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HVA: High voltage-activated
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LTCC: L-type calcium channel
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VDI: Voltage dependent inactivation
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1 INTRODUCTION

Voltage-gated calcium channels are members of a gene superfamily of transmembrane ion
channel proteins which also includes voltage-gated natrium and potassium channels. They
mediate Ca”" influx into the cell along an electrochemical gradient in response to changes in
the membrane potential. Owing to this property voltage-gated calcium channels couple
electrical signaling with numerous physiological events like muscle contraction, secretion,

gene expression, cell division or neurotransmission'~.

1.1 Nomenclature and structure of voltage-gated calcium channels

The calcium channels are protein complexes consisting of four to five subunits (Figure 1-1).
The largest peptide of the complex is the al subunit with about 190-250kDa. This protein
contains the channel pore, the voltage sensor and the gating machinery. The [ subunit is
localized at the intracellular face of the channel complex. The transmembrane 6 subunit and
the extracellular a2 subunit are linked by disulfid-bonds forming the 028 subunit complex'.

The voltage-gated calcium channel of skeletal muscle contains an additional y subunit’, which

is also a transmembrane protein.
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Figure 1-1 Schematic representation of a voltage-gated calcium channel subunit complex.
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The principal pharmacological and electrophysiological properties of voltage-gated calcium
channels are determined by the respective al subunits. By contrast, 3, a2 and y subunits are
modulatory proteins which fine-tune the basic properties of the channel complex*.

ol subunits are divided into two groups, the high voltage-activated (HVA) and the low
voltage-activated (LVA) channels, according to their activation threshold (Figure 1-2). With
respect to their pharmacological properties the HVA calcium channels can be distnguished
further on into subclasses’. The first class, the so-called L-type calcium channels (LTCCs)
(Cay1.1-Cay1.4), produces a long lasting ("L") current which is sensitive to organic LTCC
blockers including dihydropyridines, phenylalkylamines and benzothiazepines. P/Q-type, N-
type and R-type channels (Ca,2.1-Ca,2.3) are also high voltage-activated but they are only
weakly affected by the L-type channel blockers. These channels typically can be blocked by
specific polypeptide toxins from snail and spider venoms'.

The LVA calcium channels, which need only weak depolarizations for activation, produce the
so-called T-type current (Ca,3.1-Ca,3.3). It is a transient current ("T"), resistant to subtype-

specific channel blockers the other calcium channels are sensitive to.

1
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Figure 1-2 Phylogenetic representation of the primary sequences of the al subunits of voltage-
gated calcium channels. L-type calcium channels: Ca,l.1-Ca,1.4, P/Q-type: Ca,2.1, N-type:
Ca,2.2, R-type: Ca,2.3, T-type: Ca,3.1-Ca,3.3.
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1.2 L-type calcium channels
LTCCs are one of the best characterized calcium channels today. They are distributed over a
wide range of tissues and different isoforms are often expressed together in single cells or

tissues (Table 1-1).

Table 1-1 Channel distribution and physiological function of LTCCs.

splice Mutations and
name primary tissues physiological function
variants pathophysiology
itation-contracti Mali t
Ca,l.1 skeletal muscle' excltation contraction alghant
coupling, Ca”" homeostasis hyperthermia
Ca,l.2a heart' action pot(?ntllal Timothy syndrome’;
propagation
itation-contracti 1.2 deficient mi
Casl2 Ca,l.2b smooth muscle! excitation-contraction deficien ‘mice
coupling show multiple
145
Ca,l.2¢ neurons' synaptic plasticity' phenotypes
) hormone release, ;
brain, pancreas, ) .. KO mice are dea_lf
Ca,1.3 Kid heart! regulation of transcription, and show sinoatrial
idney, hea .. ) .6
Y synaptic 1ntegrat10n1 node dysfunction
Ca,1.4 retina'’ neurotransmitter release’">’ CSNB2'%?
References:

ICatterall, W. A., Perez-Reyes, E., Snutch, T. P. & Striessnig, J. International Union of Pharmacology. XLVIII.
Nomenclature and structure-function relationships of voltage-gated calcium channels. Pharmacol Rev 57, 411-25
(2005)

*Striessnig, J. et al. L-type Ca2+ channels in Ca2+ channelopathies. Biochem Biophys Res Commun 322, 1341-6
(2004)

3Liao, P., Yong, T. F., Liang, M. C., Yue, D. T. & Soong, T. W. Splicing for alternative structures of Cavl.2
Ca2+ channels in cardiac and smooth muscles. Cardiovasc Res 68, 197-203 (2005)

* Seisenberger, C. et al. Functional embryonic cardiomyocytes after disruption of the L-type alphalC (Cav1.2)
calcium channel gene in the mouse. J Biol Chem 275, 39 193-9 (2000)

>Schulla, V. et al. Impaired insulin secretion and glucose tolerance in beta cell-selective Ca(v)1.2 Ca2+ channel
null mice. Embo J 22, 3844-54 (2003)

6 Platzer, J. et al. Congenital deafness and sinoatrial node dysfunction in mice lacking class D L-type Ca2+
channels. Cell 102, 89-97 (2000)

"Firth, S. L, Morgan, 1. G., Boelen, M. K. & Morgans, C. W. Localization of voltage-sensitive L-type calcium
channels in the chicken retina. Clin Experiment Ophthalmol 29, 183-7 (2001)

¥ Bech-Hansen, N. T. et al. Loss-of-function mutations in a calcium-channel alphal-subunit gene in Xp11.23
cause incomplete X-linked congenital stationary night blindness. Nat Genet 19, 264-7 (1998)

*Mansergh, F. et al. Mutation of the calcium channel gene Cacnalf disrupts calcium signaling, synaptic
transmission and cellular organization in mouse retina. Hum Mol Genet 14, 3035-46 (2005)
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In summary, the criteria for their identification are the sensitivity to dihydropyridines, the
relative slow activation kinetics, activation by strong depolarization, a large single channel
conductance and the presence of calcium dependent inactivation (CDI) with little voltage
dependent inactivation (VDI)’. Nevertheless, there are functional differences between LTCCs.
Cay1.3 channels e.g., unlike Ca,1.2 channels, have a low activation threshold, they only need

6-10

weak depolarizations for activation” = and not all LTCCs show the same sensitivity to

dihydropyridines (DHPs). Ca,1.3 channels are significantly less sensitive to DHPs compared

6,10

to Cay1.2 channels™ ". The properties of Ca,1.4 are not very well known at the moment.

1.3 Structure and regulation of the al subunit

The ol subunit of the LTCC complex confers the basic pharmacological and
electrophysiological properties of the calcium current. The subunit consists of four
homologous domains (I-IV), each containing six transmembrane segments (S1-S6, Figure 1-
3). The S4 segment acts as the voltage sensor of the channel and the pore loop located

between the S5 and the S6 segment determines the ion conductance and selectivity'.

PO ,
" C

Figure 1-3 Schematic representation of an al L-type calcium channel subunit. It comprises four
domains, each consisting of six transmembrane segments. The N- and the C-terminus are located at
the cytosolic side of the membrane.

0
)
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1.3.1  Pharmacological regulation of L-type calcium channels

Most of the known sites for channel regulation by toxins and drugs are also located in the a1
subunit. Phenylalkylamines block the pore of the channel from the intracellular side. Their
binding site is formed by amino acids in the ITIS6 and IVS6 segment''™"* (Figure 1-4). Unlike
phenylalkylamines dihydropyridines (DHPs) do not block the channel pore, they rather
allosterically shift the channel to the open or inactivated state. Thus, DHPs can be inhibitors
as well as activators of LTCCs. Their receptor site is formed by amino acids in the IIISS5, the
[IIS6 and the IVS6 segment. The amino acid residues important for the binding of
phenylalkylamines and dihydropyridines are overlapping (Figure 1-4). The binding site for

benzothiazepines also overlaps with the binding site for phenylalkylamines'’.

IIISS 11IS6 IVSé6
b b b
pp pp PP P P
d d dd d dddd dd dd

1.1 IVLVETLLEFMFACIGVQLF ----ATFFII[IL NIElcFVI —-- FAYYYFISFEMLCHEr NI FVAYT
1.2 IVIV@TLLEFMFACIGVQLF ----SIFFIIJMII NIEMGFVI —-- FAVEYFISFRMLCHrL BN FVAYT
1.3 IMIV@TLL@FMFACIGVQLF --—-SIFFIIJMIT NIEMCFVI ——- FATVYFISFRMLCHrT BN FVAYT
1.4 IMIV@TLLEFMFACIGVQLF ----SVFFIVEEII NIEMGFVI —-- FAIVYFISFRMLCHFL ML FVAVI

Figure 1-4 Alignment of amino acid residues of Ca,1.1-Ca,1.4 that participate in the formation of
the dihydropyridine (d), phenylalkylamine (p) and benzothiazepine (b) binding sites. Important
amino acid residues are highlighted red. Further benzothiazepine binding sites are supposed to be
located in the I1IS6 segment but this remains to be confirmed on the single amino acid level".
Lower case letters indicate the contribution of the residue to the respective binding site.

1.3.2  Regulation by voltage and Ca** ions

The opening of ion channels and, hence, the flux of ions into or out of the cell is limited by a
process designated as inactivation. In voltage-regulated ion channels inactivation is primarily
conferred by depolarization (voltage dependent inactivation, VDI). Voltage-regulated calcium
channels exhibit an additional inactivation mechanism, called calcium dependent inactivation
(CDI). The term CDI describes the property of Ca®" ions to limit its own influx by a feedback
inhibition. In most cell types this autoinhibition is essential to prevent excessive and

potentially toxic Ca”" levels.
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The mechanism of inactivation is not fully understood at the moment. The current view on
LTCCs is mainly based on experiments with Ca,1.2. In this channel VDI and CDI are highly
interlinked with each other on a molecular level. One structural requirement for inactivation
seems to be the cytoplasmatic linker between domain I and II. This linker is supposed to form
a blocking particle (pore occluder, Figure 1-5, grey ball) that closes the pore when the channel

. . 14-16
1nactivates

. Another structural determinant crucial for inactivation is the cytosolic
proximal C-terminus comprising an EF-hand motif, an IQ motif and the Pre-1Q motif, which
corresponds to the sequence stretch between the EF-hand and the IQ motif'’. This proximal
C-terminus is highly conserved among all HVA calcium channels'’?. In the resting state the
pore occluder (PO) is tonically inhibited by the EF-hand motif residing in the proximal C-
terminus (Figure 1-5, left)’®. Maintained membrane depolarization results in a slow
conformational change that breaks the tonic inhibition of the PO by the EF-hand. Thus, the
PO closes the pore of the channel (VDI).

The sequences conferring CDI are the EF-hand motif, the Pre-IQ and the IQ motif
(Figure 1-5)'"%_ In the absence of Ca’" ions, Ca*"-free calmodulin (apocalmodulin) is
prebound to the proximal C-terminus, more exactly to the area of the IQ and the Pre-IQ motif
(Figure 1-5, left)*"*. Apocalmodulin is a calcium sensor comprising four EF-hands grouped
in the N-lobe with low affinity and the C-lobe with high affinity for Ca’" ions®'. When Ca*"
influx starts, the Ca’*" concentration at the intracellular side of the pore increases and, for
LTCCs, Ca*" binds to the C-lobe of calmodulin'®. Subsequently Ca**-calmodulin translocates
to its effector site near the apocalmodulin binding region and thereby induces a fast
conformational change of the proximal C-terminus. Thus the EF-hand accelerates the

movement of the PO actively and the channel inactivates much faster™°. As Figure 1-5

shows, the sequences conferring CDI in Ca,1.2 are highly conserved in Ca,1.4.
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Figure 1-5 Left: So far established structural determinants of inactivation in Cavl.2. The pore
occluder is shown as grey ball. The bars indicate the tonic inhibition by the EF-hand. Calmodulin
(light grey) is prebound to the C-terminus. The distal part of the C-terminus is not shown.

Right: Alignment of the C-termini of Ca,1.4al and Ca,1.2bal from the end of the [IVS6 segment
to the end of the IQ motif. The sequences conferring CDI (EF hand, Pre-IQ and IQ motif) are
highly conserved. Bars on top of the alignment indicate the borders of EF-hand motif and 1Q-motif.
The sequence stretch between this two motifs is the Pre-IQ area. Differences in the primary

sequence are indicated as red letters.

14 Physiological impact of Ca,1.4al

Photoreceptor cells contain specialized synaptic terminals, so-called ribbon synapses, that

confer the release of gluamate. In the dark, when the membrane potential is rather depolarized

(-40mV), glutamate is tonically released at these synapses. Light induces a hyperpolarization

and, hence, switches off neurotransmission. Voltage-gated calcium channels are known to

play a key role in synaptic transmission. They couple depolarization of the membrane

potential with an influx of Ca*" ions into the cell which is the trigger for exocytosis. At the

ribbon synapses several types of LTCCs have been detected, namely Ca,1.2, Ca,1.3 and

Ca,1.4’*%. As the only one of the three channels Ca, 1.4 seems to be specifically expressed in

the retina’***. L-type calcium currents measured from retinal photoreceptor or bipolar cell

differ from other L-type calcium currents in lacking CDI’**' (Figure 1-6).
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retinal smooth muscle Figure 1-6 Calcium currents measured
LTCC current LTCC current from a rod bipolar cell (left, Berntson et
al. (2003) J Neurosci Res 19, 260) and a
tracheal myocyte (right, Fleischmann et
al. (1994) Proc. Natl. Acad. Sci. US4 91,
11914-11918). Retinal LTCC currents
show no inactivation in the presence of
Ca’" ions.

This property is required in the dark to ensure a permanent glutamate release at depolarized
voltages. Cay1.2 and Ca,1.3 channels display CDI, thus, it is likely that the lack of CDI in
native L-type calcium currents from retinal cells is due to Ca,1.4 or to other factors that
modify channel function. The importance of Ca,1.4 is corroborated by genetic studies. While
mice lacking Ca,1.2 or Ca,1.3 show no visual impairment, the loss of Ca,1.4 leads to severe
disorder, called incomplete X-linked congenital stationary night blindness type 2 (CSNB2)**.
CSNB?2 is characterized by symptoms like myopia, nystagmus, night blindness and low visual
acuity. This phenotype is consistent with a defect in neurotransmission in the retina®>>**>**,
Also in humans mutations in the gene coding for Ca,l.4al are known that lead to
CSNB2**. The molecular mechanism by which this loss of function mutations of Ca,1.4
lead to CSNB2 is not fully understood at the moment. However, these data indicate that
Ca,1.4 plays a key role in vision.

The tissue distribution and the physiological properties of the auxiliary LTCC subunits are
only moderately known. Only the B2 subunit, which increases expression levels and
modulates the gating properties of the channel complex, is exactly known to be localized in

the retina. The expression of this subunit is required for normal retinal synaptic transmission

just as well as the Ca,1.4al subunit®.
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1.5 Purpose of the study

As stated above it was unclear whether the properties of the retinal L-type calcium currents
are conferred by Ca,1.4 or are rather due to other regulatory mechanisms. To clarify this
question, the Ca,1.4al L-type calcium channel subunit shall be cloned from mouse retina and
heterologously expressed in HEK cells. Afterwards, the basic biophysical and
pharmacological properties have to be determined in electrophysiological experiments in
order to be compared with native LTCC currents from retina.

