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1. Introduction

Calcium (Ca®") is a ubiquitous intracellular signaling molecule and serves as a second
messenger of electrical signaling (Clapham, 1995; Ghosh et al., 1995). As a major source
of Ca®" influx, voltage-activated Ca®" channels (VACCs) fulfill critical roles in Ca®"
signaling and are responsible for controlling numerous cellular processes. Especially L-
type calcium channels (LTCCs) regulate muscle contraction, hormone secretion, neuronal
excitability and gene expression (Berridge ef al., 2000; Catterall, 2000b; Clapham, 1995;
Dai et al., 2009). For instance, one member of the LTCCs family, the Cay1.2 calcium
channel, is widely expressed and is of functional importance for cardiomyocytes (CMs),
smooth muscle and neurons (Catterall, 2000a). Deletion of the Cayl.2 gene results in
cellular disorders; thereby induces a number of diseases. For example, heart specific
deletion of the Cayl.2 channel is embryonically lethal (Seisenberger et al., 2000) and
smooth muscle specific deletion of the Cayl.2 gene leads to intestinal dysfunction
(Wegener et al., 2004), defects in blood pressure regulation (Moosmang et al., 2003),
even death (Wegener ef al., 2006).

1.1. Voltage-activated calcium channels

Voltage-activated calcium channels can be divided into two subclasses based on their
electrophysiological and pharmacological properties: low-voltage-activated (LVA) and
high-voltage activated (HVA) channels (see Table 1). LVA channels need only a small
depolarization to be activated, whereas HVA channels require a relatively high step in
membrane voltage to open (Hagiwara et al., 1975; Lacinova, 2005; Llinas et al., 1981).
LVA calcium channels were also called T-type calcium channels (T for transient and
tiny), because of the small amplitude of single channel conductance, short opening time,
fast decay and their activity at more negative membrane potentials; HVA calcium
channels contained two subgroups: named L-type calcium channels and neuronal P/Q- N-
and R-type channels. L-type calcium channels (L for large and long-lasting), due to their
large-single channel conductance amplitude, long opening time, slow kinetics of current
decay and their activity at more positive membrane potentials (Lacinova, 2005). A

pharmacological hallmark of all L-type calcium channels are their specific inhibition by
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Ca®" antagonist drugs including dihydropyridines (DHPs), phenylalkylamines (PAAs)
and benzothiazepines (BTZs) (Reuter, 1983). The L-type calcium channels can be further
subdivided into 4 subtypes that have been designated as Cayl.l (ays), Cayl.2 (ayc),
Cay1.3 (ap) and Cayl1.4 (or). Cayl.1 is mainly expressed in skeletal muscle (De Jongh
et al., 1991; Tanabe et al., 1987). Cayl.2 was detected in several tissues, namely in the
heart (Mikami et al., 1989; Striessnig, 1999; Welling et al., 1997), the smooth muscle
(Moosmang et al., 2003), the brain (Hell et al., 1993), the pancreas (Schulla et al., 2003)
and the adrenal gland (Marcantoni et al., 2007). Cay1.3 is mainly expressed in the brain,
besides it is also found in the heart, kidney, ovary, pancreas and the cochlea (Seino et al.,
1992). Cayl.4 is located in the retina (Strom et al., 1998), the lymphoid tissue and the
spinal cord neurons (McRory et al., 2004). The other HVA family contains the P/Q- N-
and R-type channels (also know as a4, o1g and o) (Dai ef al., 2009). These three types
of channels can be activated only by strong depolarization and are not inhibited by the
previously mentioned L-type calcium channel antagonists (Catterall, 2000b).

An overview of VACCs known to-date are given in Table 1 and will not be discussed in
detail here (Birnbaumer et al., 1994; Dolphin, 2012b; Ertel et al., 2000; Snutch et al.,
1990; Tsien et al., 1988).

