order to establish whether the a.d protein expression correates with that of the mRNA, as wdll
as to study the gross structure of the proteins, antibodies againgt peptides of the nove subunits were
produced. The specificity of the peptide antibodies was tested using membrane preparations of
COS-7 cdls trandfected with the various a .d’s. The commercia a.d-1 antibody did not recognise
a,d-2 and -3 preparations. Smilarly, the peptide antibodies only recognised the a .d againgt which
they were raised (Figure 11A). As a further test of the antigen specificities of the antibodies, a
Western blot was performed in which the antibodies were pre-incubated with an excess of the
respective peptide antigen. Bands corresponding to the expected sizes for a.d-2 and —3 were
detected when the antibodies were normaly applied, but these bands disgppeared when the
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antibodies were pre-incubated with the antigen (Figure 11B). These results indicate that the
antibodies are specific.
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Figure 11: The anti-a,d-2 and -3 antibodies were judged to be isoform specific. Membranes from
COS 7 cells transfected with the subunits were tested for reactivity in immunoblots (A). The antibodies
were incubated with (+) and without (-) the antigen peptide prior to incubation with immunoblots of
mouse brain membranes in order to establish whether the reactions were antigen-specific (B).

45.2 Immunocytochemistry

To confirm expression of the proteinsin cel culture, as wdl as to investigate the potentid use of the
antibodies for immunohistochemistry, HEK293 cdlls were transfected with a,d-2 and -3 subunits
and incubated in situ with the polyclond antibodies. Both a,d-2 and -3 were expressed above
backgound leves (Figure 12). Although the subunits are membrane proteins, consderable staining
was aso seen in the cytoplasm, with no staining in the nucdleus. Thisis believed to be due to the high
level of expresson that could result in excess protein remaining in the cytoplasm, as well as the

anticipated post-trandationd processing of the proteinsin cytoplasmic structures.
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Figure 12: Immunocytochemistry of HEK293 cells transfected with the a,d-2 and -3 subunits. The
primary antibodies applied were the a,d-2 and -3 antibodies, and the secondary antibody was
conjugated to the fluorescent CY -3 marker. Background staining is shown in the left of the panels, and
that resulting from the expresson of a.,d-2 (A) and a.d-3 (B) in the right sde. The origina
magnification was 200x.

45.3 Post-trandational modification of a .d subunits

To edtablish whether the a ,d-2 and —3 proteins are Smilar in Sructure to a,d-1, immunoblotting
anayses were performed. In the firg anadlyss the protein was reduced to establish whether the
subunit congists of two separable proteins bound by disulfide bonds between the cysteine residues.
The presence of oligosaccharide groups could be determined by incubating the protein with an
enzyme that specifically removes N-linked sugars.

45.3.1 Reduction of thea.d protens
Using antibodies againg dl three a ,d*s, various murine tissues were analysed by Western blotting. It

was found that a .d-1 in brain had a mass of 200kDa under non-reducing conditions and 140kDain

a reducing environment (Fgure 13A). a,d-2 in mouse bran had an agpparent
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molecular mass of 190kDa under nonreducing conditions, which shifted to 138kDawhen DTT was
added. a.d-3 in brain had the lowest mohility of the a,d proteins, with a mass of 166kDa under
non-reducing and 131kDa under reducing conditions (Figure 13A). These results indicate that,
amilar to a,d-1, a,d-2 and a,d-3 consst of separate, disulfide linked a, and d proteins. Since the
antibodies recognise the amino-termind domains of the a ,d-2 and -3 subunits, which correspond to
the putative a,, the shift in migration is due to the loss of the d protein caused by reduction of the
disulfide bonds. The mass estimated by subtraction for d of a,d-1is53kDa, 57kDafor a.d-2, and
35kDa for a,d-3. A shift in eectrophoretic mohility of both a ,d-2 and -3 upon reduction was also
observed in COS-7 membranes expressng the proteins (inset of Fgure 16). The multiple bands
detected are mogt likely due to glycosylation and processing of the overexpressed proteins by the
COS-7 cdls

45.3.2 Deglycosylation of thea .d proteins

To test whether the novel subunits are N-glycosylated, mouse brain membrane preparations were
incubated with N-glycosidase F and analysed by Western blotting. As can be seen in Figure 13,
deglycosylation resulted in the loss of approximately 30kDafor dl 3a.d‘s.

A
0,0-1 0,0-2 0t50-3
L ]
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160 kDa — | W Ll | | = -—
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160 kDa — g
120 kDa — ) -d ¥ -
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Figure 13: The a,d-2 and a.d-3 subunits are post-trandationdly modified. Reduction of brain
membrane protein (+ DTT) prior to SDSPAGE and immunoblotting results in a change in the
apparent mass of al three a.d subunits (A). Deglycosylation usng NGF (N-glycosidase F) resulted in
aloss of mass of approximately 30kDa (B).