Based on the previous analysis the mechanism of CDI is addressed in the second part of this
study. As mentioned, there was preliminary evidence that Ca,1.4 channels may lack CDI
despite its high homology to other LTCCs. The purpose of this study is to identify structural

determinants that prevent CDI in Cay1.4 in order to explain this phenomenon.
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2 MATERIALS AND METHODS

All chemicals used meet the standard “pro analysi” (p.a.). For generation of all solutions
desalted high purity water (Easypure UV/UF, Barnstead) was used. Solutions for highly
sensitive applications (e.g. PCR, cell culture) or solutions designed for long term use were

autoclaved.

2.1 Calcium channel constructs

All constructs mentioned in the text were tested for integrity by enzymatic restriction analyses
and DNA sequencing. Sequencing was performed by MWG-Biotech. All restriction
endonucleases used are products of New England Biolabs, Inc. All primers used are products

of MWG-Biotech (Table 6-1).

2.1.1  Constructs for electrophysiology

For expression of murine Cay1.4a.1 LTCC subunit (GenBank accession number AJ579852) in
eukaryotic cells the bicistronic pIRES2-EGFP expression vector (Clontech) was used*. It
contains the internal ribosome entry site (IRES) of the encephalomyocarditis virus between
the multiple cloning site (MCS) and the enhanced green fluorescent protein (EGFP) coding
region. As a result, both, Ca,1.4al and EGFP are expressed as separate proteins. Such
transfected cells could easily be identified by fluorescence.

The pcDNA3 expression vector (Invitrogen) was used for expression of the Ca,l.2bal
subunit from rabbit lung’’ in eukaryotic cells and for expression of a negativ dominant
calmodulin mutant (CaM1234)48, the B2a49, the B349 and the 0281 subunit™. Ca,1.2bal, B2a,

B3 and 0281 expression vectors were a gift of N. Klugbauer.

2.1.1.1 Construction of Ca,l.4al mutants

Truncated Cay1.4 channels (G1458Stop, R1610Stop, Y1668Stop, R1796Stop, C1884Stop,
Q1930Stop, Q1953Stop) were constructed by ligating BamH I/Xho I cut DNA fragments
generated via PCR and corresponding to the required C-terminal part of Ca,1.401 and a EcoR
I/BamH I cut fragment corresponding to the proximal 3945bp of the plasmid encoding for
wild type Cayl.4al into the EcoR I/Sal I cut pIRES2-EGFP expression vector. The BamH
I/Xho I cut fragments carried the required Stop codon and a Xho I restriction site immediately

after the stop codon introduced by 3" -primers.
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The Ca,1.4AC channel was cloned by deleting amino acids R1610-C1884 of Ca,1.4al using
overlap PCR. Again, a Xho I restriction site was introduced by a 3’-primer and the PCR
product was cut BamH I/Xho I. Ligation was performed as mentioned above.

For construction of the Ca,1.4AEF channel amino acids P1459-11491 were deleted in the

Same way.

The nucleotide sequence corresponding to the ICDI peptide (inhibitor of calcium dependent
inactivation, amino acids L1885-L.1984 of Ca,1.4al) was amplified by PCR. A BamH I
restriction site, an optimized sequence for initiation of translation (Kozak sequence, GCC
GCC ACC)"! and a start codon were introduced by the 5" -primer and a Xho I restriction site
was introduced by the 3-primer immediately after the stop codon. The BamH I/Xho I cut
PCR product was ligated into the BamH I/Xho I cut pcDNA3 expression vector.

2.1.1.2 Construction of Ca,l.2bal / Ca,l.4al chimeric channels

In chimera 1.2-CT1.4 amino acids D1502-L.2166 of Ca,1.2bal were replaced by D1445-
L1984 of Cayl.4al by several overlapping PCR steps. The PCR fragment was cut EcoR
V/Apa I and ligated into the Hind III/Apa I cut pcDNA3 expression vector together with
proximal, Hind III/EcoR V cut part of Cavl.2bal.

In 1.2-ICDI1.4 G2018-L2166 of Ca,1.2bal were replaced by L1885-L1984 of Ca,1.4al, in
chimera 1.2AC-ICDI1.4 K1667-L2166 of Ca,1.2bal were replaced by L1885-L1984 of
Cayl.4al, in 1.2-C+ICDI1.4 K1667-L2166 of Ca,1.2bal were replaced by R1610-L.1984 of
Cayl.4al and in 1.2-A+ICDI1.4 K1667-L2166 of Ca,1.2ba.l were replaced by R1610-L.1984
of Cayl.4al with a deletion of 11742-C1884. All exchanges again were done via overlap
PCR. The PCR fragments were cut BstE II/Xho I and ligated into the BstE II/Xho I cut
Ca,1.2bal expression vector.

In chimera 1.2-A1.4 amino acids K1667-1.2166 of Ca,1.2bal were replaced by amino acids
R1610-S1741 via PCR. A stop codon and a BamH I restriction site immediately after the stop
codon were introduced by the 3 primer. Following the BstE II/BamH I cut PCR fragment was

ligated into the BstE II/BamH I cut Ca,1.2bal expression vector.

2.1.2  Constructs for GST pull-down
For generation of glutathione-S-transferase (GST) fusion proteins the DNA fragments coding

for the required peptides were amplified by PCR and cloned into the pET41a(+) expression
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vector (Novagen), in frame with a upstream coding region for GST. This vector is designed
for expression of GST fusion proteins in bacterial systems.

The nucleotide sequences corresponding to the C-terminal fragments of Cay,l.4al or
Cay1.2bal, CT1.4 (amino acids D1445-L1984 of Ca,l1.4al), CT1.4-1610Stop (amino acids
D1445-G1609 of Cayl.4al), CT1.4 1610-1984(amino acids R1610-L1984 of Ca,l.4al),
CT1.2 (amino acids D1502-L2166 of Ca,1.2bal), CT1.2-1667Stop (amino acids D1502-
G1666 of Ca,1.2bal) and CT1.2 1667-2166 (amino acids K1667-L2166 of Ca,1.2bal), were
amplified via PCR, introducing a BamH I restriction site by the 5 -primer, an appropriate stop
codon if required and a Xho I restriction site immediately after the stop codon by the 3°-
primer. These BamH I/Xho I cut PCR fragments were ligated into the BamH I/Xho I cut
pET41a(+) vector.

Cloning of peptide A (amino acids R1610-S1741 of Ca,1.4al) was performed in the same
way, but the C-terminal restriction site was a BamH I and not a Xho I site. It was digested
with BamH I and ligated into the BamH I cut pET41a(+) vector.

For AEF (amino acids D1445-G1609 of Cayl1.4al with amino acids P1459-11491 deleted)
PCR was performed with the cDNA encoding for Ca,1.4AEF (2.1.1) as a template. The same
primers as for CT1.4-1610Stop were used and the BamH I/Xho I cut PCR fragment was
ligated into a BamH I/Xho I cut pET41a(+) vector.

Generation of 6xHis/Flag tagged ICDI was perfomed as follows:

the DNA fragment encoding for the ICDI peptide (see 2.1.1) was amplified by PCR. A BamH
I restriction site and a N-terminal Flag tag (amino acid sequence: D-Y-K-D-D-D-D-K) were
introduced by the 5 -primer and a Xho I restriction site immediately after the stop codon was
introduced by the 3 -primer. This BamH I/Xho I cut PCR fragment was ligated into the BamH
I/Sal T cut pQE-30 vector (Quiagen) in frame with the upstream 6xHis tag. The pQE-30

expression vector is also designed for expression of peptides and proteins in bacterial systems.

2.1.3  Constructs for coimmunoprecipitation

For generation of the myc tagged C-terminal fragments CT1.4-1610Stop (amino acids see
2.1.2) and AEF (amino acids see 2.1.2), the encoding cDNA fragments were amplified by
PCR. A BamH I restriction site, a Kozak sequence (see 2.1.1), a start codon and a N-terminal
myc tag (amino acid sequence: E-Q-K-L-I-S-E-E-D-L) were introduced by the 5 -primer and
an appropriate stop codon and a Xho I restriction site immediately after the stop codon by the
3"-primer. Generation of peptide A (amino acids see 2.2) and peptide C (amino acids R1610-

C1884 of Ca,1.4al) was performed the same way, but the N-terminal restriction site
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introduced was EcoR I. After digestion with the appropriate restriction enzymes the PCR
fragments were cloned into the BamH I/Xho I and EcoR I/Xho I cut pcDNA3 vector,
respectively.

The triple flag tagged ICDI peptide was constructed in the same manner using a 5 -primer
containing a BamH 1 restriction site and the triple flag tag (amino acid sequence: D-Y-K-D-

H-D-G-D-Y-K-D-H-D-I-D-Y-K-D-D-D-D-K) instead of the myc tag .

2.2 Amplification and purification of DNA

2.2.1  Transformation of competent E. coli

An aliquot of 100ul of competent Escherichia coli (E. coli; BL21(DE3) competent cells
(Novagen) or XL1-blue competent cells (Stratagene)) was thawed on ice. 15ul of ligated
DNA was added to the cells, mixed gently and kept on ice for further 30min. Afterwards the
cells were exposed to a heat shock by placing the tube into a water bath at 42°C for 45sec and
then left on ice for two minutes. 900ul autoclaved Luria-Bertani medium containing glucose
(LB+ medium) was added and the tube was placed on a shaking incubator for 1h at 37°C and
225rpm. After centrifugation at 3000rpm for Smin the pellet was resuspended in 100ul LB+
medium and plated on LB+ agar plates containing the appropriate antibiotic (Ampicillin
50pug/ml, Roth; Kanamycin 30pg/ml, Roth). The agar plates were incubated for 16-20h at
37°C.

LB+ medium LB+ agar

Peptone (Roth) 10g Agar (Roth) 15g
Yeast extract (Roth) S5¢g LB+ medium ad 1000ml
NaCl (Roth) S5g

Glucose (Roth) lg

H,O ad 1000ml

pH 7.2-7.5
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2.2.2  Mini-Prep DNA isolation from E. coli

To check if the isolated single colonies contained the correct plasmid, Mini-Prep DNA
isolation was performed. Single colonies from the agar plate were cultured in 7ml LB+
medium containing Ampicillin 100pg/ml and Kanamycin 30pg/ml, respectively, and placed
on a shaking incubator for 12-16h at 37°C and 225rpm. After harvesting the bacterial cells by
centrifugation (2000g, 10min) alkaline lysis®> was performed for isolation of the plasmid
DNA.

After isolation enzymatic restriction analysis was performed.

2.2.3  Maxi-Prep DNA isolation from E. coli

To recover larger amounts of high-purity DNA the PureYield™

Plasmid Midiprep System
(Promega) was used. It is based on the method of alkaline lysis®® in combination with
purification by a silica membrane column.

Before, bacteria containing the correct plasmid were cultured in 200ml LB+ medium
containing the appropriate antibiotic for 12-16h under the conditions mentioned above (2.2.2).
Cells were centrifuged at 5000g for 10min after incubation and DNA was isolated.

Enzymatic restriction analysis and DNA sequencing (MWG-Biotech) were performed to

confirm integrity of the plasmids.

2.3 Cell culture

All procedures described were carried out under sterile conditions under a laminar air flow.

2.3.1  Culture of HEK 293 cells

The HEK 293 cell line is established from human primary embryonal kidney transformed by
adenovirus type 5. The cells were cultured in Dulbecco's modified eagle medium (DMEM,
Gibco) containing 1000mg glucose supported with 10% fetal bovine serum (FBS, Biochrom),
100U/ml Penicillin G (Biochrom) and 100pg/ml Streptomycin (Biochrom) in a 75cm?” culture
flask (Sarstedt) at 10% CO, and 37°C. Cells were splitted every 2-3 days when they had
reached about 80% confluence. When splitted, cells were washed with phosphate buffered
saline (PBS) and disaggregated by using a solution of 0.05% trypsin containing 0.02%
ethylenediamine tetraacetic acid (EDTA). After inactivation of trypsin by the addition of
DMEM cells were resuspended and again disaggregated by mechanic influence. 10% of the
cells were seeded out in a new 75cm? culture flask.

Every 3 weeks a new stock of cells was thawed from —196°C.


http://dict.leo.org/se?lp=ende&p=/se?lp=ende&p=/Mn4k.&search=ethylenediamine
http://dict.leo.org/se?lp=ende&p=/se?lp=ende&p=/Mn4k.&search=tetraacetic
http://dict.leo.org/se?lp=ende&p=/se?lp=ende&p=/Mn4k.&search=acid
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PBS.pH 7.4

NaCl (Roth) 40.0g
KCI (Roth) 1.0g
Na,HPO4*12H,0 (Roth) 14.5g
KH,PO4 (Roth) 1.2g
H,O ad 5000ml

0.05% trypsin/0.02% EDTA

Stock solution (0.5% trypsin/0.2% EDTA, Biochrom) 10ml
PBS ad 100ml

2.3.2  Transient transfection of HEK 293 cells for coimmunoprecipitation
Cells were grown in a 10cm culture dish containing 10ml medium. When they had reached
about 80% confluence, cells were transfected using the calcium phosphate method’ with a

modified buffer™.

2.3.3  Transient transfection of HEK 293 cells for electrophysiology

About 3 x 10° cells were seeded into each well of a 6-well culture plate containing 2ml of
culture medium. 4-6h after seeding the cells they were transfected using Fugene 6
Transfection Reagent (Roche). The ratio of DNA (ng) and Fugene 6 (ul) was 1:3. The total
reaction volume for complexation was ten times the volume of Fugene 6. Besides transfection

was done following the manufacturer's instructions.
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24 Analysis of proteins

2.4.1 GST pull-down assay
For all steps described below protease inhibitors (PI; Complete, EDTA free; Roche) were
added to the solutions according to the manufacturer's instructions. All steps were performed

at 4°C.

2.4.1.1 Purification of GST fusion proteins expressed in E. coli

GST fusion proteins were expressed in the protease deficient BL21 (DE3) strain of E. coli.
(Novagen). Transformation was performed as described above (2.2.1), except that the bacteria
were diluted in 50ml LB- medium (LB+ medium without glucose) containing the appropriate
antibiotic after incubation at 37°C for lh on a shaking incubator. The bacterias were grown
over night at the same conditions. Next morning they were diluted in 500ml LB- medium
containing antibiotics. Bacteria were grown until they reached an ODggo of about 0.6-0.8.
Then expression of fusion proteins was induced by adding isopropyl-B-D-
thiogalactopyranoside (IPTG, Roth) to a final concentration of ImM. The culture was
incubated again at 37°C on a shaking incubator. After 4h bacteria were pelleted by
centrifugation (10min, 4°C, 5000g), resuspended in 20ml ST buffer (50mM a,a,a-Tris-
(hydroxymethyl)-methylamin (Tris), pH 8, VWR; 150mM NaCl, VWR) supplemented with
100pg/ml lysozyme (Roth). After incubation on ice for 15min dithiothreitol (DTT; Sigma)
was added to a final concentration of 5 mM and the suspension was incubated on ice for
further 10 min. N-lauroylsarcosine (Sigma) was added to a final concentration of 1%. After
30 min incubation on ice the mixture was sonicated on ice (Bandelin Sonopulse HD2200 with
a MS-73 tip) by 6 pulses of 40s duration at 50% power separated by 30s cooling periods.
Triton X-100 (Sigma) was added to a final concentration of 1.5%, and after 30 min on ice the
lysate was clarified by centrifugation at 12,000 x g for 20 min at 4°C. The pellet was

discarded and the supernatant was split in 1ml aliquots and frozen at —80°C.