Table 1: Family of VACCs

Ca”" current types Ca”" channels Gene names
Cayl.1 (ous) CACNAILS
Ltype Cay1.2 (ouc) CACNAIC
Cay1.3 (oup) CACNAID
HVA channels Cayl.4 (ayr) CACNAIF
P/Q-type Cay2.1 (01a) CACNAIA
Neuronal |N-type Cay2.2 (ouB) CACNAIB
R-type Cay2.3 (ayg) CACNAIE
Cay3.1 (o) CACNAIG
LVA channels T-type Cay3.2 (ap) CACNAIH
Cay3.3 (ouy) CACNAII




1.2. The composition of Cay1.2 channel

The Cay1.2 calcium channel, is a multisubunit complex composed of a pore-forming a;
subunit and auxiliary 8, 020 and in some cases y subunits, e.g., in nerve and skeletal
muscle cells (Catterall, 2000b; Ertel et al., 2000; Escayg et al., 2000; Striessnig, 1999).
The o, subunit is the principal subunit, forming the conduction Ca*" pore and contains a
putative selective filter, which ensures high selectivity of the channel pore for calcium
ions (Lacinova, 2005). Furthermore, the o; subunit undergoes voltage-dependent
activation and inactivation, is regulated by second messenger-activated protein
phosphorylation pathways and carries the binding sites for blockers and activators
(Catterall, 2000b; Striessnig, 1999). The o, subunit has four transmembrane domains I-1V;
each consisting of six transmembrane segments S1-S6. The fourth segment of each
domain serves as a voltage sensor of the channel; the intracellular P-loop connecting the
segments 5 and 6 acts as a selectivity filter (Guy et al., 1990) and the interaction site with
B subunit is located in the loop between domain I and II (Dai et al., 2009). In addition,
the intracellular carboxyl terminus (C-terminus) and amino terminus (N-terminus) of the
o subunit may contain various binding sites for regulatory proteins like calmodulin (Dai
et al., 2009), influence the current density of the expressed Cay1.2 channels (Welling et
al., 1997) and serve as the signaling platform for channel activity (Catterall ef al., 2008).
The remaining subunits, like § , 020 and y subunits are considered as accessory subunits
and play important roles in modulating calcium channel function (De Waard et al., 1996).
(1) the intracellular B subunit, if co-expressed in vitro with various o; subunits, increases
peak current (Singer et al., 1991), most likely by facilitating channel pore opening and by
increasing the number of channels at the cell membrane (Josephson et al., 1996; Kamp et
al., 1996; Neely et al., 1993). (2) the disulfide-linked complex of a,d subunit, besides
involved in presynaptic calcium channel abundance and release probability (Hoppa et al.,
2012), recently, has been reported to be linked to disease processes (Dolphin, 2012a). (3)
the y subunit, which is mainly expressed in skeletal muscle and brain can modulate
current amplitude and inactivation properties (Klugbauer et al., 2000; Letts et al., 1998;
Singer et al., 1991).



Fig. 1 A proposed schematic structure of Cayl.2 calcium channel. The principal a; subunit is a
transmembrane protein containing a conducting pore, through which calcium ions can pass upon opening.
o, subunit is further regulated by auxiliary subunits: intracellular B subunit, transmembrane y subunit and a
complex of extracellular a, subunit and transmembrane o subunit, connected by a disulphide bridge

(Lacinova, 2005)

1.3. The C-terminus of Cay1.2 channel

The C-terminus of Cay1.2 contains a plenty of structural elements, including the EF-hand
motif, which selectively binds calcium with high affinity (Ozawa, 1995); the isoleucine-
glutamine (IQ) motif, which binds the calmodulin (CaM) for both Ca2+—dependent
facilitation (CDF) and Ca**-dependent inactivation (CDI) (DeMaria et al., 2001; Peterson
et al., 1999; Van Petegem et al., 2005; Zuhlke et al., 1999; Zuhlke et al., 2000); several
phosphorylation sites, such as Ser-1928 phosphorylation site for PKA regulation (De
Jongh et al., 1996), Ser-1512 and Ser-1570 phosphorylation sites for CaM-KII facilitated
modulation (Blaich ez al., 2010; Lee et al., 20006).