44



45.4 Tissuedistribution of a.d subunit proteins

The tissue digribution of the three ad subunits in mouse was andysed by immunoblotting. As is
shownin Figure 14A, a,d-1isexpressed in dl tissues studied, namely brain, heart, skeletal muscle,
liver and lung. The highest expression was seen in skeletal muscle and brain. It should be noted that
in the latter case only 40ng of protein was used while 100ng of the other preparations were |oaded.
The heart subunit had a larger gpparent mass than that of the brain subunit — 150 kDa as compared
to 140kDa (reducing conditions).

a,d-2 was found to be expressed at high levelsin brain, and to alesser extent in heart (Figure 14B).
Wesker reactive bands of a Smilar size were seen in lung, liver and skeletd muscle, in addition to
bands at gpproximately 120kDain brain, heart and lung. The gpparent mass of the primary reactive
band in heart was 153kDa under reducing conditions, which is larger than that seen for a,d-2in
brain (138kDa). a,d-3 was only found to be expressed in brain, and the smears below and above
the size expected for a,d-3 in skeletd muscle are believed to be due to spurious reactions with
contractile eements (Figure 14C).
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Figure 14: The tissue distribution of a.d-1 (A), a.d-2 (B) and a,d-3 (C) was established by
immunoblotting. Membrane protein from the indicated murine tissues were separated by SDSPAGE,
transferred to membranes and immunoblotted. One hundred ng of protein was loaded per lane, except
for skeletal muscle for the a,d-1 blot and brain for both a,d-1 and a,d-2 blots. While a,d-1 and -2
could be detected at varying levelsin al the tissues tested, a ,d-3 was only found in brain.

455 a.d-MycHisconstructs

With a view to identifying the Ste of pogt-trandationa cleavage of the a .d-2 and -3 subunits, DNA
congructs with a Myc-His tag were generated and expressed in COS-7 cdlls. The purpose of this
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drategy was to purify the protein usng the Myc-His tag, reduce the complex into a, and d proteins,
isolate d by SDS-PAGE and sequence the amino-termind. The amino-terminad sequence of d could
then yield information on the postion of the cleavage ste. Membranes of COS-7 cdlls transfected
with the constructs were prepared, and andysed by immunaoblotting. No shift in the molecular mass
of a,d-2 or -3 upon reduction was observed usng ether the a.d antibodies or the anti-myc
antibody (Figure 15). The congtructs were aso expressed in HEK293 cdlls, with smilar results. This
indicates that the addition of the tag interferes with the normal processing of the proteins, and that the
a.d pre-protein is not cleaved into two separable moieties.

Aa26-2—Myc prep. B a,0-3-Myc prep.

S —160kDa

anti-myc [160kDa— "=

Ab

DTT - + BIT & #
anti-o.,0 160kDa—.. 8 ®-160kDa
Ab DTT - + DTT - +

Fgure 15: Addition of a Myc-His tag to a,d-2 and a.d-3 results in a failure of the protein to be
cleaved into separable a, and d proteins. In (A) a membrane preparation of COS-7 cells transfected
with the a,d-2-Myc congtruct was analysed by immunoblotting with anti-a,d-2 and anti-myc
antibodies. This was also done for the a,d-3-Myc preparation (B).

4.5.6 Gabapentin Binding Assays

Binding of GBP to the a.d subunits was assessed usng COS-7 cdls that overexpressed the
proteins. Membrane preparations were incubated with [°H]-gabapentin for 30min. The protein was
subsequently precipitated, captured on filters and measured by scintillation counting. a.d-1 and
a ,d-2 were found to specificaly bind GBP while a ,d-3 did not show any binding (Figure 16). Cdls
transfected with p)cDNA3 done did not interact with GBP.
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Fgure 16: a,d-1 and a.d-2, but not a.d-3 bind the anti-epileptic drug gabapentin. COS-7 cells were
transfected with the a.d subunits or pcDNA3 alone. The membrane protein was prepared, incubated
with 20nM [H]-gabapentin and the amount of ligand bound determined. The a,d-1 and -2 preparations
bound gabapentin while the a.d-3 and empty-vector preparations did not (A). The inset shows an
immunoblot of the membrane preparations used in the assays.

The a,d-1 and a,d-2 membrane preparations were further analysed by incubating the protein with
varying concentrations of GBP and measuring the ligand bound. a .d-1 was found to bind to GBP
with a relaively high affinity, and a dissociation congtant (K ) of 59+6nM (SEM) was calculated by
Scatchard analysis of data from three experiments (Figure 17). a ,d-2 was found to bind GBP with a
Kgq of 153+14nM (SEM) in six independent experiments. In both cases, GBP appeared to bind to a
single binding site, asjudged by the Scatchard plots.
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Figure 17: Gabapentin binds to a,d-1 and -2 with different affinities. Ten ng of protein was incubated
with the indicated concentrations of gabapentin. A representative saturation curve for each subunit is
shown, with the corresponding Scatchard plot. A Ky of 59+6nM (SEM) was calculated for a,d-1 (A)
and 153+14nM (SEM) for a,d-2 (B). Three independent experiments for a ,d-1 and six for a,d-2 were
performed, with each assay done in duplicate. Specific binding was determined in the presence of
10mM unlabelled gabapentin
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5 Discussion

The digtribution of calcium channel subunits and their eectrophysiologica properties provide insght
into the compogtion of cacium channels in vivo. The results of mMRNA mapping of novel a; and
auxiliary subunits as well as a functiond andysis of these entities are discussed below. Conclusions
dravn from dructura and drug-binding studies of the novd a.d proteins are subsequently
presented.

5.1 Distribution and potential association of calcium channels subunits

In order to establish which voltage activated calcium channel subunits associate in vivo, the mRNA
expression patterns were sudied in various tissues. The subunit didribution in mouse brain was
further investigated by in situ hybridisation, snce cdcium channes play an important role in neurd
excitabilty and function. An identification of potentid interaction partners was possble by a
comparison of subunit digtribution as well as by functiond characterisation of co-expressed subunits.