2.4.1.2  Expression of 6xHis/Flag tagged ICDI peptide in E. coli
For expression of the 6xHis/Flag tagged ICDI peptide XL1-blue competent cells (Stratagene)

were used. The rest of the procedure was done as described in 2.4.1.1.
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2.4.1.3  Measurement of GST fusion protein concentration
An aliquot of the lysate containing the required GST fusion protein was thawed on ice and the
concentration of the fusion protein was estimated enzymatically by measuring the activity of

GST using the GST Tag™ Assay Kit (Novagen).

2.4.1.4  Measurement of overall protein concentration

The overall protein concentration in lysates was measured by Bradford assay’®.

2.4.1.5  Interaction with calmodulin

Glutathione sepharose beads (Glutathion Sepharose 4B, Amersham Biosciences) were washed
three times in 10 bed volumes ST buffer. After each wash the beads were centrifuged (2min,
500g, 4°C) and after the last wash they were resuspended in 1 bed volume ST buffer. 50ul of
the suspension were added to a portion of crude protein extract corresponding to 300pmol of
the required GST fusion protein. The resulting mixture was rotated over night at 4°C. Next
morning the beads were centrifuged (2min, 500g, 4°C), kept on ice for Imin and the
supernatant was discarded. Afterwards the beads were washed as mentioned above in 20 bed
volumes ST buffer and resuspended in 1ml ST buffer in the presence of 1mM CaCl, (Merck)
respectively SmM EGTA (Sigma). 1ug calmodulin (bovine brain, Calbiochem) was added.
The mixture was rotated for 2h at 4°C. After centrifugation (2min, 500g, 4°C) the beads were
washed three times as mentioned in 20 bed volumes of the same buffer they were incubated
containing 0.05% Tween-20 (Roth). After washing, the beads were resuspended in 25ul ST
buffer.

2.4.1.6  Interaction with ICDI

Glutathion sepharose beads were prepared as above. 300 pmol of the required GST fusion
protein were mixed with 50ul beads suspension and a portion of crude protein extract
containing the 6xHis/Flag tagged ICDI peptide matching 250ug overall protein. ST buffer
was added to a final volume of 1ml. This mixture was rotated overnight at 4°C. The next day
beads were centrifuged (2min, 500g, 4°C), kept on ice for Imin and the supernatant was
discarded. Afterwards the beads were washed four times in 20 bed volumes ST buffer

containing 0.05% Tween-20. After washing beads were resuspended in 25ul ST buffer.
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2.4.2  Coimmunoprecipitation
For all steps described below protease inhibitors (PI; Complete, EDTA free; Roche) were
added to the solutions, according to the manufacturer’s instructions. All steps were performed

at 4°C.

2.4.2.1  Purification of proteins expressed in HEK 293 cells

Tansfection of HEK 293 cells was performed as described in 2.3.2. 16-20h after transfection
the medium was exchanged and 3d after transfection the cells were washed with 10ml PBS
and lysed with 500ul lysis buffer (S0OmM TRIS-HCI, pH 7.4, Roth; 150mM NaCl, VWR;
ImM EDTA, Roth and 1% Triton X-100, Sigma). The culture dishes were placed on an
orbital shaker for 30min at 4°C and 100rpm. The lysed cells then were scraped off the dish,
transferred into a reaction tube and centrifuged (15min, 12000g, 4°C). The pellet was

discarded and the supernatant was frozen at —80°C for further use.

2.4.2.2  Quantification of proteins

Overall protein concentration was measured as described in 2.4.1.4

2423 Coimmunoprecipitation of proteins

Protein A sepharose beads (Amersham biosciences) were washed three times in 10 bed
volumes AMO buffer (20 mM TRIS-HCI pH7.9, Roth; 5 mM MgCl,, Merck; 0.5 mM DTT,
Sigma; 20% glycerol, Roth) and resuspended in 1 bed volume AMO buffer. After each wash
the beads were centrifuged (2min, 500g, 4°C). Protein extracts containing the required myc
tagged C-terminal fragment of Ca,1.4al and the triple flag tagged ICDI peptide were mixed
(500ng overall protein, each) and 40ul of beads suspension and AMO buffer were added to a
final volume of 500ul. For immunoprecipitation 5ug of anti-myc antibody (mouse
monoclonal IgG, Cell signalling) or 5ug of anti-ras antibody (control antibody, mouse
monoclonal IgG, Santa Cruz Biotechnology) were used. This mixture was rotated over night
at 4°C. The next day, beads were pelleted by centrifugation (2min, 500g, 4°C) and washed
four times as described with AM100 buffer (AMO buffer supplemented with 100mM KClI,
Roth). After centrifugation the beads were resuspended in 25ul AMO buffer.
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2.4.3  Western blot analysis

2.4.3.1 SDS-polyacrylamid gel electrophoresis (SDS-PAGE)

Proteins were separated by SDS-PAGE using the method described by Laemmli’’. After
adding 6xLaemmli sample buffer to the samples, they were boiled 5min at 98°C. For
electrophoresis the Mini-PROTEAN 3 electrophoresis system (Biorad) was used. Thickness
of the gels was 1.5mm. The concentration of acrylamid/bisacrylamid solution (Rotiphorese
Gel 30, 37.5:1, Roth) in the resolving gel depended on the protein to be analyzed.
Electrophoresis was done at 100V. As protein standards the Precision Plus Protein™

Kaleidoscope™ Standards (Biorad) were used.

The following solutions were used:

4xTris-HCI/SDS pH6.8 6xLaemmli sample buffer
(0.5M Tris, 0.4% SDS)
4xTris-HCI/SDS pH6.8 7ml
Tris (VWR) 6.0g Glycerol (Roth) 3ml
SDS ultra pure (Roth) 0.4g SDS ultra pure (Roth) 1.0g
H,O ad 100ml Bromphenol blue (Merck) 0.004%
pH 6.8 adjustet with HCl (VWR) DTT (Sigma) 0.9¢g
H,O ad 10ml
4xTris-HCI/SDS pHS8.8 Stacking gel

(1.5M Tris, 0.4% SDS)
Rotiphorese Gel 30 (Roth) 0.65ml

Tris (VWR) 18.2g 4xTris-HCI/SDS pH6.8 1.25ml
SDS ultra pure (Roth) 0.4g H,O 3.05ml
H,O ad 100ml TEMED (Sigma) Sul
pH 8.8 adjustet with HCI Ammonium peroxodisulphate 25ul

(Roth, 20% solution in H,0)
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10xElectrophoresis buffer Resolving gel (7%-15%)

Tris (VWR) 30.2¢g Rotiphorese Gel 30 (Roth) 3.50-7.50ml

Glycine (Roth) 144.0g 4xTris-HCI/SDS pHS.8 3.75ml

SDS ultra pure (Roth) 10.0g H,O 7.75-3.75ml

H,O ad 1000ml TEMED (Sigma) 10ul
Ammonium peroxodisulphate 30ul
(20% solution in H,O)

2.4.3.2  Immunological detection of proteins

For immunological detection the proteins separated by SDS-PAGE were electroblotted to a
Immun-Blot PVDF (polyvinylidene difluoride) Membrane (Biorad) with a pore size of 0.2um
or 0.45um depending on the molecular weight of the respective protein.

For blotting of calmodulin CaM transfer buffer was used. The resolving gel was equilibrated
in CaM transfer buffer for 10min before blotting. Calmodulin was transferred at 100mA for
35min. After blotting, the PVDF membrane was dried for 1h at 37°C and then it was wet with
methanol (Roth) and blocked with tris buffered saline (TBS) containing 3% milk powder
(Fluka) for 15min at room temperature. Incubation with anit-calmodulin antibody (mouse
monoclonal IgG, Upstate) as primary antibody was done over night at 4°C. The antibody
concentration was 1pug/ml and it was diluted in TBS containing 3% milk powder and 0.05%
sodium azide (Roth). After washing the membrane three times for 5min in TBS it was
incubated with anti-mouse IgG antibody conjugated with horseradish peroxidase (Amersham
biosciences) for 1h at room temperature. The secondary antibody was diluted 1:5000 in TBS
containing 3% milk powder. The membrane was washed as described above and the protein
was detected by enhanced chemiluminescence using the ECL™ Western Blotting Analysis
System (Amersham Biosciences). The Blot was exposed to a light sensitive film (Hyperfilm
ECL™, Amersham Biosciences).

For blotting of ICDI peptide ICDI transfer buffer was used and the peptides were transferred
at 200mA for 35min. An anti-flag antibody (mouse monoclonal IgG, Sigma) at a
concentration of 2.5ug/ml was used as primary antibody. Incubation was performed at room

temperature for 1h. The rest of the procedure was done as mentioned above.
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Blotting of GST and myc fusion proteins was performed with normal transfer buffer at
300mA for 1h. An anti-GST antibody (mouse monoclonal IgG, Novagen) and an anti-myc
antibody (mouse monoclonal IgG, Cell signaling), respectively, were used as primary
antibodies. Immunological detection was performed according to the manufacturer's

instructions.

Solutions used:

CaM transfer buffer transfer buffer

(CaCl, 2mM, methanol 35%) (methanol 20%)

Tris (VWR) 3.02¢g 10xElectrophoresis buffer 100ml

Glycine (Roth) 14.4¢g (see 2.4.3.1)

CaCl, (Merck) 0.29¢g Methanol (Roth) 200ml

Methanol (Roth) 350ml H,O ad 1000ml

H,O ad 1000ml

ICDI transfer buffer 10xTBS pHS

(methanol 35%) Tris (VWR) 12.1g
NaCl (Merck) 80.2¢g

10xElectrophoresis buffer 100ml H,O ad 1000ml

(see 2.4.3.1) pH 8.0 was adjusted with HCI

Methanol (Roth) 350ml

H,O ad 1000ml
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2.5 Electrophysiology

2.5.1  Performance

Unless otherwise noted, HEK293 cells were transiently transfected with expression vectors
encoding for Ca,1.4al or Ca,l.2bal, together with equimolar amounts of vectors encoding
for 32a or B3 and o251 as described (2.3.3).

Currents were measured at room temperature 2-4d after transfection using the whole-cell
patch-clamp technique. Data were acquired using an Axopatch 200B amplifier (Axon
Instruments) and Clampex 8.2 software (Axon Instruments). Data were analyzed using
Clampfit 8.2 (Axon Instruments) and Origin 6.1 (Originlab Corporation) software.

Patch pipettes were pulled from borosilicate glass capillaries with an outer diameter of 1.5mm
and an inner diameter of 1.17mm (Harvard Apparatus). The pipette resistance varied from 1.5
to 2.5MQ. Cell sizes ranged between 15 and 60pF and the access resistances were between
3.0 and 7.0MQ and were compensated up to 70%. Ic, and I, were measured from the same
cell.

Following solutions were used for current measurements:

Pipette solution Bath solution
(30mM BaCl,)
CsCl (Sigma) 112.0mM NaCl (Merck) 82.0mM
MgCl, (Merck) 3.0mM BacCl, (Sigma) 30.0mM
MgATP (Sigma) 3.0mM CsCl (Sigma) 5.4mM
EGTA (Sigma) 10.0mM MgCl, (Merck) 1.0mM
HEPES (Sigma) 5.0mM TEA (Sigma) 20.0mM
pH7.4 adjusted with CsOH (Aldrich) HEPES (Sigma) 5.0mM
Glucose (Merck) 10.0mM

pH 7.4 was adjusted with NaOH (Merck)
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For experiments with 10mM BaCl, or 10mM CaCl, in the bath solution the NaCl
concentration was increased to 102mM. Bath solutions were exchanged and drugs were
applied by a local solution exchanger and reached the cell membrane within less than 100ms.
Drugs applied were: racemic verapamil hydrochloride (Sigma), D-(+)-cis-diltiazem
hydrochloride (Sigma), L-(-)-cis-diltiazem hydrochloride (Biomol Research Laboratories
Inc.), racemic isradipine (Novartis) and S-(-)-Bay K8644 (Sigma).

Stock solutions of the drugs were prepared in H,O or ethanol (isradipine). For experiments

stock solutions were diluted in the required bath solution.

2.5.2  Protocols

I-V curves were measured by applying 150 or 350ms voltage pulses to potentials between —80
and 70mV in 10mV increments from a holding potential of —-80mV at 0.2Hz.

Steady state inactivation curves were measured from a holding potential of —80mV. A
conditioning prepuls varying between —100 and 50mV in 10mV or 20mV increments was
followed by a 20ms return to the holding potential and a 300ms test pulse to the maximum
activation voltage (Vmax). For Cay1.2bal the prepuls duration was 5s, for Ca,1.4al it was 5,
10, 20 or 30s to achieve a steady state. Pulse frequency was adapted to the prepuls duration

and varied between 0.1 and 0.025Hz.

The effects of agonists and antagonists on Ca,l.4al were tested by applying 40ms voltage
pulses to Vyax from a holding potential of —80mV or —50mV. Pulse frequency was 0.2Hz.

Drug effects were measured after steady state block was attained, 2-3min after application.

2.5.3  Data Analysis

All values are given as mean £ SEM, n is the number of experiments. An unpaired t test was
performed for the comparison of two groups. Significance was tested by ANOVA followed
by a Dunett test if multiple comparisons were made. Values of P<0.05 were considered
significant.

To obtain current densities, the maximum current amplitude at maximum activation voltage
(Vmax) Was normalized to the cell membrane capacitance (Cy,).

Activation threshold, determined from I-V curves, is defined as the potential at which 5% of
the maximum current were activated.

To determine the half maximum activation voltage (Vs at) I-V curves were measured and

the chord conductance (G) was calculated by dividing the peak current amplitude (Imax) by its
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driving force at the respective test potential. The driving force is determined as the difference
between the test potential (Vy,) and the reversal potential (V.ey), the potential at which the [-V
curve intersects with the x-axis. G = Iinax / (Vi - Viev). The chord conductance then was fitted
by the Boltzmann equation G = Gpax / (1 + exp(Vos, act — Vm) / Kact) , Where Gmax is the
maximum conductance, V,, is the test potential and k. 1s the slope factor of the activation
curve.