Besides, the sequence 1572-1651 in the C-terminal tail of Cayl.2 determines not only
membrane targeting, but also channel inactivation, conductance of single channel and
open probability (Kepplinger et al., 2000). In addition, it has been suggested that the C-
terminus of the Cayl.2 contains inhibitory elements, as deletion of parts of the C-
terminus results in increased Ca?* current (Wei et al., 1994). Recently, it also has been
suggested mutations in amino acid residues 1681-1700 at the proximal C-terminus of

Cayl.2 will influence the efficiency of restoration of action potential-induced Ca*"



transient (Nakada et al., 2012). All in all, a variety of work suggested modifications at the

C-terminus of the Cay1.2 may cause a functional change of the channel.
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Fig. 2 Suggested structure of the a; subunit of Cay1.2 channel. The o, subunit consists of four identical
transmembrane domains I-IV, each consisting of six transmembrane segments S1-S6, as well as the two
intracellular termini: NH, terminus and COOH terminus. The EF-hand, IQ motif and several potential

phosphorylation sites are located in the COOH terminus.

1.4. Regulation of Cay1.2 by PKA in cardiac function

The voltage-gated, L-type calcium channel, Cayl.2, is the predominantly expressed
isoform in cardiomyocytes and mediates excitation-contraction coupling in the heart
(Bohn et al., 2000; Ertel et al, 2000; Lipscombe, 2002; Mikami et al., 1989;
Seisenberger et al., 2000). The increase in heart rate and contractility during the fight or-
flight response is mediated in genereal by f-adrenergic receptor stimulation, activates a
GTP-binding protein (GS), which stimulates adenylyl cyclase (AC) to produce cyclic
AMP (cAMP); cAMP in turn activates protein kinase A (PKA), which is thought to
phosphorylate several target proteins including the Cayl.2 channel, which shows
increased current after activation of this cascade (Catterall, 2000b; Fu et al., 2011; Hulme
et al., 2003; Osterrieder et al., 1982; Reuter, 1983). It is thought that the interaction of
PKA and Cayl.2 requires A-kinase anchoring proteins (AKAPs) that interact with a
leucine zipper (LZ)-like motif within the last 125 residues of intracellular C-terminal
segment (Bean et al., 1984; Bers, 2002; Dai et al., 2009; Hulme et al., 2003). To some
extent, dysregulation of Cay1.2, mishandling of cAMP-PKA pathway and thereby Ca*'-

induced Ca’" release contributes to the contractile dysfunction and arrhythmias in
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pathophysiological conditions (Gomez et al., 1997; He et al., 2001; Pogwizd et al., 2001;
Schroder et al., 1998). PKA-dependent phosphorylation signal was found at serine 1928
by several studies, which implied that the intracellular C-terminal tail is the major target
of PKA-stimulated phosphorylation mediating the p-adrenergic stimulation of the
channel (Fu et al., 2011; Hulme et al., 2006a; Jones et al., 2012). However, Bunemann et
al. (Bunemann et al., 1999) reported substantial (greater than twofold) regulation with
intracellular perfusion of activated PKA in human embryonic kidney cells co-transfected
with Cay1.2 truncated at 1905 and S, subunits, which suggested that phosphorylation of
serine 478 and/or serine 479 in the f-subunit is required for this regulation. Further the
conclusion was confirmed by Gerhardstein BL et al. showing that PKA can not only
phosphorylate serine 478 and serine 479 but also serine 459 in the cardiac />, subunits in
cell expression system (Gerhardstein et al., 1999). In contrast to these previous in vitro
studies, in vivo exchange of serine to alanine did not affect the f-adrenergic regulation
(Lemke et al., 2008), further confirmed by Brandmayr et al. that both Cayfp, and Ser-
1928 phosphorylation sites were not necessary for f-adrenergic stimulation of the cardiac
Ic, (Brandmayr ef al., 2012). However, truncation of the Cay1.2 sequence at Gly-1796 or
Aps-1904 leads to loss of f-adrenergic regulation (Domes et al., 2011; Fu et al., 2011).
So far, the molecular basis of /¢, regulation by PKA could not be defined conclusively.
These findings are in line with the notion that B-adrenergic stimulation of Cay1.2 channel
may require the distal C-terminus but not phosphorylation of serine 1928 (Domes et al.,