Northern analyds of the subunits under investigation indicated that Ca,3.1 isfound in severd tissues,
including brain (Klugbauer et d. 1999a), a ,d-1 and -2 are ubiquitoudy expressed, while a ,d-3, g2,
g3 and g4 are brain specific (this sudy, Klugbauer et d. 2000). The digtribution of the neurondly
expressed subunits were further analysed by in situ hybridisation of mouse brain dices.

Expresson of Ca,3.1 was found to be at its highest in cerebellar Purkinje cells, thalamus, olfactory
bulb and hippocampus. These results are in agreement with those of other groups, who aso showed
that the protein distribution correlates closdly with the mRNA expression pattern (Craig et d. 1999;
Taley et d. 1999).

ISH anadyses showed that the mRNA of the modulatory subunits, a.d and g, are expressed in
severd regions of the brain, with each subunit having a unique expresson pattern. While g4 and
ad-3 have high levels of expression in structures such as the caudate putamen and olfactory bulb,
a.d-1 and g2 were highly expressed in the hippocampus.

The a; protein forms the functiona pore of the channd, and HVA a; subunits are known to

asociate with the auxiliary b, a.d and g subunits. It has not yet been established however, whether
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preferentid combinations between a; and these modulatory subunits occur. The digtribution of the
various subunits in brain were therefore compared, since an overlgp of expression could suggest
physiologica interactions. Hypotheses regarding these proposed interactions were tested by co-
expressing the proteins and analysing the channds dectrophysologicadly. When the 1SH results of
this study were compared with those of other a; and auxiliary subunits (Table 2) it became apparent
that, while many of the subunits were complementarily expressed, an absolute overlap of expresson
did not occur. A number of brain regions (eg. the hippocampus and olfactory bulb) expressed
severd of the subunits in the same cell layers, suggesting that interactions occur in these regions. To
obtain support for these proposed interactions, the subunits were co-expressed in a human cdl line
and studied by eectrophysiologica methods (5.2).

Table 2. Summary of the distribution of a,, gand a.d subunitsin mouse and rat brain. The relative
levels of expression are indicated as (-) not detected, (+) alow level, (++) moderate expression and
(+++) high leves.

Cal.2' | Cal1.3' | Ca2.1' |Ca2.2' | Ca2.3% | Ca3.1 | Ca3.2®|Cal3.3|a,dl [a,d2 |a.d3 |g2 (B |g4

Olfactory ++ ++ ++ + +++ ++ +++ ++ ++ ++ - ++ | |
bulb
Cortex - + ++ ++ ++ ++ ++ ++ +++ + ++ ++ | ++
Hippocampus

Ammon’s ++ + +++ ++ +++ ++ +++ ++ +++ - +++ ++ | ++
horn

Dentate ++ ++ +++ ++ +++ + ++ + +++ - +++

gyrus
Caudate - - +++ + +++ - ++ + + - +++ + +++
putamen
Cerebellum

Molecular - - ++ - - + - - B + -

layer

Purkinje - ++ +++ - +++ +++ - - - +++ - +++ ++
layer

Granular ++ ++ +++ ++ +++ + - + ++ + +

layer
Thalamus + - ++ ++ + ++ + + + ++ + ++ ++

Sources of mRNA localisation data not presented in this thesis :
1—Ludwigetd. (1997), 2 - Soong et d. (1993), 3 — Talley et d. (1999)
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5.2 Functional characterisation

In order to confirm that the novd a; subunit cloned was in fact a LVA channd, the
electrophysiologica characteristics of mouse Ca,3.1 were investigated by whole cdll patch clamp
experiments in HEK293 cdlls. The voltage dependence and kinetics of activation and inactivation, as
well as the mibefradil sengtivity of the expressed pore subunit were Smilar to that described for rat
Ca,3.1 and (Perez-Reyes et d. 1998) and native T-type current (for review see Huguenard, 1996)

The g subunits were expressed with severd a; and b subunits and the current and conductance
andysed. The modulatory effects of the g subunits on the channels expressed were modest, with only
dight changes in the dectrophysiology of the aj;-b combinations noted. The @2 results are in
agreement of those of Letts (1998), and it was found that g4 behaves smilarly. g5 is a possible
candidate for interaction with Ca,3.1, as it induced smadl, but sgnificant changes in a number of
current properties. It is likely that g2 has other functions in brain, since a recent report (Chen et d.,
2001) shows this protein to be essentia for the synaptic targeting of AMPA (a -amino- 3-hydroxyl-
5-methyl-4-isoxazoleproprionate) receptors to postsynaptic membranes of cerebellar granule cells.
AMPA receptors bind the neurotransmitter glutamate and are important for transduction of
excitatory sgnas in neurons. Since g3 and g4 are 76% and 60% homologous to g2, respectively,
these proteins could aso have additiond roles in neurond function. The functions of the neurond g
subunits remain to be darified, and the links between voltage gated cdcium channds and
neurotransmitter receptors established.