To determine the half maximum inactivation voltage (Vos, inact) Steady state inactivation
curves were measured. Tail currents at maximum activation voltage (Vmax) Were normalized
to the maximum current and plotted as a function of the preceeding membrane potential of the
conditioning pulse. Data points were fitted using the following Boltzmann function: I =1/ (1
+exp(Vin — Vo5, inact) / Kinact)-

The time course of Ca,1.2bal current activation was fitted by the monoexponential function:
Ii = Ao * exp(-t / 1) + C, where I; is the current at time t after a voltage pulse t0 Viax, Ao is the
steady state current amplitude with the respective time constant of activation t, and C is the
remaining steady state current.

Cayl.4al current activation was fitted by the biexponential function: Iy = At * exp(-t / T fast)
+ Aglow * exp(-t / T sow) T C, where T gow and T g represent slow and fast time constants of
activation, respectively. Agow and Ag are the amplitudes of the current components.

The time course of current inactivation was fitted by the biexponential function: Iy = Agyg *
exp(-t / Trast) + Astow * €Xp(-t / Tsiow) TC. Tsiow and T represent slow and fast time constants of
inactivation, respectively. Agow and Agg are the amplitudes of the current components. Agyg
(%) was calculated as Aggt / (Agast T Asiow) * 100. I, of Cay1.2bal, 1.2-ICDI1.4 and 1.2AC-
ICDI1.4 were fitted by the monoexponential function I; = Ay * exp(-t / t) + C, where Ay is the
steady state current amplitude with the respective time constant of inactivation t, and C the
remaining steady state current. For Ca,1.4a1, C1884Stop + ICDI, C1884Stop + CaM;234 and
I, of C1884Stop time course of inactivation was linear and therefore not fitted.

CDI was quantified by determining the f value. f'is defined as the difference 1300, Ba — 300, Cas
where 1309 is the normalized current remaining after 300ms depolarization to the respective

test potential (Vy,) in the presence of Ba*™ and Ca®", respectively?'®

. fcan vary between 0 (no
CDI) and 1 (complete CDI). It was determined for test potentials between -40mV and 40mV
in 10mV increments. For comparison of different channels the maximum f value was taken.

For generation of concentration-inhibition curves I gng / I controt Was determined, where I grg 1S
the steady state current amplitude at Vi, in the present and I congol in the absence of the

required substances (see 2.5.1). The drugs were tested at 4-5 different concentrations. Data
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points were fitted to the Hill equation. 1/ [1 + (ICso / ¢)]™, ¢ is the drug concentration, ny is

the Hill coefficient and ICs is the drug concentration needed for half maximum block of

Icontrol .
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3 RESULTS

3.1 Functional characterization of Ca,1.40.1

The Cayl.4al subunit was cloned from murine retinal cDNA. For these purposes specific
primer pairs based on the previously published sequence of this channel® were designed (see
appendix 6.3) and RT-PCR with retinal cDNA from mouse strain C57B16 was performed. The
full-length ¢cDNA of Ca,1.4a1 was determined to be 6111 bp with an open reading frame
encoding a protein of 1984 amino acid residues (sequence see appendix 6.1, GenBank
accession number: AJ579852). In the context of this work detailed electrophysiological
experiments were performed to characterize Cayl1.4 channels biophysically and

pharmacologically.

3.1.1  Electrophysiological properties of wild type Cavl.4xl
HEK 293 cells were transfected with Cay1.401 without any auxiliary subunits or the empty
pIRES2-EGFP expression vector for measurement of endogenous HEK cell currents as

control. In both cases only endogenous HEK cell currents® were observed.
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Figure 3-1 HEK 293 cells were transfected with empty pIRES2-EGFP expression vector or
Ca,l.40l. Currents were measured in bath solution containing 30mM Ba®". There was no
difference between endogenous current and Ca,l.4al current. A, top) Pulse protocol: 150ms
voltage pulses were applied from a holding potential of —-80mV to potentials between —80 and
70mV in 10mV increments. A, bottom) Whole cell current recorded from a representative cell. B)
I-V relationship for cells transfected with Ca,1.4al (o, n = 12) and pIRES2-EGFP (e, n = 7).
Current densities at Vi, were —1.2 + 0.2pA/pF for Ca,1.4al and —1.3 = 0.3 pA/pF for pIRES2-
EGFP.
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There was no difference either in current densitiy or in the I-V relationship (Figure 3-1)
suggesting that Ca,1.4al is not able to form functional LTCCs alone. Perhaps other calcium
channel subunits are needed for formation of functional LTCCs. Indeed, when coexpressed
with 28 and either p2a or B3 subunits Ba®" currents completely different from endogenous
backround currents were evoked by depolarizations (Figure 3-2). The I-V relationship was
shifted 20mV to more positive potentials and current densities consistently exceeded those of
endogenous currents. Furthermore, no significant inactivation was seen during the 150ms

voltage step (Figure 3-2).

A

p2a + a2d

e ot Py o bossm gty
; A L e I S e T S W PAR YL P gl [
N A B A b A A b

0.2 nA

50 ms

Figure 3-2 HEK 293 cells were transfected with Ca,1.4al, 0281 and B3 or f2a subunit or with
Ca,1.40l alone. Currents were measured in bath solution containing 30mM Ba®". Same pulse
protocol was used as in Figure 1. A) Current amplitudes recorded with B2a subunits were bigger
than with B3 subunits at comparable cell capacity. B) The I-V relationship was shifted about 20mV
to more positive potentials for heterologously expressed currents compared with endogenous HEK
cell currents.V ., was —6.7 = 1.4 for Ca,1.4al alone (o, n=12), 11.0 = 1.8mV for 33 subunit (e, n
=10) and 13.8 = 0.9mV for p2a subunit (e, n = 30). Current densities were -1.2 = 0.2pA/pF for
endogenous currents (0, n = 12), -4.4 £ 0.8pA/pF for B3 subunit (e, n = 10) and 9.5 + 1.1pA/pF
for B2a (e, n = 30). See also table 3-1.
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Two different B subunits for heterologous expression of Ca,1.4 were tested, the f2a and the
B3 subunit. The properties of the currents obtained from both experiments were very similar
(Table 3-1). As the only difference the current density recorded with the P2a subunit

coexpressed was two times the current density recorded with the B3 subunit (Figure 3-2).

Based on these findings, the 32a subunit was used for heterologous expression of Ca,1.4 and
Ca, 1.2 calcium channels for all further experiments. To describe the biophysical properties of
Ca,1.4 more exactly it was compared with Ca,1.2b, the smooth muscle isoform of LTCCs,
which is well characterized. Ba>" currents of Ca,1.4 apparently activated faster than Ba®"
currents of Ca,1.2 (Figure 3-3A, Table 3-1). Consistent with the properties of an LTCC,
Ca,1.4 activated at relatively positive membrane potentials. In experiments performed with 30
mM Ba>" as the charge carrier, the mean -V relationships of Ca,1.4 and Ca,1.2 were almost
identical (Figure 3-3B, Table 3-1). Only the inactivation kinetics of Ca,1.4 were completely
different from those of Ca,1.2. During a 150ms voltage pulse applied (Figure 3-3A) no
inactivation could be observed at all. For comparison of voltage dependent activation and
inactivation (VDI), activation and steady state inactivation curves of Ba®’ currents were
determined. Activation curves were almost identical for Ca,1.2 and Cay1.4. In contrast, at a
conditioning pulse duration of 5s (2.5.2) the steady state inactivation curve of Ca,1.4 was
shifted to approximately 20mV more positive membrane potentials compared to Cavl.2
(Figure 3-3C). At Vx it took more than 30s for complete inactivation of Ca, 1.4 Ba’" currents

(Figure 3-4).
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Figure 3-3 Ca,1.4 induces L-type Ba>" currents in HEK293 cells. For all experiments Ca,1.40.1 or
Ca,1.2bal were coexpressed with 0281 and P2a. Currents were measured in bath solution
containing 30 mM Ba®" as the charge carrier. Pulse protocol as given in Figure 1. Biophysical
parameters are given in table 3-1. A) Whole-cell current recorded from representative cells
expressing either Ca, 1.4 (left) or Ca,1.2 (right). B) I-V relationship for Ca,1.4 channels (o, n = 30)
and Ca,1.2 channels (o, n =9). Individual I-V curves were normalized to the respective maximum
current amplitude and then averaged. C) Conductance-voltage relationships for Ca,1.4 (e, n = 28)
and Ca,1.2 (o, n = 9) and steady state inactivation curves for Ca,1.4 (M, n = 9) and Ca,1.2 ({J,
n = 9) were determined. Individual curves were normalized to maximum current amplitude and
then averaged. Solid lines: datafit to the Boltzmann equation.
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Figure 3-4 Representative Ba®" current of a
cell expressing heterologous Cavl.4
channels. More than 30s depolarization to
Vomax are needed for full inactivation. Pulse
protocol see above.
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Because of the extreme slow inactivation time course of Ca,1.4 Ba* currents, the duration of
the conditioning pulse for measurement of VDI was modified. It was set 5, 10, 20 and 30s.
The inactivation curves were shifted to more hyperpolarized voltages and the slope of the
inactivation curve decreased with increasing prepuls duration (Figure 3-5). There was no
significant difference between the inactivation curves left for 20 and 30s prepuls duration,

indicating the achievement of a steady state after a 20s conditioning pulse.

Figure 3-5 Dependence of voltage

A dependent inactivation of Ca,1.4 on prepuls

duration. Bath solution containing 30mM

50mvV Ba*" was used for measurements. A) Pulse

10mV protocol for measurement of inactivation

curves. From a holding potential of —-80mV

a conditioning prepulse of variable length to

potentials between —100 and 50mV was

applied. After a 20ms return to the holding

potential the cells were clamped to 10mV

B (Vimax) for 300ms. B) Parameters obtained
from inactivation curves:

-80mV

-100mvV

Ss prepulse: Vo5.inact = 0.64 £ 2.6mV,
Kinaet = 17.5 £ 0.8mV,
n=_9;

10s prepulse: Vi sinaee =-20.1 £ 1.6mV,
Kinaet = 14.5 £ 1.0mV,
n==_§;

20s prepulse:  Vgsinaet =-21.4 £2.1mV,

Kinaee = 10.1 £ 1.0mV,
n=7,

max

Il

30s prepulse: Vi sinaet = -25.7 £ 1.9mV,
Kinaet = 8.1mV £ 0.6,
n==6.

In vivo, the permeating ion of LTCCs is Ca®", not Ba*". Ca®" plays a major key role in their
inactivation. This is of great importance for the normal physiological function of LTCCs. Ca*"
characteristically accelerates the time course of current inactivation. Surprisingly, current
traces of Ca,l.4 with 10mM Ba*" and 10mM Ca®’, respectively, show identical kinetics.
Thus, unlike in Ca,1.2 channels, Ca®" does not accelerate inactivation in Ca,1.4 channels®'.
Only current density was reduced by 30.1 + 0.03% (n = 9) in comparison to the Ba®" current
and the I-V relationship was shifted approximately 10mV to more positive membrane

potentials without affecting the slope of activation and inactivation curves (Figure 3-6).
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Figure 3-6 HEK 293 cells were transfected with Ca,1.4al, f2a and a2d subunits. Currents were
recorded with either 10mM Ca*" (Ica) or Ba®" (Iga) as charge carrier. From a holding potential of
—80mV a test pulse to 10mV was applied for 150ms at 0.2 Hz. I¢, and Iz, were measured from the
same cell. A) Current traces from a representative cell. No inactivation was observed in both
cases. B) Normalized I-V relationship for I¢, (0, n=9) and I, (e, n = 16). Data see table 3-1.

Table 3-1 Biophysical properties of Iz, and I¢, from heterologously expressed Ca,1.4 and

Ca,1.2 channels

Subunits Charge v v Activation v K
d 0 0.5,act max 0.5,inact inact
coefxpresse carrier (mV) Kyt (mV) (mV) threshold (mV) (mV)
with 0261 (mM) (mYV)
Ca,1.2bal + B2a 30 Ba*" -0.1£1.2 5.6 £04%* 13.3+£1.7 -234+19 243 £ 1.5% 6.8 +0.7*
n=9 n=9 n=9 n=9 n=9 n=9
Ca,1.4al + pB2a 30 Ba*" 1.12+ 1.0 7.92+0.22 13.8+0.9 -28.0+1.2 0.64+2.6 17.5+0.8
n=28 n=28 n=30 n=30 n=9 n=9
30 Ba™
Ca,1.4al + pB2a 1 -7.8£7.2% 4.66 £ 0.8* -4 £ 4% -32.7+1.8
M =5 =5 =5 =5 n.d. n.d.
BayK 8644 n
Ca,1.4al + pB2a 10 Ba* -12.0 £ 0.8* 6.32 £0.1* -0.9+£0.7* -37.8 £ 1.1%* -27.1 £2.6* 15.1+£0.8
n=16 n=16 n=16 n=16 n=8 n=8
Ca,l.4al + B2a 10 Ca** -1.1+1.8 8.1+04" 1.1+1.1% 297410 -154+17"  17.0+15
n=9 n=9 n=9 n=9 n=8 n=8
Ca,l.4al + B3 30 Ba>" 0.74+2.5 104+1.0  11.0+1.8  -37.2+2.4* nd nd
n=10 n=10 (n=10) n=10 h e

n.d.: not determined. Statistical differences for Vs act, Kact, Vimax» activation threshold, Vo s inact and Kipact

are given in comparison to Ca,1.4a1 and B2 with 30mM Ba®" (*, P<0.05) or 10mM Ba*" (*, P<0.05) as
the charge carrier.
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3.1.2  Pharmacological properties of wild type Ca,l.4al

To study the pharmacological profile of heterologous expressed Ca,1.4 channels the blocking
effect of different calcium channel antagonists was tested. The dihydropyridine (DHP)
isradipine blocked Ig, at a holding potential of —80mV with a I1Csy of 200 £ 50nM (n = 5-9,
Figure 3-7). At a holding potential of -80mV 100nM isradipine blocked 41.9 + 0.03% (n = 7)
of Ig,. Changing the holding potential to -50mV significantly increased the block to 88.3 +
0.01% (n = 9) of Ig,, indicating a strong voltage-dependence of the observed block (Figure 3-
7). Cay1.4 was only weakly sensitive to verapamil. At a holding potential of -80mV 100uM
verapamil blocked 69.1 £+ 0.13% (n = 5) of Ig,. Also the two enantiomers of Diltiazem were
tested under identical conditions. Surprisingly, their concentration-response relationships
were not significantly different from each other (Figure 3-7). L-cis-diltiazem blocked Ip, with
an ICsp of 74.8 £ 8.3uM (n = 4-6), and D-cis-diltiazem blocked Iz, with an ICsy of 91.6 +
9.4uM (n = 4-6). Normally, for typical LTCCs the affinity of L-cis-diltiazem is several orders
of magnitude lower than that of D-cis-diltiazem®*. Finally, a DHP receptor agonist, S-(-)-Bay
K8644, was tested on Cay1.4 channels. At a concentration of 1 uM it increased the current
density of Ig, approximately sixfold. As in other LTCCs, BayK 8644 shifted the -V
relationship approximately 8-10mV to more hyperpolarized potentials (Figure 3-7, table 3-1).