To infer which subunits form the most likely physiologica partners for the nove a,d subunits, they
were co-expressed with various a ; subunits and studied dectrophysologicdly. a.d-2 and -3 were
both found to significantly enhance and modulate the current through the HVA channds Ca,1.2 and
Ca,2.3. These effects were only diginguishable from those of a,d- 1 in the case of Ca2.3,
uggesting a preferentid interaction of this a; protein with the nove subunits. Of the a .d subunits,
a.d-2 (both splice variants) had the most prominent functiona effect on the current conducted
through Ca,2.1, and may preferentialy associate with it. Interestingly, a»d-2 (both splice variants)
may associate with Ca,3.1, a LVA channd that has not yet been demonstrated to bind other
proteins. Gao and co-workers (2000) reported that a.d-2 may associate with rat Ca,3.1, but
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wheress this group found only an increase in the current amplitude, our study indicated that other

biophysica characterigtics are aso dtered.

One of the sources of neurd pladticity is the diversty of voltage gated cacium channd types. In
addition to region-gpecific interactions between subunits, it is likely that a concentration effect could
occur in cdls where multiple forms of each subunit are expressed. For example the pyramida
neurons of the hippocampus express Ca 1.2, Ca,1.3, Ca 2.1, Ca2.2, Ca,2.3, Ca3.1, Ca3.2 and
Ca33 dl4b’s a,d-1and-3, g2 and g4. An abundantly expressed subunit could dominantly form
complexes with other subunits, dthough the interactions between these subunits may not be the
grongest. The origin of cacium channd complexity ae thus severdfold. Firstly, developmenta or
tempord fluctuations in expresson levels would determine the channeg compostion. Secondly, a
regionad and cel type specific expresson would restrict associations. Thirdly, differences in the
digribution within a cdl could dictate current properties in a microenvironment. Finadly, the
concentrations of the subunit may contribute to determining which channel complexes are formed in

Vivo.

5.3 a.d protein and drug binding analyses

In studies designed to eucidate the structure and properties of the nove a,d-2 and -3 subunits,
immunaoblotting and drug binding anadyses were undertaken. Peptide antibodies were raised againgt
a,d-2 and -3 in order to yied information on the structure and didtribution of the proteins.
Radioligand binding assays were aso peformed to establish whether these subunits bound
gabapentin, adrug used for neurological disordersthat is known to bind a.d- 1.

5.3.1 Structureand post-trandational modifications of thea .d proteins

By directing the polyclond antibodies againgt the putative a , of the a ,d-2 and -3 subunits, it could
be assessed by Western blotting whether the precursor proteins are cleaved into a, and d and if
these proteins are subsequently disulfide-linked. Both a ,d-2 and -3 in native tissue were found to be
composed of an a, and d, which could be separated by reduction. The difference in mass of the
non-reduced complex relative to the reduced protein roughly correspondsto that of d aone and was
approximately 50kDa for each of the a.d’s. The cleavage site of a.d-1 is between A®* and A%,
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when the signal sequence is not taken as part of the protein (De Jongh et a., 1990, Jay et d. 1991).
The danine a pogtion 934in a,d-1isconserved in a ,d-2 and -3, dthough the rest of the sequence
in the region diverges (Figure 18). While the a .d- 1 cleavage site cannot be assumed to be the same
as for the novd proteins, the approximate sizes of the d’s and the conservation of the danine suggest
that this could be the case. If the danine is assumed to be the first resdue of d for both a»d-2 and
-3, then the mass calculated for d of a,d-2 based on its amino acid content is 17.2kDa, and for
a.d-3, 15.1kDa. The mass edtimated indirectly is larger than that calculated using the amino acid
sequence. This difference is likely to be due to the difficulty associated with inferring sizes based on
dhifts in SDS-PAGE migration of reduced and non-reduced proteins, as well as post-trandationd
modifications such as N-glycosylation (both d proteins contain potentia N-glycosylation sites). A
amilar pattern of modification has been observed for the d of a,d-1 which has a cal culated mass of
19kDa, and amigration of 24 and 27kDa using antibodies against the d (De Jongh et d., 1990).

The addition of a Myc-His tag to the a,d’sled to afalure in the processng of the proteins, as they
were not cleaved into a, and d. A smilar phenomenon was noted by Wang and colleagues (1999),
where the deletion of the 7 amino acids closest to the carboxy termind of d led to aberrant cleavage.
This suggests thet the carboxy termina is essentid for correct proteolyss, perhaps by forming an
essentid folding structure or protease recognition matif. Alternatively, a.d could itself be a protease,
with the carboxy termind involved in the cleavage of the precursor protein. Thisis unlikely however,

as the amino acid Smilarity in thisregion islow.

a.d-2 and -3 were shown to be similar to a,d-1 intermsof glycosylation, with 30kDa of the mass
of the proteins congsting of oligosaccharides. Since glycosylation is essentia for current simulation
by a,d-1 of Ca,2.1 (Gurnett et d., 1996), thisislikely to be the case for the novel subunits as well.

5.3.2 Distribution of thea ,d’sin murinetissues

The didribuiion of a.d protein in mouse tissues was compared with that of the mMRNA expresson
pattern (Klugbauer et d., 1999a). As anticipated from the dot blot data, a.d-1 was found to be
ubiquitoudy expressed. The highest protein levels were observed in skeletd muscle and brain, which
is in line with the mRNA expresson. a,d-3 was only detected in brain, which corresponds to the
results of the Northern analyss. a.d-2 mRNA was origindly described as being ubiquitoudy

53



expressed, with the highest levels in brain, heart, pancreas and skeletd muscle (Klugbauer et d.,
1999a). Lower levels of the mRNA were seen in other tissues after longer exposures. In this study
a.d-2 protein was detected at very low leves in skeletd muscle, dthough the Northern analysis had
produced a signal comparable to brain. Gao and co-workers (2000) reported high levels of a.d-2
MRNA in human lung, and doned the subunit from a lung library. Although a.d-2 protein was
observed a low levels in mouse lung in this Sudy, it is possible that certain lung cell types express
high levels. While the Gao group showed overexpression of a,d-2 protein in various tumour cdl

lines, no data was presented on the endogenous levelsin hedlthy lung tissue.