A B

1.0 1
0.8
0.6

04-
0.2

I Drug/I Control

0.0

4 -3 2 -1 0 1 2
log ¢, (M)

Figure 3-7 Sensitivity of Ca,1.4 channels for LTCC blockers and S-(-)-Bay K8644. For all
experiments Ca,l.4al was coexpressed with 281 and P2a. Currents were measured in bath
solution containing 30mM Ba®" as the charge carrier. A) Concentration-response curves for
inhibition of Ca,1.4 by D-cis-diltiazem (V, n = 5-6), L-cis-diltiazem (¥, n = 5-6), and isradipine
(e, n = 5-9). Pronounced voltage dependence of isradipine block was observed when the holding
potential was changed from —80mV to -50mV (o, n = 9). B) I-V relationship for Ca,1.4 in the
absence (e, n = 30) and presence of 1uM S-(-)-Bay K8644 (o; n=15).
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3.2 The lack of calcium dependent inactivation (CDI)

A typical LTCC showing CDI is Ca,1.2b, the smooth muscle isoform. In the presence of Ba**
as charge carrier inactivation is relatively slow and solely affected by membrane potential
(VDI). When Ca®" is the permeating ion Ca,1.2 inactivates much faster as a result of CDI
(Figure 3-8A). This effect is quantified by calculating the f value, which is the difference of
normalized Ig, and Ic, remaining after 300ms depolarization. Characteristically, the f value
shows a U-shaped dependence on the membrane potential®’. Our experiments reveal a
maximum f value (fmax) of about 0.3 for Ca,1.2 and this U-shaped dependence of f (Figure
3-8B). For Ca,1.4 the normalized current traces for Iz, and Ic, are congruent, there is no
difference in terms of kinetics (Figure 3-8C). fimax 1s not significantly different from zero over

the whole voltage range (Figure 3-8D).
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Figure 3-8 Ca,1.4 channels completely
lack CDI. All current traces were measured
at Vi, = 10mV from a holding potential of
—80mV and normalized to maximum
current amplitude. Pulse duration was
300ms. Kinetic parameters for wild type

channels are given in table 3-2. A,C)
Representative traces of Ig, (black) and Ic,
(red) for Ca,1.2 (A) and Ca,1.4 (O),

04 oerecse®coo respectively. B,D) Voltage dependence of f

LAV fyre - for Ca,1.2 (B) and Ca,1.4 (D). fux is the
5 05] 1. =0014-0.02 maximum f value, n is the number of cells.
(n=11)
1.0+— : -
-40 0 40
100ms V,(mV)

3.2.1 Calmodulin binding of Ca,1.4al

An explanation why Ca,1.4 is lacking CDI could be that it cannot bind calmodulin. The
alignment of Ca,l.4al and Ca,1.2bal shows that the region coding for the whole calcium
sensing apparatus is principally conserved. However, there are some amino acid exchanges in
the Pre-IQ region that could affect the affinity of calmodulin (Figure 1-5). To test for this
option GST pull-down assays were performed with GST fusion proteins containing the whole
C-terminus or the proximal or the distal part of the C-terminus of Ca,1.4al and Ca,1.2bal,
respectively. Calmodulin binding was observed to the full length C-terminus of Ca,1.2bal

(CT1.2) and of Cayl.4al (CT1.4) in the presence, but not in the absence of calcium
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(Figure 3-9B). For control of expression and molecular weight, 25pmol of each GST fusion

protein were blotted and detected with an anti-GST antibody (Figure 3-9C).

Calmodulin is known to bind to the proximal part of the C-terminus of Ca,1.2ba

17,21-28
'~ D

uc

to this fact it was tested if it binds to the corresponding region in Ca,l1.4al. CT1.2-1667Stop

and CT1.4-1610Stop displayed calmodulin binding in a calcium dependent manner (Figure 3-

9D, lanes 1-4). No binding of calmodulin was observed to the distal part of the C-termini of
Ca,1.2 (CT1.2 1667-2166) and Ca,1.4 (CT1.4 1610-1984) (Figure 3-9D, lanes 5-8).

Expression of the fusion proteins was again tested by western blot (Figure 3-9E).
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Figure 3-9 Calmodulin binding of Ca,1.4a1. Each experiment was repeated at least three times. A)
Scheme of Ca,l1.4al (left) and Ca,1.2bal cytosolic C-termini (right). B) GST pull-down with the
full length C-termini (CT1.2, 105kDa and CT1.4, 95kDa) and calmodulin in the presence (+) and in
the absence (-) of Ca®*. Ca*" dependent binding of calmodulin (17kDa) was observed for Ca,1.4a.1
and Ca,1.2bal. 1pg calmodulin was blotted as control (last lane). For detection an anti-calmodulin
antibody was used. C) Western blot for control of expression of the GST fusion proteins
comprising the whole C-terminus. For detection an anti-GST antibody was used. 25pmol of each
protein were blotted. D) Same GST pull-down assay was performed as in 9B, using fusion proteins
containing fragments corresponding to the proximal (CT1.2-1667Stop, S51kDa and CT1.4-
1610Stop, 51kDa) and the distal parts (CT1.2 1667-2166, 85kDa and CT1.4 1610-1984, 73kDa) of
the C-termini of Ca,1.2bal and Ca,l1.4al, respectively. As a negative control GST was used. E)
Control of expression of the fusion proteins by Western blot. Performance see panel C.
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3.2.2  Identification of an inhibitory channel domain

Considering these results the lack of CDI cannot be caused by the inability of calmodulin to
bind to the channel. These findings rather suggest that Ca,1.4 harbors an inhibitory domain
that is able to mask CDI and this domain should reside downstream of the IQ motif in the
distal C-terminus. To check these assumptions several mutant Ca,l.4ol subunits were
constructed with the distal C-terminus truncated at different positions (2.1.1.1, Figure 3-10A).
In every mutant the whole Ca®" sensing machinery was left functional. Mutant C1884Stop
showed fast inactivation in the presence of Ca*" in electrophysiological experiments. CDI was
fully recovered with an f;,x of about 0.3 like in Ca,1.2 channels and the typically U-shaped
voltage dependence of f. (Figure 3-10B, C, F, table 3-2). Also mutants R1610Stop,
Y1668Stop and R1796Stop showed CDI to the same extent as Ca,1.2 channels (Figure 3-
10F,table 3-2). The kinetic parameters for all these truncation mutants showing CDI were in
the same range as for Ca, 1.2 wild type channels.

The next step was the coexpression of the C1884Stop mutant with a negative dominant
calmodulin mutant (CaM;,34) that can bind to the C-terminus but is deficient for Ca*" binding
and thus cannot mediate CDI*®, In these experiments no CDI was observed (Figure 3-10D, F,
table 3-2). Furthermore, C1884Stop was coexpressed with the peptide corresponding to amino
acids 1885-1984 of Cayl.4al (inhibitor of CDI, ICDI). Again no CDI was present at all
(Figure 3-10E, F, table 3-2). For the AC mutant in which the ICDI domain was directly
attached to the 1Q motif no CDI was seen either (Figure 3-10F, table 3-2). To narrow down
the sequence important to prevent CDI two other mutants were constructed. Q1930Stop
showed full CDI like the other truncation mutants whereas Q1953Stop behaved like wild type
Ca,1.4 (Figure 3-10F, table 3-2).
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Figure 3-10 An inhibitory domain prevents CDI in Ca,1.4 channels. Currents were measured as
mentioned in Figure 8. Kinetic parameters for all constructs are given in table 3-2. A) Schematic
representation of constructed Ca,l.40l mutants. Deletions are marked by dotted lines. B)
Representative traces of Ig, (black) and I¢, (red) for mutant C1884Stop. C) Voltage dependence of f
for C1884Stop. fiax 1S the maximum f value, n is the number of cells. D,E) Representative current
traces for C1884Stop coexpressed with CaM 34 and ICDI, respectively. No CDI was observed in
both cases. F) fi..x values for wild type channels, mutant channels and coexpression experiments.
Number of cells is indicated at the right side.

3.2.3  Interaction of ICDI and Ca,l.4cl

The next question was how ICDI interacts with Cayl.4al. To clarify this issue
coimmunoprecipitations were performed. To this end different C-terminal fragments of
Ca,1.4a1 were fused with a N-terminal myc tag and the ICDI domain was equipped with a N-
terminal triple flag tag (Figure 3-11A). ICDI bound to the proximal C-terminus of Ca,1.4c.1
(CT1.4-1610Stop, Figure 3-11B, lane 4, upper panel) as supposed. Binding was no longer
observed when the EF-hand was deleted in the proximal C-terminus (AEF, 3-Figure 11B, lane
5, upper panel). No binding was observed either between ICDI and peptide C or peptide A
(Figure 3-11C, lane 4 and 5, lower panel). Expression of all fusion proteins was again tested

by western blot (Figure 3-11C).
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Figure 3-11 Interaction of ICDI domain and
the C-terminus of Ca,1.4al. A) Schematic
representation of the C-terminus of
Ca,l.4al starting after the IVS6 segment.
The amino acid numbers are the borders of
peptide A, peptide C and ICDI.

B) Upper panel: Coimmunoprecipitation of
HEK 293 cells coexpressing flag tagged
ICDI and CT1.4-1610Stop or AEF. For
control of expression of ICDI pure lysates of
transfected and untransfected cells were
blotted (lane 1-3). Precipitation was done
with anti-myc antibody (lane 4 and 5) and
with anti-ras antibody as a control (lane 6
and 7). Also untransfected cells were probed
(lane 8).

Lower panel: Coimmunoprecipitation of
HEK 293 cells coexpressing flag tagged
ICDI and peptide C or peptide A. Conditions
as mentioned in the upper panel. 3-11C)
Expression of myc tagged constructs in
HEK 293 cells (CT1.4-1610Stop: 20kDa,
AEF: 16kDa, peptide A: 16kDa, peptide C:
31kDa). B-Actin is shown as loading

control

These findings were corroborated by a series of GST pull-down assays performed with GST

fusion proteins comprising the same parts of the C-terminus of Ca,1.4al as the proteins for

the coimmunoprecipitations. As the only difference the ICDI peptide was provided with a

single flag tag. The results were the same as for the coimmunoprecipitations. ICDI binds to

the proximal C-terminus of Cay1.4a1, but not to the proximal C-terminus lacking the EF-hand

motif. Binding to peptide A was not observed either (Figure 3-12A). Expression of the fusion

proteins was confirmed by western blot (Figure 3-12B).
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Figure 3-12 Interaction between ICDI domain and the C-terminus of Ca,1.4al. A) GST pull-down
with a fusion protein containing the proximal C-terminus of Ca,1.4al (CT1.4.1610Stop, lane 1),
the same protein lacking the EF motif (AEF, lane 2) and a fusion protein containing peptide A (A,
lane 3). As a negative control GST was used (GST, lane 4). The GST fusion proteins and GST
were incubated with bacterial lysates containing flag tagged ICDI. In the last lane pure bacterial
lysate containing ICDI was blotted. Binding was only observed to CT1.4-1610Stop. B) Expression
of GST fusion proteins in bacteria. 25pmol were blotted (AEF: 47kDa, A: 46kDa). Expression of
CT1.4-1610Stop see Figure 8E.

3.2.4  Abolishing CDI in Ca,1.2 channels

To figure out whether the C-terminus of Cay1.4al can abolish CDI in Ca,1.2 channels, the
whole C-terminus or parts of the C-terminus of Ca,l.2bal were replaced with the
corresponding parts of Ca,l.4al. A series of chimeric al subunits was constructed (Figure 3-
13A). Replacement of the whole cytosolic C-terminus of Ca,1.2bal with the C-terminus of
Cayl.4al (1.2-CT1.4) completely blocked CDI. Kinetics of Iz, and Ic, were not significantly
different from each other and in the same range as for I, of Ca,1.2 wild type channels (Figure
3-13F, table 3-2). But no effect was seen when only the ICDI domain of Ca,l.4al was
introduced in Ca,1.2bal, replacing the last 149 amino acids (1.2-ICDI1.4). CDI was observed
to the same extent as in Ca,l.2 wild type channels with a f.x of about 0.3 and kinetic
parameters not different from wild type channels (Figure 3-13F, table 3-2). As expected, CDI
was completely blocked when the whole sequence downstream the IQ motif of Ca,1.2bal
was exchanged with the corresponding sequence of Ca,l.4al (1.2-C+ICDI1.4). Normalized
traces for Ig, and Ic, were completely congruent and kinetic parameters were again in the
same range as for Ca,1.2 (Figure 3-13B, table 3-2). The f value was not significantly different
from zero over the whole voltage range with an fy,,x of 0.04 £ 0.03 (Figure 3-13C, F).
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Figure 3-13 Abolishing CDI in chimeric Ca,1.4/Ca,1.2 channels. Currents were measured as
mentioned in Figure 8. Kinetic parameters for all channels are given in table 3-2. A) Schematic
representation of the C-terminus of Ca,l.4al (black) and Ca,1.2bal (red) and the constructed
chimeras. B) Representative traces of Ig, (black) and I, (red) for chimera 1.2-C+ICDI1.4. C)
Voltage dependence of f for 1.2-C+ICDI1.4. f,.x is the maximum f value, n is the number of cells.
No CDI was observed. D) Traces of I, and I, for 1.2AC-ICDI1.4. There is no difference to Ca,1.2
wild type channels E) Traces of Iy, and Ic, for 1.2-A+ICDI1.4. CDI is completely blocked in this
chimera. F) f,..x values for the chimeric channels shown in A. Number of cells is indicated at the
right side. Data for wild type channels see Figure 10.

Surprisingly, unlike in Ca,1.4 channels the ICDI domain of Ca,1.40.1 was not able to block
CDI in Cay1.2 channels when directly attached to the IQ motif of Ca,1.2bal (1.2AC-
ICDI1.4). There was no difference to Ca,1.2 wild type channels in both the f value and the
kinetic parameters (Figure 3-13 D, F, table 3-2). To abolish CDI it was necessary to introduce
at least peptide A and the ICDI domain of Ca,l.4al into the Ca,1.2bal subunit (1.2-
A+ICDI1.4). For this chimera there was again no difference in Iz, and I¢, traces and kinetic
parameters were in the range of those observed for I¢, of wild type Ca,1.2 channels. The fux

value was not significantly different from zero (Figure 3-13E, F, table 3-2). However, in the
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absence of ICDI peptide A alone was not able to block CDI in Ca,1.2 channels (1.2-A1.4).
All parameters for this chimera were in the same range as for Ca,1.2 wild type channels
(Figure 3-13F, table 3-2). Unlike in Cay1.4 channels ICDI alone is not sufficient to block
ICDI, it needs assistance of peptide A.

Table 3-2 Parameters for inactivation kinetics and fn.x values of wild type and mutant

channels
a subunit charge carrier
coexpressed with ?mM) Trast (MS) Tsiow (MS) Asast (%) n Frnax n
B2 and 0251
10 Ca** n.i. 10
Ca,1.4 o4 0.01 £0.02 11
10 Ba n.i. 10
10 Ca?* 426 +53 239.1+28.4 61.3+5.1 16
Cay1.2b - 0.32 + 0.05** 11
10 Ba 238.4 +16.4 12
10 ca®* 33.1+59 168.7 £ 20.8 60.7 £ 6.1 13
C1884Stop o4 0.30 + 0.03** 14
10 Ba n.i. 13
10 Ca** n.i. 8
C1884Stop+CaM,3, o4 0.03 +£0.02 8
10 Ba n.i. 8
10 Ca?* n.i. 5
C1884Stop+ICDI - 0.03+0.03 5
10 Ba n.i. 5
10 ca®* 20.5+3.5 100.7 £ 16.1 735+ 6.3 4
1.2-CT1.4 o4 0.04 £ 0.02 8
10 Ba 26.9+26 121.6 £ 12.1* 63.1+6.7 4
10 ca®* 40.1+5.6 164.9 £ 28.5 57.5+9.8 5
1.2-C+ICDI1.4 o4 0.04 £ 0.03 8
10 Ba 43.4+1.8 180.8 £ 20.1 51.0+84 4
10 Ca?* 395+59 1451 +11.0 62.5+4.3 6
1.2-ICDI1.4 - 0.38 + 0.06** 8
10 Ba 182.8 £ 26.9 6
10 ca®* 49.2+4.2 216.8 £23.3 50.0+54 7
1.2AC-ICDI1.4 o4 0.34 + 0.07** 8
10 Ba 239.5+31.0 7
10 ca®* 299+1.8 128.6 £25.0 58.7+12.7 5
1.2-A+ICDI1.4 o4 0.04 £ 0.01 8
10 Ba 253139 159.2 £ 35.2 47.3+11.2 5

Inactivation parameters t;, T, and Aggy (%) for o -subunits are indicated. Time course of inactivation
of Ig, of Ca,1.2, 1.2-ICDI1.4 and 1.2AC-ICDI1.4 was fitted by a monoexponential function. For all
other channels it was fitted with a biexponential function. n.i.: no inactivation as gauged by 1390 > 0.95.
r300 is the fraction of current remaining after 300ms depolarization. Statistical significance of kinetic
parameters for Ig, or Ic, is given in comparison to those of I, of Ca,1.2. Statistical significance of fiax
is given in comparison to Ca,1.4 wild type. Data are given as means = SEM. Statistical differences
were calculated by one-way ANOVA followed by Dunett test (p<0.05, ~ p<0.01).
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4 DISCUSSION

4.1 Functional characterization of Ca,1.40.1

The Cayl.4al LTCC subunit is not able to form functional calcium channels on its own. The
coexpression of [ and a2 subunits is required to generate LTCC currents. This finding
supports the notion that Ca,1.4 calcium channels are heteromeric multisubunit complexes. As
seen in our experiments Ca,1.4al can form LTCCs with different B subunits, but the current
amplitudes were consistently bigger when coexpressed with f2a subunit. One reason for this
observation may be that Ca,1.4a1 binds to the 2 subunit with higher affinity than to the 33
subunit. This assumption is supported by studies showing that elimination of the p3** and p4%*
subunit in the mouse retina does not affect vision, whereas deletion of the 2 subunit results
in a phenotype similar to CSNB2 in humans®. Thus, in vitro and in vivo studies suggest that

B2 is the native 3 subunit of Ca,1.4 channels.

4.1.1  Electrophysiological properties of Ca,l.4cl

4 2+
66566 Ba®* currents

The electrophysiological profile of Ca,1.4al is unique among all LTCCs
passing Ca,1.4 calcium channels activate with very fast kinetics, have a relatively low
activation threshold compared to Ca,1.2 channels and show an extreme slow inactivation time

course. VDI of Ca, 1.4, which is an intrinsic property of the channel core'*"

and only depends
on the membrane potential, is very slow. Up to 30s depolarization at V. are needed for full
inactivation of Ig,. Due to this properties a so-called conductance window exists where the
channel cycles between open and closed state without inactivating (Figure 4-1 and Figure
3-3 C). This conductance window is marked by the expanded overlapping region of activation

and steady state inactivation curves of Ca,1.4 channels (Figure 4-1, red). This feature enables

the channel to provide a steady state inward current.
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Figure 4-1 Conductance-voltage
relationships for Ca,1.4 (e, n = 28)
and Ca,1.2 (0, n = 9) and steady state
inactivation curves for Ca,1.4 (ll, n =
9) and Ca,1.2 (4, n = 9). Individual
curves were normalized to maximum
current amplitude and then averaged.
Solid lines: datafit to the Boltzmann
equation (See Figure 3-3C). Red:
conductance window for Ca,l.4al.
Yellow: overlapping area  for
Ca,1.2bal.

4.1.2  Pharmacological profile of Ca,l.4al

The pharmacological properties of Ca,1.4al are also different from the other LTCCs. Despite
the fact that 12 of 13 amino acids required for high DHP sensitivity in Ca,1.2bal are
conserved in the primary sequence of Ca,1.4al (Figure 1-4) the DHP sensitivity at —-80mV is
about 20-fold lower than for Ca,1.2ba1?’. The difference is a phenylalanine at position 1414
instead of a tyrosine at the corresponding position in Ca,l1.2bal. However, this small
difference cannot be responsible for the low sensitivity. Ca,1.3a1 also exhibits low DHP
sensitivity®™ but contains a tyrosine at the equivalent position, like Ca,1.2bal (Figure 1-4).
Indeed, there could be other amino acids not yet identified that are important for the apparent
affinity of DHPs, but it is very likely that the observed differences for Ca,1.4al in DHP
binding result from its unique biophysical properties. The DHP block is highly voltage
dependent™’’ because DHPs bind preferentially to the inactivated state of LTCCs. Due to the
fact that Cay 1.4 channels inactivate very slowly and show the mentioned conductance window
in contrast to Cay1.2 channels, the affinity of DHPs to Ca,1.4al is decreased. This finding is
corroborated by an experiment where the holding potential was shifted from —80mV to
—50mV, increasing the fraction of channels in the inactivated state. In this experiment the
DHP block was strongly increased. Also the low sensitivity of Cay1.4 currents to verapamil
and diltiazem could be induced by the very specific inactivation properties of Ca,1.4a1.
Another surprising finding is that the ICsy of L-cis-diltiazem is in the same range than the ICs
of D-cis-diltiazem. In other LTCCs the affinity for L-cis-diltiazem is at least 20-fold lower

13,62,71

than the affinity for D-cis-diltiazem . The binding site for diltiazem in Ca,1.2bal is

overlapping with the binding site for DHPs’%. Except for the tyrosine phenylalanine exchange
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mentioned above the corresponding amino acids are completely conserved in Ca,l.4al.
Hence, the different performance of Ca,1.2b and Ca,1.4 channels can not be explained at the
moment. So far L-cis-diltiazem was thought to be a specific blocker for cyclic-nucleotide-

gated (CNG) channels in rod and cone photoreceptors’*

. This channels are required to
depolarize photoreceptors in response to an increase of cGMP. In experiments micromolar
concentrationsof L-cis-diltiazem have been used to block this channels. In the light of our
new findings extreme care is has to be taken to distinguish the effects of the blocker on CNG

channels from those on retinal Ca,1.4 channels.

4.2 Proposed mechanism for block of CDI in Ca,1.4 channels

Surprisingly, inactivation of Ca,1.4 channels is not accelerated in the presence of Ca’" as
charge carrier compared to Ba®" currents. Most HVA calcium channels have such a self-
regulatory feedback mechanism to limit Ca®" influx into the cell. Ca,1.2b as a typical
representative of LTCCs is strongly regulated by Ca”". After passing the pore Ca®" binds to
calmodulin which is prebound to the cytosolic C-terminus of the channel. Thus it causes a
very fast decay of I¢, within milliseconds (CDI)'®*.

The current view on CDI is that this process is conferred by the proximal C-terminus of the
channel. In this study we extend this view to a domain residing in the proximal C-terminus of
Ca,1.4. The Ca®" sensing apparatus of Ca,l.2 resides in the poximal C-terminus of the
channel'"*'?®. Tt consists of a sequence stretch (Pre-1Q and 1Q motif) that binds calmodulin,
the primary Ca®" sensor and an EF hand motif. The EF hand is the transducing element
between the Ca®” sensing machinery and the inactivation gate of the channel. Although these
sequences are highly conserved in Cay,l.4al (Figure 6-1, alignment) and the whole HVA
calcium channel family'’°, Ca,1.4 channels show no CDI (see alignment, Figure 6-1). The
findings of this study exclude the loss of the Ca*" sensor calmodulin as explanation for this
behaviour. Despite the fact that binding of calmodulin to the C-terminus was only observed in
the presence of Ca*" in GST pull-down experiments, CaM;j,34, which corresponds to
apocalmodulin, can bind to the C1884Stop mutant (Figure 3-10). Due to this fact
apocalmodulin must be prebound to the channel like in Ca,1.2

The data rather indicate that CDI is likely to be masked by an autoinhibitory channel domain.
The ICDI domain (inhibitor of calcium dependent inactivation, L.1885-L1984) was revealed
as this channel domain and a stretch of 23 amino acids (Q1930-A1952) that is of outstanding

importance for the block of CDI was identified within this domain in electrophysiological
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experiments. Furthermore, it is shown that the ICDI domain interacts with the EF hand motif
of the proximal C-terminus of LTCCs and coexpression experiments show (Figure 10E) that
it acts as an independent protein unit that is sufficient for block of CDI in Ca,1.4 channels.
Considering primary structure analysis predicting an a-helical structure for the ICDI domain
(predicted by PhD analysis”, confidence level >82%) and the fact that the EF hand motif

contains helices'’, this two structures may form a paired helix complex with each other.

According to an established model, inactivation of HVA calcium channels is conferred by the
so-called pore occluder (PO), which is formed by the cytoplasmatic I-II loop. This PO is a

blocking particle that closes the pore'*

. When the channel is in the resting state the PO is
tonically inhibited by the EF-hand®®. Changes in the membrane potential induce a slow
conformational change and thus the inhibition of the PO by the EF hand is relieved. The PO
now closes the pore with its intrinsic kinetics (VDI) (Figure 4-2A, top).

When Ca®" passes the channel pore, it binds to apocalmodulin which is prebound to the
proximal C-terminus. Subsequently, Ca®-calmodulin moves to its effector site and thereby
induces a conformational change in the whole Ca®" sensing apparatus. This results in a
productive interaction between the EF hand and the PO that accelerates the movement of the
PO (CDI) (Figure 4-2A, bottom)*~°. This model is valid for wild type Ca,1.2 channels and
truncated Ca,1.4 chanels lacking the ICDI domain.

This study now extends the model to channels lacking CDI, like the retinal Ca,1.4 LTCC and
the Ca,1.2ba.l mutant carrying the distal C-terminus of Ca,1.4al (1.2-A+ICDI1.4; Figure 4-
2B). In this channels the ICDI domain is permanently bound to the EF hand motif, which is a
general downstream transduction element of CDI. Thus, the EF hand is uncoupled from the
Ca®" sensing machinery and there is no tonic inhibition of the PO and no acceleration of the
PO movement in the presence of Ca®". CDI is abolished by the ICDI domain. Consequently,
inactivation occurs strictly voltage dependent with kinetics intrinsic to the PO or rather the
channel core. These intrinsic kinetics are very slow for Ca,1.4 and fast for Ca,1.2 channels.
Theoretically, a mutant channel truncated immediately after the [VS6 transmembrane segment
should show the intrinsic kinetic parameters of the channel core. We constructed such a
mutant from Cayl.4a1, G1458Stop. For an unknown reason no current could be measured

from this channel.
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Ca,1.2/ Ca,1.4-AICDI

Figure 4-2 Model for CDI and VDI. A,
top) In Ca,1.2 wild type and Ca,l1.4
lacking ICDI voltage induces a slow
conformational change that relieves tonic
inhibition of the I[-Il loop (“pore
occluder”, grey ball) by the EF motif and
induces closure of the pore (VDI). A,
bottom) Ca’ binds to CaM and triggers
an interaction of the EF hand with the
pore occluder that speeds up channel
closure, thus promoting fast CDI. B) In
Ca,1.4 and Ca,1.2 carrying the distal C-
terminus of Ca,1.4 ICDI binds to the EF
motif. Hence, the pore occluder is
uncoupled from the EF hand and
inactivation occurs in a voltage-
dependent fashion with kinetics that are
intrinsic to the respective channel core.
The molecular target of peptide A
remains to be determined.

This proposed mechanism is supported by the properties of a deletion mutant of Ca,l1.2
lacking the EF hand motif*, which corresponds to our 1.2-A+ICDI1.4 chimera where the EF
hand motif is disabled. This channel also shows no CDI and its inactivation time constants are
nearly identical to the parameters of 1.2-A+ICDI1.4. Unfortunately, from the corresponding
mutant of Ca,l1.4al lacking the EF hand motif, Ca,l1.4AEF, no measurable current was
achieved. The molecular details of the interaction of peptide A in the Ca,1.2 backbone are not
known at the moment. We know that peptide A is not necessary to block CDI in Ca,l1.4
channels. By contrast, in Ca,1.2 channels it is required but not sufficient to block CDI. Due to

this findings it may support the inhibitory action of the ICDI domain via an indirect and
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independent pathway. Since peptide A is not needed in Ca,1.4 channels to abolish CDI, its
contribution seems to be of minor importance. Attempts to narrow down the border of peptide

A further more failed. It seems that the whole sequence is needed for blocking CDI.

4.3 Physiological function of Ca,1.4 calcium channels
Our data show that the unique properties of retinal LTCC currents are caused by expression of
Ca,1.4 calcium channels. They are tailored to fulfill the tasks required in ribbon synapses of

36,40,76

the retina. Ca®* and Ba®" currents obtained from native rod photoreceptor and bipolar

39,77

cells show nearly the same properties as currents obtained from heterologously expressed

Cay1.4 channels in HEK 293 cells (Figure 1-6). The only difference is that currents measured

36,39,40,76,78 oy : 1
- This difference may

in native cells activate at 10-15mV more negative potentials
be explained by different environmental conditions and posttranslational modifications in
native cells and HEK 293 cells. For the physiological function of the retina a tonic
neurotransmitter release in the dark at the ribbon synapses of rod photoreceptor cells is
essential. This glutamate release is triggered by a sustained Ca®" inward current (Figure 4-3).
Due to the very slow inactivation time course of Ca,1.4 calcium currents, the conductance

window and the lack of CDI, this channel is well suited to provide a sustained Ca>" inward

current into this cells over the required voltage range™.