The dze of a,d-1 estimated by SDS-PAGE is in accord with that reported previoudy (Jay et d.,
1991). However, heart a,d-1 had a larger gpparent mass of 150kDa under reducing conditions,
compared to that of brain (140kDa). The a.d-1b splice variant is excdusvey found in brain, while
the predominant forms in heart ae a.d-1c and -d (Angeotti and Hofmann, 1996). Since the
a.d-1c and -d heart olice variants have 5 and 12 fewer amino acids than that of the brain isoform,

respecively, the difference in massis believed to be due to glycosylation.

Two reactive bands were observed for a.d-2. This may aso be due to differentid glycosylation
and/or splice variation, since four splice variants have been described so far for ad-2 (Hobom et
a., 2000; Gao et al., 2000). Since the antibody recognised both bands, the protein detected at
lower masses probably results from the presence of more than one splice form in atissue, partia
degradation or incompletely processed forms of the highly glycosylated protein. The latter option is

probable as the membrane preparations aso contain endoplasmic reticulum with associated protein.

5.3.3 Gabapentin binding

Since GBP, a drug increasingly used for neurologica disorders, binds to ad-1, the nove subunits
were also tested for drug binding. The Ky of purified porcine brain a ,d-1 was reported as 9.4nM
(Brown et d., 1998) but as 37.5nM for porcine a ,d-1 expressed in COS-7 cells (Brown and Gee,
1998) and 16nM for rabbit a,d-1 dsoin COS-7 cdls (Gee et d., 1996). In this study a Ky of
59nM for a.d-1 was determined. The reason for the variation in Ky valuesis not clear, but may be
due to differences in the membrane preparation and binding assays. GBP was found to bind to a
gngle st of Stesin a,d-2 with a Ky of 153nM. Since GBP is used for a variety of disorders, it is
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interesting to note that it binds to two auxiliary cacium channd subunits which have been found to

exert differing modulatory effects on a; pore subunitsin expresson systems.

The effect of GBP on the physologica activity of cacium channds is not clearly understood. In
patch-clamp studies with hippocampa granule cdlls, no effect of GBP was reported (Schumacher et
a., 1998). However, in other studies modest to dramatic changes in calcium current were noted. A
reduction in the calcium current in isolated neurons (Stefani et d., 1998) and in rat neocortica dices
(Fink et a., 2000) upon application of GBP has been described. Caabres and colleagues (2000)
found that GBP reduces most excitatory properties of striatd spiny neurons, which could account for
the anticonvulsant effect of the drug. Dooley and co-workers (2000) have also shown that GBP and
arelated compound, pregabalin, reduce the release of norepinephrine when stimulated by potassum
and dectrical pulses (Dooley et a, 2000). The cacium channds affected are not known, with
candidates being L-type (Stefani et d., 1998) and P/Q (Fink et d., 2000, Meder and Dooley,
2000). No consstent effects of GBP on Ca, 1.2, Ca,2.1 and Ca,3.2 currentsin HEK 293 cells were
observed in this sudy. The complexity of the interaction between GBP and a .d isfurther illusrated
by a temperature dependent influence of ruthenium red, MgChL and spermine on GBP binding
(Taylor et d., 2000). Initia studies on GBP binding usng rat tissue homogenates showed strong
binding in skdetd muscle and brain, where a.d-1 is most highly expressed (Gee et d., 1996). A
much lower binding of the drug was seen in liver and kidney, which express consderable levels of

the protein, asjudged by Western blotting.

A possible explanation for these conflicting results is that the binding of GBP to a ,d is modulated by
other subunits, for example the a; pore protein. The lack of clinicd sde effects of the drug on
skeletd muscle and other a,d-1 expressing tissues supports this view (Beydoun et d. 1995). The
clinicd effects of GBP could be due to the drug interacting with a subpopulation of cacium channels
under conditions that may ke difficult to measure eectrophysiologicaly. Subtle effects, such as the
long-term gability of channels in the membrane, coupling of the channels to other intracdlular
condituents, or interactions of the drug with GABAg receptors may be responsble for the
thergpeutic mechanisms of GBP.

Gabapentin binding is dependent on the presence of both a and d subunits, which do not have to be
trandated as a Sngle precursor protein (Wang et d., 1999). Their interaction is important however,
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as nather a nor d bind the drug when expressed done (Wang et d., 1999). Cleavage of the
precursor protein is aso not required for binding (Brown and Gee, 1998). Mutation andysis of
porcine a.d-1 by Brown and co-workers (1998) led to the identification of a region (960-994) in
d-1, containing a zinc-finger like motif, that is important for gabgpentin binding. Another study
identified resdues 206-222, 516-537 and 383-603 as being essentid for binding (Wang et 4.,
1999). Since a ,d-2 hasin this study been shown to bind gabapentin, it is ingtructive to compare the
sequences identified as putative binding Sites in previous reports (Figure 18). Mutations of charged
amino acids in a.d-1 was performed by Wang and colleagues, and Argf™’ found to be the most
important. Thisresdueisfound in ad-2, but not in a ,d- 3, supporting its role in the binding of GBP.
It is however not clear whether these Sites are essentia for the association of a,withd, or whether
they form a gabapentin binding pocket. Gabapentin ana ogs have been developed that bind to a .d-1
with a higher affinity than gabapentin and are effective in an anima modd of epilepsy (Bryanset d.,
1998). To undergtand the action of these drugs on cacium channelsit will be important to identify the