.
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Figure 4-3 Schematic representation of a rod photoreceptor cell (left) and a bipolar cell (right). At
the ribbon synapses of these cells a sustained Ca®" influx mediates tonic neurotransmitter release
(middle). Ca,1.4 calcium channel currents, with its very slow time course of inactivation, are
perfectly qualified to guarantee this sustained Ca*" influx.
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The properties of the heterologously expressed murine Ca,1.4 calcium channel are consistent
with the properties of its human counterpart®. In humans different mutations in the gene
coding for Ca,l1.4al (CACNAIF) have been described. Several of the mutations lead to
frame shifts or truncations within the channel core. Such massive exchanges almost surely
will lead to the loss of function of the channel. The respective patients show the symptoms of
CSNB2. Also an established mouse model with a loss of function mutation in the CACNAT1F
gene shows the same symptoms*. Interestingly, a few mutations in the human CACNAIF
gene have been identified (K1591X and R1816X, corresponding to murine K1605X and
R1834X)35’43 that do not affect the channel core. These mutations lead to truncations in the
distal part of the C-terminus. The complete Ca>" sensing apparatus will probably stay intact
and only the ICDI domain is removed from the channel, according to our data. Even more
interesting is the mutation 5665delC** that leads to a frame shift starting with residue 1888
(corresponding to murine S1895) and a premature stop after 43 unrelated amino acids. In this
truncation mutant the Cav1.4 terminates immediately 10 aminoacids after the beginn of ICDI.
All three truncations nearly correspond to truncation mutants presented in this study (Figure
6-2, alignment) and they also lead to CSNB2. How can this be explained? Maybe these
mutations lead to aberrant folding of the proteins and thus to a complete loss of function. We
cannot abandon this option completely. Our study provides an alternative model to explain
this phenomenon. Considering our data these mutant channels will display CDI in contrast to
wild type Ca,1.4 channels. The mechansim of CDI is recovered and the sustained Ca*" influx,
which is essential for tonic neurotransmitter release at the ribbon synapses in the retina, is not
existent anymore because the mutant channels inactivate. Retinal neurotransmission is

impaired and, thus, we can explain the phenotype of these mutations.
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5 SUMMARY

This study provides novel insights to the function and regulation of Ca,1.4 LTCCs.

In the first part of the sudy the basic biophysical and pharmacological properties of Ca,1.4
have been characterized. To this end Cay1.4 was cloned from murine retinal cDNA. The full-
length cDNA comprises 6111bp and contains an open reading frame encoding for a protein of
1984 amino acids. Ca,1.4 was functionally expressed in HEK 293 cells. Like in the case of
other LTCCs the coexpression of a2d and [ subunits was necessary to get measurable

4
currents 665,66

. The electrophysiological properties of Ca,l.4al found in patch clamp
experiments distinguish these channels from other LTCCs. Activation kinetics were very fast,
the activation threshold was relatively low and the time course of inactivation was extremely
slow. Also the pharmacological properties were different from those of classical LTCCs.
Ca,1.4 channels show a much lower sensitivity for LTCC blockers compared to Ca,1.2b
channels.

The most important findings of this study are the novel insights on the regulation of CDI.
Surprisingly, no CDI was observed in Cavl.4 LTCCs in electrophysiological experiments.
CDI is a negative feedback mechanism by which Ca*" limits its own influx into the cell. This
feedback inhibition is essential for many cell types to prevent excessive and potentially toxic
Ca”" levels and is widespread among HVA calcium channels. The sequences conferring
CDI'™ are conserved throughout the whole HVA calcium channel family and also in
Ca,1.4al raising the question of how this channel manages to switch off CDI. We identified
an autoinhibitory domain in the distal C- terminus of Cay1.4 that serves to abolish CDI. This
domain (ICDI, inhibitor of CDI) uncouples the molecular machinery conferring CDI from the
inactivation gate by binding to the EF hand motif in the proximal C-terminus. Deletion of
ICDI completely restores Ca>"-calmodulin mediated CDI in Ca,1.4. CDI can be switched off
again in the truncated Ca,1.4 channel by coexpression of ICDI indicating that it works as an
autonomous unit. Furthermore, replacement of the distal C-terminus in the Ca,1.2b LTCC by
the corresponding sequence of Ca,l1.4 is sufficient to block CDI. This finding suggests that

autoinhibition of CDI can be principally introduced into other Ca®* channel types.
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The novel mechanism described is also of great physiological impact. In vivo, Cayl1.4 is
expressed in photoreceptors and bipolar cells of the retina. In these cells the lack of CDI is of
great physiological importance since it is required to generate a sustained Ca®" influx and,
hence, to mediate tonic glutamate release from synaptic terminals®®’°. Mutations in the gene
coding for the Cay1.4a1 subunit in humans are linked to a disease called congenital stationary
nightblindness type 2 (CSNB2). Some of these mutations lead to truncated channels nearly
identical to channel mutants analyzed in this study that show CDI. Thus, the phenotype of

these mutations can be explained by the recovery of CDI.
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APPENDIX

Sequence of Ca,1.4a.1 cloned from mouse retinal cDNA

ATGTCGGAATCTGAAGTCGGGAAAGATACAACCCCAGAGCCCAGTCCAGCCAATGGGACT

M S E S

E vV G K D

T

T

P

E P S

P A N G

T

GGCCCTGGCCCTGAATGGGGGCTCTGTCCTGGGCCTCCAACTGTGGGGACTGATACCAGC

G P G P E

W

G L

C

P

G

P

p T Vv G T

D

T

S

GGGGCGTCAGGCCTGGGGACCCCAAGAAGAAGGACCCAGCACAACAAACACAAGACTGTG
R R R

G A S G L

G

T P

T

Q H N K H

K T V

GCGGTGGCCAGTGCTCAGAGATCACCTCGAGCGCTCTTCTGCCTCACCCTTACTAATCCC
R A L

A V A S

A QO R S

P

F C L T L

T

N

P

ATTCGTCGGTCCTGCATCAGCATTGTAGAGTGGAAGCCTTTTGATATTCTCATCCTCCTG
v E W K

I R R S C

I

S I

P F D I L

I

L

L

IS1

ACAATCTTTGCCAACTGCGTGGCATTGGGGGTATATATCCCCTTCCCTGAGGACGACTCC
T I F A N C V A L

G V Y

I P F P E

D

D

S

ACACTGCTAACCACAACTTGGAACAGGTAGAATACGTGTTCCTGGTGATTTTCACCGTG
N T A N H N L E

Q V E

Yy v F L V I

F T V

1S2

GAGACAGTGCTCAAGATCGTAGCCTATGGGCTGGTGCTCCATCCCAGCGCCTATATTCGC
v A Y G L v L H P S A

E T Vv L K

I

Y

I

R

AATGGCTGGAACCTGCTCGACTTCATCATCGTCGTGGTCGGGCTGTTCAGCGTGCTGCTG
v v v GG L F S

N G W N L

L

D F

I

I

4

L

L

IS3

GAACAAGGACCTGGGCGGCCAGGAGATGCCCCGCATACTGGAGGAAAGCCAGGAGGCTTC

E Q0 G P G

R

P G

D

A

P

H

T G G K P

G

G

F

GATGTAAAGGCACTGCGGGCATTTAGGGTGCTACGACCTCTAAGGCTAGTGTCTGGGGTC

b v K AL R A F R V L R P

L R L V

S

G

%

IS4

CCGAGTCTGCACATAGTGCTCAATTCCATCATGAAGGCGCTTGTGCCGCTGCTGCACATT
M K A L V P L

P S L H I

\Y

L N

S

I

L

H

I

GCCCTGTTGGTGCTCTTCGTCATTATCATTTACGCCATCATCGGACTCGAGCTATTCCTC

A L L VvV L

F

v I

I

I

Y

A

I I G L E

L

F

ISS

L

GGACGAATGCACAAGACATGCTACTTCCTGGGATCTGATATGGAAGCAGAGGAGGACCCA

G R M H K

T

c Y

F

L

G

S

D M E A E

E

D

P
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58

841
281

901
301

961
321

1021
341

1081
361

1141
381

1201
401

1261
421

1321
441

1381
461

1441
481

1501
501

1561
521

1621
541

1681
561

1741
581

TCACCTTGTGCATCTTCTGGCTCTGGGCGTTCATGCACACTGAACCATACCGAGTGCCGC
s p C A S S G S 6 R &S C T L N H T E C R

GGGCGCTGGCCAGGACCCAACGGTGGCATCACGAACTTCGACAATTTTTTCTTTGCCATG
G R W P G P N G G I TN F DN F F F A M

CTAACTGTGTTCCAGTGTATTACCATGGAAGGCTGGACAGACGTCCTCTACTGGATGCAG
r T v F Q C I T ME G W T D V L Y W M Q

ATGCCATGGGGTATGAGCTGCCTTGGGTGTACTTTGTGAGCCTTGTCATCTTTGGGTCC
b A M GY E L P W VY F V s L Vv I F G S

IS6
TTCTTTGTCCTCAACCTTGTGCTTGGAGTCCTAAGCGGGGAGTTCTCCAAGGAAAGAGAA
F F VL N L V L G V L 5 G E F S K E R E

AAGGCAAAAGCACGAGGTGACTTTCAGAAGCTTCGGGAGAAGCAGCAGATGGAAGAAGAC
K A K A R G D F O K L R E K QO O M E E D

CTTCGGGGCTACCTGGACTGGATCACACAGGCTGAGGAGTTAGACCTTCATGACCCCTCA
L R 6 ¥ L. bw I T A E E L D L H D P S

GTAGACGGCAACTTGGCTTCTCTTGCTGAAGAGGGACGGGCGGGCCATCGGCCACAACTG
v D G N L A S L A E E G R A G H R P 0O L

TCAGAGCTGACCAATAGGAGGCGCGGACGGCTGCGATGGTTCAGCCACTCTACTCGCTCC
s E L T N R R R G R L R W F S H S T R S

ACACACTCCACCAGCAGCCACGCCAGCCTCCCAGCCAGTGACACTGGCTCCATGACAGAC
T H s T s s H A s L p A S D T G S M T D

ACCCCTGGAGATGAGGATGAAGAAGAGGGGACCATGGCTAGCTGTACACGCTGCCTAAAC
T p G D EDEEE G T MA S C T R C L N

AAGATTATGAAAACAAGGATCTGCCGCCACTTCCGCCGAGCCAACCGGGGTCTCCGTGCA
K I M K T R I ¢C R H F R R A N R G L R A

CGCTGCCGCCGGGCCGTCAAGTCCAACGCCTGCTACTGGGCTGTACTGTTGCTCGTCTTC
R ¢ R R A V K S N A CY W AV L L L V F

11S1
CTCAACACGTTGACCATAGCTTCAGAGCACCATGGGCAGCCTTTGTGGCTCACCCAGACC
rLr ~n T L T I A S E H H G © P L W L T Q T

CAAGAGTATGCCAACAAAGTTCTGCTCTGCCTCTTCACTGTGGAGATGCTCCTCAAACTG
Q E Y A N K V L L ¢C L F T V E M L L K L

11S2
TACGGCCTGGGCCCCTCTGTCTACGTTGCCTCCTTTTTCAACCGCTTTGACTGCTTCGTG
Yy 6 L 6P S VY V A S F F N R F D C F V

11S3
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1801
601

1861
621

1921
641

1981
661

2041
681

2101
701

2161
721

2221
741

2281
761

2341
781

2401
801

2461
821

2521
841

2581
861

2641
881

2701
901

GTCTGTGGGGGCATCCTAGAAACCACTTTGGTGGAGGTGGGGGCCATGCAGCCTCTTGGC
v ¢ ¢ ¢ I L E T T L VvV E V G A M Q P L G

ATCTCAGTGCTCCGATGTGTACGTCTCCTCAGGATCTTCAAGGTCACCAGGCACTGGGCA
I s v . R C V R L L R I F K V T R H W A

1154
TCCCTGAGCAATCTGGTGGCATCTTTGCTCAATTCCATGAAGTCCATCGCCTCCTTGCTG
s LS N L V A S L L N S MK S I A S L L

CTTCTCCTCTTTCTCTTCATCATCATCTTCTCCCTGCTTGGCATGCAGCTGTTTGGGGGC
! .. L. ¥ L ¥ T T I ¥ S L L G M QQ L F G G

IISS
AAGTTCAACTTTGACCAGACCCACACCAAGAGGAGCACCTTTGATACCTTCCCCCAAGCC
K F N F D o T HTI K RS T FDTF P Q A

CTCCTCACTGTCTTTCAGATCCTGACTGGTGAGGATTGGAACGTTGTCATGTATGATGGT
r ... T Vv F ¢ I L T G E D W N V V M Y D G

ATCATGGCCTACGGTGGGCCCTTCTTCCCAGGGATGCTGGTGTGTGTTTATTTCATCATC
I M A Y G G P F F P GM L VvV C V Y F I I

11S6
CTCTTCATCTGTGGCAACTACATCCTGCTGAACGTGTTTCTTGCCATTGCCGTGGATAAC
L ¥ I ¢C G N Y I L L N V F L A I A V D N

CTAGCCAGCGGGGATGCAGGCACTGCCAAAGACAAGGGCAGAGAGAAGAGCAGTGAAGGA
L A s G bA GG T A KD K G U RE K S S E G

AACCCTCCAAAGGAGAACAAAGTATTGGTGCCTGGTGGAGAGAATGAGGACGCAAAGGGT
N P P K E N K V L V P 6 G E N E D A K G

GCAAGAAGTGAAGGAGCAGCACCAGGCATGGAGGAGGAGGAGGAGGAGGAAGAAGAAGAA
AR S E G A A P GM E E E E E E E E E E

GAGGAGGAGGAGGAAGAGGAAAATGGTGCAGGACATGTGGAACTCTTGCAGGAAGTAGTA
E E E E E E E N G A G H V E L L Q E V V

CCCAAGGAGAAGGTGGTACCCATCCCTGAAGGCAGTGCCTTCTTCTGCCTTAGCCAAACC
pP XK £E K vv P I P E G S A F F C L S Q T

AACCCGCTTCGGAAGGCCTGCCACACACTCATACATCACCATATCTTCACCAGTCTCATC
N P L R K A C H T L I H H H I F T S L I

11181
CTAGTGTTCATCATCCTCAGTAGTGTGTCCCTGGCTGCTGAGGACCCCATCCGAGCTCAC
L v F I I L $ S V S L A A E D P I R A H

TCCTTCCGAAACCATATTCTGGGATATTTTGATTATGCCTTCACCTCCATATTCACTGTG
Ss F R N H I L. G Y F D Y A F T S I F T V

I1IS2
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60

2761
921

2821
941

2881
961

2941
981

3001
1001

3061
1021

3121
1041

3181
1061

3241
1081

3301
1101

3361
1121

3421
1141

3481
1161

3541
1181

3601
1201

3661
1221

GAGATTCTACTCAAGATGACAGTGTTTGGGGCCTTCCTGCACCGAGGCTCTTTCTGCCGT
E I . L. x M T Vv F G A F L H R G S F C R

AGCTGGTTCAATCTGTTGGATCTCCTTGTGGTCAGTGTGTCCCTCATCTCCTTCGGCATC
S W * N L L D L L VvV V S Vv S L I S F G I

1S3
CACTCCAGTGCCATCTCAGTTGTGAAGATTCTCCGAGTCCTCCGAGTCCTGCGGCCTCTC
H S s A I s VvV Vv K I L RV L RV L R P L

111S4
CGAGCCATCAACAGAGCCAAGGGACTCAAGCATGTGGTGCAGTGTGTGTTCGTGGCCATC
R A I N R A K G L K H V V Q C V F V A I

CGGACCATCGGAAACATCATGATTGTCACCACCCTCTTGCAGTTCATGTTCGCCTGCATT
R TI1I G N I M I V T T L L O F M F A C I

1SS
GGTGTTCAGCTGTTCAAGGGAAAATTCTACAGTTGCACTGATGAGGCCAAACACACCCTG
G VvV Q L F K G K F Y s C T D E A K H T L

AAAGAATGCAAGGGCTCCTTCCTCATCTACCCTGATGGAGATGTGTCACGACCTTTGGTC
K £ ¢ K 6 s F L I ¥ P D G D V S R P L V

CGGGAGCGGCTCTGGGTCAACAGTGATTTTAACTTTGACAACGTCCTTTCAGCCATGATG
R ER 9T W VN S DPF N F DN V L S A MM

GCCCTGTTCACTGTCTCTACCTTTGAAGGCTGGCCTGCGCTACTATACAAGGCCATAGAT
A L *F T V S T F E G W P A L L Y K A I D

GCAAACGCAGAAGATGAGGGCCCTATCTACAATTACCATGTGGAGATATCAGTATTCTTC
A N A E D E G P I ¥ N Y HV E I S V F F

I1IS6
ATTGTCTACATCATCATCATCGCCTTCTTCATGATGAACATCTTTGTGGGCTTTGTTATC
r vy I I I I A F F M M N I F V G F V I

ATCACATTCCGTGCCCAGGGAGAGCAGGAGTACCAAAACTGTGAACTGGACAAGAACCAG
I T F R A Q G E Q E Y O N C E L D K N Q

CGCCAGTGTGTGGAATATGCCCTCAAAGCTCAGCCACTCCGCCGATACATCCCTAAGAAT
R o ¢ v E Y A L K A QQ P L R R Y I P K N

CCTCATCAGTACCGCGTGTGGGCCACTGTGAACTCTGCTGCCTTTGAGTACCTCATGTTT
P H 0 Yy R V. W AT V N S A A F E Y L M F

IVS1
CTGCTCATCCTGCTCAACACGGTGGCCCTAGCCATGCAGCACTATGAACAGACTGCTCCC
L L I L L N TV ALAMGOQUHYE QT AP

TTTAACTATGCCATGGACATCCTCAACATGGTCTTCACTGGCCTCTTCACCATTGAGATG
F N Y A ™M D I L N M V F T GG L F T I E M

IVS2



APPENDIX

61

3721
1241

3781
1261

3841
1281

3901
1301

3961
1321

4021
1341

4081
1361

4141
1381

4201
1401

4261
1421

4321
1441

4381
1461

4441
1481

4501
1501

4561
1521

4621
1541

GTGCTCAAAATCATCGCCTTTAAACCCAAGCATTACTTTGCAGATGCCTGGAATACGTTT
v L KX I I A F K P K H Y F A D A W N T F

IVS3
GATGCTCTCATTGTAGTGGGCAGTGTAGTCGACATCGCCGTCACAGAAGTCAATAACGGA
b A L I VvV GG S Vv v D I A V T E V N N G

GGCCATCTTGGCGAGAGTTCAGAGGACAGCTCCCGCATATCTATCACGTTCTTTCGCCTC
G H L 6 E S S E D S S R I s I T F F R L

IVS4
TTCCGAGTCATGAGGCTGGTCAAGCTTCTGAGTAAGGGTGAGGGGATCCGCACACTGCTC
F R VM R L VvV K L L s K GG E G I R T L L

TGGACATTCATCAAGTCTTTCCAGGCCTTGCCCTATGTGGCACTTCTCATAGCAATGATA
w T F I K S F 0 A L P Y V A L L I A M I

IVSS
TTCTTCATCTATGCAGTCATTGGCATGCAGATGTTTGGCAAGGTGGCTCTTCAGGACGGC
F F I ¥ A V I G M O M F G K V A L Q D G

ACGCAGATAAATCGAAACAACAATTTCCAGACCTTTCCGCAGGCTGTGCTGCTTCTGTTC
T 0 I N R N NN F O T F P O A V L L L F

AGGTGTGCCACTGGTGAGGCCTGGCAAGAGATAATGCTAGCCAGCCTTCCAGGAAATCGA
R ¢ A T GG E AW QO E I ML A S L P G N R

TGTGACCCTGAGTCTGACTTTGGCCCAGGCGAGGAATTTACCTGTGGTAGCAGTTTTGCC
c b p E S D F G P G E E F T C G S S F A

ATCGTCTACTTCATCAGCTTCTTTATGCTCTGTGCCTTCCTGATTATAAATCTCTTTGTG
Ir v y r I S F F M L C A F L I I N L F V

IVS6
GCTGTAATCATGGATAACTTTGATTACCTAACCAGAGATTGGTCTATCCTGGGACCCCAC
A Vv I M DN F DY L T R D W S I L G P H

CACCTTGATGAATTCAAGAGGATCTGGTCTGAATATGACCCCGGAGCCAAGGGCCGCATC
H L D EF KR I W S E Y D P G A K G R I

AAGCACTTGGATGTGGTTGCCCTGCTGAGACGCATCCAGCCCCCATTGGGATTTGGAAAG
K H L b v Vv A L L R R I O P P L G F G K

CTATGCCCACACCGAGTGGCCTGCAAGAGACTCGTGGCAATGAATGTGCCCCTCAACTCA
L ¢ p H RV A CI KU RL VA MNV P L N S

GATGGAACAGTGACATTCAACGCTACACTCTTTGCCCTGGTGCGGACATCCCTGAAGATC
b 6 T v T F N A T L F A L V R T S L K I

AAGACAGAAGGGAACCTGGATCAAGCCAACCAGGAGCTTCGGATGGTCATCAAAAAGATC
K T £E 6 N L D Qg A N O E L R M V I K K I
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62

4681
1561

4741
1581

4801
1601

4861
1621

4921
1641

4981
1661

5041
1681

5101
1701

5161
1721

5221
1741

5281
1761

5341
1781

5401
1801

5461
1821

5521
1841

5581
1861

TGGAAGCGGATAAAGCAGAAATTGTTGGATGAGGTCATCCCTCCTCCCGATGAGGAGGAG
w K R I K ¢ K L L D E Vv I P P P D E E E

GTCACTGTGGGAAAATTCTATGCCACATTCCTGATCCAAGATTATTTCCGAAAATTCCGG
v T v 6 K F ¥y A T F L I 9 D Y F R K F R

AGAAGGAAAGAAAAGGGGCTACTAGGAAGAGAGGCCCCAACAAGCACATCCTCTGCCCTC
R R K E K 6 L LG R E A P T S T S S A L

CAGGCTGGTCTAAGGAGCCTGCAGGACTTGGGTCCTGAGATCCGTCAAGCCCTCACCTAT
A G L R S L © DL G P E I R Q A L T Y

GACACTGAGGAAGAAGAGGAAGAGGAAGAGGCAGTGGGTCAGGAGGCTGAGGAAGAGGAA
b T £ E E E E E E E A V G Q E A E E E E

GCTGAGAACAACCCAGAACCATACAAAGACTCCATAGACTCCCAGCCCCAATCTCGATGG
A E NN P E P Y K D S I D S O P O S R W

AACTCTAGGATTTCGGTGTCTCTACCTGTTAAGGAGAAACTTCCAGATTCTCTCTCAACT
N S R I s v s L p V K E K L P D S L S T

GGGCCGAGTGATGATGATGGGCTGGCTCCCAACTCCAGGCAGCCCAGTGTGATACAGGCT
G p s D DD GUL A P N S R Q P s V I Q A

GGCTCCCAACCACACAGGAGAAGCTCTGGGGTTTTCATGTTCACTATCCCGGAAGAAGGA
G s ¢ P H R RS S GV F M F T I P E E G

AGTATTCAGCTCAAGGGAACTCAAGGGCAGGACAATCAGAATGAGGAACAGGAAGTCCCT
s I 9 L K 6 T 9 G Q D N QO N E E O E V P

GACTGGACTCCTGACCTGGATGAGCAGGCCGGGACTCCTTCGAACCCAGTCCTTTTACCA
b w T p D L D E Q A G T P S N P V L L P

CCTCACTGGTCCCAGCAACACGTAAACGGGCACCATGTGCCACGCCGACGTTTGCTGCCC
P H W s ¢ 0 H v N G H H V P R R R L L P

CCCACGCCTGCAGGTCGGAAGCCCTCCTTCACCATCCAGTGTCTGCAACGCCAGGGCAGT
p T P A G R K P S F T I O C L O R O G S

TGTGAAGATTTACCTATCCCAGGCACCTACCATCGTGGACGGACCTCAGGACCAAGCAGG
c £ b L P I P 6 T Y HUR G R T S G P S R

GCTCAGGGTTCCTGGGCAGCCCCTCCTCAGAAGGGTCGACTGCTATATGCCCCCCTGTTG
A Q G S W A A P P Q K G R L L Y A P L L

TTGGTGGAGGAATCTACAGTGGGTGAAGGATACCTTGGCAAACTTGGCGGCCCACTGCGT
L v E E s T v 6 E 6 ¥ L 6 K L GG G P L R
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5641 ACCTTCACCTGTCTGCAAGTGCCTGGAGCTCATCCGAATCCCAGCCACCGCAAGAGGGGC
1881 T * T C L Q V P G A H P N P S H R K R G

5701 AGTGCTGACAGTTTGGTGGAGGCTGTGCTCATCTCCGAAGGCCTAGGTCTCTTTGCCCAA
1901 s A D S L V E A V L I s E G L G L F A Q

5761 GACCCACGATTTGTGGCCCTGGCCAAGCAGGAGATTGCAGATGCATGTCACCTGACCCTG
1927, p P R F V A L A K Q E I A D A C H L T L

5821 GATGAGATGGACAGTGCTGCCAGTGACCTGCTGGCACAGAGAACCACCTCCCTTTACAGT
1941 p E M D S A A S D L L A Q R T T S L Y S

5881 GATGAGGAGTCTATTCTTTCCCGCTTTGATGAAGAGGACCTGGGAGATGAGATGGCCTGT
191 D E E S I L S R F D E E D L G D E M A C

5941 GTCCATGCCCTCTAA
1981 v H A L ~*

Bars below the lines indicate the transmembrane segments of the Cavl.4al subunit.
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6.2 Alignment
. EF , , Pre-IQ
| ] 1 |
Cavl.2 [DNFDYLTRDWSILGPHHLDEFKRIWAEYDPEAKGRIKHLDVVILLRRIQPPLGFGKICPH 1561
Cavl.4 [DNFDYLTRDWSILGPHHLDEFKRIWSEYDHGAKGRIKHLDVVALIRRIQPPLGFGKICPH 1504
Cavl.2 [RVACKRLUPMNMPLNSDGIVMENATLFALVRTAIRTKTEGNIFOANEELRAT IRKIWKRT 1621
Cavl.4 [RVACKRLVAMNVPLNSDGTYIENATLFALVRTYLKIKTEGNLDOANGELRMIKK IWKR 1564
| 1Q i A
Cavl.2 LOdVPPAJDDEVTVGKEYATFLIQEY FRKEKKRKHJGIMGHPS .[ORNANITLOAGI] 1680
Cavl.4 LDEVI PHHOEREVIVGKEYATFLIQDY FRKHRRRKEKGLLGREAHTSTSYALOAGI] 1624
A *
Cavl.2 ADIGPEIRFAISGDUIAEEHIT JAASHDDIFRRAGGLEGNRVSYJSD 1740
Cavl.4 [RSIOHOGPEIROALTATHAEEEHHEAMAOHAEEHEAE. .. ... ... .. INNPEPYH.|DS 1672
*
Cavl.2 JAFPQIFTIORPLHTSKAGNNOGDTHIPSHEKIMDIIFTPYSYSSTGSNANINNANNIAL 1800
Cavl.4 [OSQPQIRWNSH...JIgvs........ LHVKEKLPDST]TGPS.[DDDGLARNSROPSYIAA 1720
i
Cavl.2 [GRUARPAQYHITVITIMEGHGSPLSPAVRAQEAAWRLSIRHCHYE4OTAMACORdASdD] 1860
Cavl.4 [JSOPHRRYSGEMETIHEEGT. ...« cvvvevn.n TOLKJTQGODN.- - . . . . IdNEECEVP 1760
Cavl.2 NYOVRIJEDAECCSEPSLISTEMLSYQDDENRQIAPPEEEKRDIRLSPKKGFIRIASIIG 1920
Cavl.4 D DEHJAGTHINEILLPEAWS . JJORVINGHEVH. . . ... ... ... RRRILPHTPA 1806
*
EE.2 FHIECLKROKNQGGD]] THLVHBOAT AVAGLSPLLORSHYATSI[HHP 1980
Cavl.4 Idcridrd. - . . . . .@CEDLPIHGTYHRG. . . . . . . . ... [Hr9GesRAddSWAA 1848
i A |cpl
I 1
Cavl.2 [PATPESHGWHAQHIHTIRIEGADSIEKIINSIFPYIHCGSWSGENSPCRGDSSARRRARPY 2040
Cavl.4 JGRULYAPLITMEESTVGEGYLIGKLGGHLRTHTI . « ¢ v v v v veeeercvrrnnnnns 1884
*
Cavl.2 [VEsdAGAYAROFEGSAYSLVEAVLT SEGLGJFAQDPKE IEVTTORLADACDLT ] 2100
Cavl.4 |LOVPGAHPNHYHRKRGSADSLVEAVLISEGLGLFAQDHRHVATAKQEIADAGHLITDEM 1943
A *
Cavl.2 DITYGGARQSPNGTLLPFVNRRDPGRDRAGONEQDAYGACAPGCGY. JFEATAOR 2159
Cavl.4 [OpASOEA. ..................... TTSLVUEE. .. . SILSHFDEARADY 1977
%*

Cavl.2 kil 2166
Cavl.4 CVHAT] 1984

Figure 6-1 Alignment of the C-termini of Ca,1.2bal and Ca,1.4al starting at the end of the IVS6
segment. Bars on top of the lines indicate the borders of the EF hand motif, the Pre-1Q and the 1Q
segment, peptide A and the ICDI domain. Red asterisks indicate the amino acids mutatet to stop
codons in truncation mutants of Ca,l.4cl. Arrowheads indicate stop mutantions observed in
humans CSNB2****_ The arrowhead at S1895 idicates a frame shift leading to a premature stop
after 43 unrelated amino acids
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6.3 Primers

Table 6-1 Primers used for cloning of Ca,1.4al

Localization of

Primer Length of
Sequence (5'to 3") Amplicon
Pair Amplicon (bp)
(AF192497)
17 cggaattcgecgecaccATGTCGGAATCTGAAGTCGGGAA  nt 49-2138 2105
18 GGTATCAAAGGTGCTCCTCTTGGT
19 CCATGAAGTCCATCGCCTCCTTG nt 2003-4056 2054
20 TGCCACATAGGGCAAGGCCTGGAA
21 GTTCAGAGGACACGTCCCGCATA nt 3911-6006 2106
22 gggtctcgag I TAGAGGGCATGGACACAG

Coding sequences are represented in uppercase letters, 5'- and 3'-untranslated sequences are

shown in lowercase letters.
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