gtes of interaction and determine whether these substances dso interact with a»,d-2 and -3.
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Figure 18: Alignment of a.d sequences important for GBP binding. a.d-1 is compared with a,d-2 and
a.d-3 in the regions found to be involved in GBP binding (Brown et a. 1998, Wang et d 1999).
Residues conserved in a.d-1, a,d-2 and a,d-3 are in italics. Residues found only in a.d-1 and a.d-2

are underlined. Arg?*" is shown in bold. The alignment of the sequences was done using Clustal V.
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6 Summary

Voltage gated cacium channels are multimeric complexes that play an essentid role in numerous
physiologica processes. A large family of these channels exig that differ in their voltage sengitivities
and current properties. This diversity is aresult of the multiplicity of subunit proteins that combine to
form the cdcium channd, as wdll as the differentid protein locdisation. In thisthess, the identification
of subunits that interact in vivo was undertaken using distribution and functional andyses of the
channels. The digtribution of novel subunits cloned in our laboratory (Ca3.1, g3, ¢4, a.d-2 and
ad-3) in mouse brain was determined by in situ hybridisation and compared to that of previoudy
characterised subunits. The novel subunits were co-expressed with potentid partners in HEK293
cdls and the channd properties investigated by dectrophysiologica techniques. The in situ
hybridisation and eectrophysiologicd data indicated that a ,d-2 and -3 may preferentidly modulate
Ca2.3 and Ca2.1 in the regions of the brain where they are both expressed. The neurond ¢4
subunit could amilarly regulate current through Ca,2.1. a.d-2 and gb may be potentid partners of
Ca,3.1, an LVA channd that has as yet not been well characterised.

In a second set of studies, the gross structures of the two nove a.d proteins (a.d-2 and —-3) were
elucidated and are presented here for the firg time. Western blotting analyses indicate that a.d-2
and -3 consg of two proteins that are derived from a single transcript. These proteins associate
through disulfide bonding following pog-trandationa cleavage. Similar to a.d-1, these proteins are
highly N-glycosylated. The tissue didribution and relative expresson levels of the proteins varies,
with a,d-1 and -2 being ubiquitoudy expressed, and a ,d-3 found only in brain.

A trait of the a,d-1 protein is its ability to bind gabapentin (GBP), a drug increesingly used for
neurologica disorders. Although drug binding to the a ; subunits has been previoudy described, the
binding of GBP to a.d-1 is the first described interaction between a regulatory subunit and a
pharmaceutica agent. Binding of GBP to the a,d-2 and a.d-3 proteins was investigated in this
study by radioligand assays. It was found that a .d-2 but not a ,d- 3 is cgpable of binding GBP. The
affinity congant of a,d-1 for GBP was calculated to be 59nM, and that of a.d-2, 153nM. Since
a.d subunits may associae preferentidly with different a; subunits in the brain, GBP could have
varying thergpeutic mechaniams if more than one of a,d family binds the drug. The characterisation
of the a,d proteins is essentid not only for understanding the clinical action of GBP, but has
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implications for other pathologies. An association of a.d-2 with tumours has been suggested, and
the mouse homolog is a candidate for the ducky epileptic phenotype (Burgess and Noebels 1999,
Gao et d., 2000,).
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7 Appendix

7.1 Alignment of thea ,d and g sequences
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L 1106
VHASRRL 1155

Fgure 19: Alignment of the amino acid sequences of the a.d subunits. Residues in blocks are
conserved in al three sequences, and the black boxes indicate the positions of conserved cysteine
residues. The arrow marks the cleavage site of a.d- 1
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Figure 20: Alignment of the g subunit amino acid sequences. Sequences conserved between three or

more subunits are shown on a black background.

7.2 Accession numbers

Genbank accesson numbers for subunits cloned and studied in our laboratory are:

Ca3.1 AJ012569
a.d-2a AJ251367
a,d-2b AJ251368
a,d-3 AJ010949
P AJ272044
W AJ272045
B AJ272046

Accesson numbers of subunits previoudy cloned, but used in this study:
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7.3 PCRPrimers

a,d-1 M21948
gl NP062128
o7 AF077739

The primers used for amplification of in situ hybridisation and Northern blotting probes, as well as
for the ateration of sequences are shown below. Sequences in bold indicate where redriction Sites
were added to alow for sticky-end cloning.

Subunit Purpose Primer Primer sequence (5' - 3')
name
a.d-1 ISH EM10 |CGC GGA TCCTCT ATT CTC CAG CAGCTG
Dot blot EM11 |ATT GGT ACC CCC AGA AACACCACCACA
a.d-3 |SH AD13 |CAGTGCCCA TGGACT TC
AD14 | CCA GGG CCT GAAGACTCGTT
Ca3.l ISH EM4 | CAT GCC CAG GAT GCT GAA GAT
LVA4 |CTCCCCTCT GGCTCA GA
o2 |SH G2F CGC GGA TCC GTA GGG ACCCCCTGA AGG CTG
G2R |ATT GGT ACC GGC TGT GTT GGC GTGCAG
(07 I|SH G3F CGC GGA TCC CAG AGA ACCCCT TAA GGT GAC
G3R |ATT GGT ACC CAG CAT GCT GACATC GAA ACC
a.d-2 Myc-His | a2d2Hisl | CAG TGG TGG GCG TCA AGC
congtructs | a2d2His2 | TAA TCT CGA GGC GGC CAG AGG CGT CCA C
a.d-3 Myc-His | a2d3Hisl | AGT CCG TGG CTC CTA TAA
congtructs | a2d3His2 | TAA TGG GCC CTC TAG ACC TTG AGA AGA GAC

TCG
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7.4 Electrophysiological data

The dectrophysologica data that were the bags for the results presented in this thess are shown

below. The subunit headings indicate which subunits were trandently transfected into HEK 293 cells.

The dectrophysologicd parameters are listed in the leftmost column. I, and I, are the current

dengties, and are shown as negative vaues since the current is inwards. Vosa is the haf-maxima

activation potentid, Vosina the haf-maxima inactivation potentid, ky and kin are the kinetics of

activation and inactivation, repectively. t is the time constant of recovery from voltage dependent

inectivation, with t 1 being the fast component and t 2 the dow component. Asterisks indicate vaues

that differ sgnificantly from the channd expressed without auxiliary subunits * P < 0.5, ** P <0.1

and *** P < 0.01. The sample size of the measurements varied between 8 and 25 cells. These data

were published in Klugbauer et a. 19993, Klugbauer et a. 1999b, Hobom et a. 1999 and Lacinova

et al. 1999.

Effects of the g2, g4 and g5 subunits on the activation and inactivation of Ca,1.2/b2a and
Ca,2.1/nb 2a cacium channds. 10mM Ba?* was used as the charge carrier

Cal2b2a | Cal2b2a Cal2b2a |Ca2ilnb2a| Ca2.1lnb2aa.d-
azd-lgﬁ azd-lgﬁ azd'l 1g2
|ga dengity -62.8+7.0 -45,1+8.2 -59.9+9.7 -45.9+8.8 -46.5+6.2
(PA/pF)
Vosar (MV) 2.0£04 7.3£0.3* 1.9+04 6.9+0.4 7.3£0.3
Koz (MV) 5.9+0.2 6.1+0.2 6.2+0.3 4.4+0.2 4.5+0.2
Vo5 inat (MV) -19.8+0.6 -16.5+0.7* -17.2+0.6 -6.5+0.5 -1.9+0.7*
Kinat (MV) 9.8+0.6 11.2+0.6 9.1+0.5 6.9+0.4 7.0£0.6

Effects of the g2, g4 and g5 subunits on the activation and inactivation of Ca,2.1/bla and
Ca,2.1/b2a channdls. 10mM Ca* was used as the charge carrier.

Ca,2.1bla Ca,2.1bla Ca,2.1bla Ca,2.1bla | Ca,2.1b2a Ca,2.1b2a

azd-l azd-ng azd-lg4 azd-1@ azd-l azd-1g2

lgadengty | -34.8+8.7 -29.9+3.4 -35.9+9.3 -36.0+8.9 | -40.8+2.7 -42.9+8.4

(PA/pF)
Vosax (MV)| 11.9£0.1 15.0+0.1* 10.8+0.2 11.3+0.2 | 13.9+0.2 12.4+0.1
Kot (MV) 45+0.1 4.4+0.1 4.2+0.2 4.3+0.2 3.8+0.1 3.9+0.1
Vo5inact -15.0+£0.3 | -18.7+0.4* -20.0+£0.3* | -14.9+0.2 | 4.6x0.5 1.3+.0.8*
(mV)

Kinact (MV) 6.9+0.2 6.3+t04 6.3+0.3 6.9+0.2 3.6+0.3 4.6+0.7
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Effects of the g2, g4 and g5 subunits on the activation and inactivation of Ca,3.1 channd. 10mM
Ca’* was used as the charge carrier.

Ca3.1 Ca3.1 Ca3.1 Ca3.1 Ca3.1 Ca3.1l
072 o (03 aod-2 a»d-2 R
|z dengty -62.7+7 | -87+13 -79+12 -73+9 -93+15* -85+12
(PA/pF)

Vosa (MV) | -24.9+1.2 |-244+16| -23.9£1.3 | -24.1+1.0| -22.3+0.8 -21.4+1.1
Kact (MV) 3.9+0.3 | 3.8+0.2 4.1+0.2 3.9+0.2 4.1+0.2 4.2+0.2
Vosinat (MV) | -54.9+1.2 | -51.4+1.4| -50.0£1.4* | -51.7+1.2 | -50.4+0.7** | -49.3+1.1**
Kinact (MV) 4.3+0.2 | 4.2+0.2 3.9+0.2 4.5+0.2 4.0+0.2 4.1+0.3
t (m9 251+24 | 336+14* | 320+17* | 24811 279+12 296+25

*

Effects of the a,d-1 and 3 subunit on the activation and inactivation of the HVA cacium channds,
Ca,1.2/b2aand Ca,2.3/b3. 20mM Ba®" was used as the charge carrier

Cal2n2a| Calz2 Cal.2 Ca2.3 Ca2.3 Caz2.3
b2a a,d-1 b2a a,d-3 b3 b3 a.d-1 b3 a,d-3
lgdensity | -13.8£1.4| -30.3+6.6 | -28.6x4.9 |-24.4+5.4|-98.1+20.0"" | -95.4+156 "
(pA/pF) * k% * * * * k k
Vosat (MV) | 52+0.1 | -5.0+0.6 -35+05 " |-13.0+1.1| -145+#0.2 | -20.1+0.7
Kt (MV) | 5.4+0.1 5.1+0.4 51+04 | 5.60.9 3.7+0.1 4.6+0.6
Vosinat (MV) | -12.5+0.9 | -19.6+0.3"" | -20.520.4 " | -64.4+0.4 | -69-7+0.4"" | -76.2+05 "
Kt (MV) | 11.1+0.7 | 85+0.2°"" | 8.0+0.3" | 7.1+0.4 8.4+0.4 95+0.4 "
t1(ms) 273+24 260+19 156+10 " | 31.9+#5.7 | 23.6£0.9 24.1+1.7
t2(ms) |1.16+0.08|3.54+0.46 | 0.9+0.1

Effects of the a.d-1, a,d-2a and a.d-2b subunits on the activation and inactivation of the
Ca,1.2/cardiac b 2acacium channel. 10mM Ba®* was used as charge carrier.

Cal.2b2a Ca/l.2b2a Ca/l.2b2a Cal.2b2a
a.d-1 a.d-2a a»d-2b

lpadensity (PA/pF)  |-19.6+1.4 | -57.6£8.7*** |-558+7.5***  |-50.1+4.8***
Voset (MV) 2.2+0.5 -6.2+0.7*** -7.1+0.6*** -6.1+£1.1***
Kat (MV) 7.4+0.4 5.7+0.3** 5.2+0.3* * 5.7+0.4**
Vosinact (MV) -18.3+1.3 -28.3+1.1*** |-28.2+0.7*** -26.1+1.2***
Kinact (MV) 15.3+1.0 10.2+0.6*** 9.0+0.4*** 9.0+0.7***
t1(ms) 147.7+23.4 153.9+16.7 165.2+34.8
t2 (ms) 796.4+185.9 | 1074.3+163.9 |1229.1+134.7 1183.6+291.3
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Effects of the a,d-1, a,d-2a and a.d-2b subunits on the activation and inactivation of the
Ca,2.3/b3 cadium channd. 10mM Ba** was used as the charge carrier.

Ca2.3b3 Ca2.3b3 Ca2.3b3 Ca2.3b3

a.d-1 a.d-2a a,d-2b

Iga dengity (pA/pF) -40.9+4.2 |-126.8+25.6** | -106.4+11.5*** | -125.1+17.7**
*

Vo5act(MV) -3.1+0.5 -3.9+0.2 -12.2+0.6* * * -9.1+0.4**
Kaet (MV) 5.0+0.4 4.9+0.1 4.1+0.5 4.1+0.4
Vosinact (MV) -56.5+0.3 | -61.4+0.3*** -63.2+0.4* * * -62.7+0.4** *
Kinact (MV) 7.7+0. 3 7.7£0.3 8.26+0.4 7.8£0.3
t 1(ms) 57.5+2.7 38.3+2.1*** 44.3+1.6%** 39.7+2.6%**
t2 (m9) 211.6+x11.3 166.5+8* * 217.7+17 169.3+7.3*

Effects of the a.d-1, a,d-2a and a,d-2b subunits on the activation and inactivation of the
Ca,2.1/nb 2a cacium channd. 10mM Ba?* was used as the charge carrier.

Ca2.1b2a |Ca2lnb2a Ca2.1nb2a Ca2l1nb2a
azd-l azd-2 azd-Zb

|z, densgity (pA/pF) -12.2+ -46.0+8.8** -16.0+1.3* -25.245.6*
Vos o (MV) +6.1+0.5 +6.9+0.4 +4.2+0.9 +3.0£0.8*
Kaet (MV) 4.7+0.4 4.4+0.3 4.2+0.7 4.1+0.7
Vosinact (MV) +5.1+0.3 -6.5+0.5*** +1.0+£0.3** +0.3+0.2**
Kinact (MV) 5.8+0.2 6.9+0.4 6.2+0.2 6.4+0.2
t1(s 1.79+0.19 1.27+0.3 1.45+0.19 1.51+0.39

Effects of thea ,d-1, a,d-2a and a ,d-2b subunits on the activation and inactivation of the Ca,3.1
cacium channd. 10mM Ba®" was used as the charge carrier.

Ca3.l Ca3.la.d- [Ca3.1a.d-2a|Ca3.1a.d-2b
1
Iz, dengity (pA/pF) -62+7 -59+9 -93+15* -72+15
Vosar (MV) -24.9+1.2 -23.4+0.7 -22.3+0.8 -21.9+0.8
Kact MV) 3.9+0.3 4.3+0.2 4.1+0.2 4.2+0.3
Vosinat (MV) -54.9+1.2 -52.0+0.9 | -50.4+0.7** | -50.1+0.6**
Kinact (MV) 4.3+0.2 4.3+0.1 4.0+0.2 4.2+0.1

Effects of co-expresson of a ,d-1 and -3 subunits on parameters of the current density-voltage
rddationship of the LVA cacium channdl, Ca,3.1. 20mM Ba®* was used as the charge carrier.

Ca3.l Ca3la.d-1 | Ca3la.d-3
Vies (MV) 54.2+1.5 52.3+1.1 51.1+1.2
Vo 5act (MV) -28.4+0.6 -28.1+0.5 -29.8+0.5
Kat 4.0+0.6 4.4+0.4 4.1+0.5
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