2011; Ganesan et al., 2006).
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Fig. 3 The regulation of Cayl.2 channel by the B-adrenergic/cAMP/PKA signaling cascade. The Cayl.2
channel is regulated by activating of B-adrenergic receptors, adenylyl cyclase, cyclic AMP-dependent
protein kinase A (PKA) and then induces phosphorylation at C-terminus of Cayl.2 in the heart. B-
adrenergic regulation of Cayl.2 channels requires AKAP15/18, which anchors the kinase to distal C-
terminus of Cay1.2 via a modified LZ motif. Arrows indicate the sequence of the f-adrenergic/cAMP/PKA

signaling cascade and point to several interaction sites in the C-terminus of o, subunit and B subunit.

1.5. Objective of this work

Most studies describing the role of the C-terminus in regulating Cay1.2 channel activity
have been performed in expression systems. In order to further investigate how the
truncated Cay1.2 calcium channel effects in vivo, we generated a mouse line that have
been inserted three stop codons after aspartate 1904 in murine Cay1.2 gene, which can
prevent the translation of the remaining amino acid residues behind aspartate 1904.
Thereafter, we investigated the properties of Cayl.2 in ventricular and atrial
cardiomyocyte from these mice. In parallel, different isoforms and mutants of Cayl.2
were also examined in HEK293 cells in order to compare the results obtained in vitro

with those obtained in vivo.



2. Materials and Methods
2.1. Chemicals and consumables

All chemicals and consumables used were of molecular biology grade and from Sigma-
Aldrich, Carl Roth, Sarstedt, Biochrom and Merck unless otherwise indicated. All
solutions were prepared with ultra-pure water (Millipore, Molsheim, France) and were
autoclaved or sterilized with a 0.2 pm syringe filter unless otherwise specified. They

were stored at 4°C and pre-warmed to 37°C prior to use. The composition of specific

solutions is given in the relevant methods.

Reagent Source
Agarose Biozym
BC Assay Protein Quantification Kit interchim®

Bortezomib LC Laboratories
Bovine serum albumin GibcoBRL
DMEM Invitrogen

ECL Advanced Western Blot Detection Kit GE Healthcare
fetal calf serum Gibco
Lactacystin Calbiochem
Liberase DH Roche Applied Science
Lipofectamine™ 2000 Invitrogen
MG132 Calbiochem
OptiMEM Gibco
Penicillin/Streptomycin 100x Gibco
peqGOLD RNA Pure Kit Peqlab

Plasmid Maxi Kit Qiagen
Quantum 286 Medium PAA

RNeasy Plus Micro Kit QIAGEN
Standardmarker DNA-Extension-ladder Gibco

Standard marker Precision Blue Protein Standard ~ Gibco
Trypsin/EDTA 10x Gibco



2.2. Devices

Device

4°C Refrigerator

-20°C Freezer

-86°C Freezer HER Afreeze
Agarosegel chamber
Axonpatch 200B

Biological Safety Cabinets
Dark Hood DH-40/50
Digidata 1322A digitizer
DMZ-Universal Puller
Eppendorf Centrifuge 5804R
Eppendorf Centrifuge 5417R
Eppendorf Centrifuge 5415C
Incubator Binder CB53
Microscope Stemi SV6
Microscope Axioscope
Micro Forge MF-830
NanoDrop ND-1000

Oven 37°C

PCR-Machine Biometra T Gradient
pH-Meter 766 Calimatic
Semi-Dry-Blotter Maxi
Standard Power Pack P25
Tabletop centrifuge
Thermomixer Compact
Vacuum Concentrator
Vortex-Mixer

Waterbath MT/2

Manufacturer
Liebherr
AEG

Thermo Fisher Scientific

MWG Biotech
Molecular Devices
NuAire
biostep”
Molecular Devices
Dagan
Eppendorf
Eppendorf
Eppendorf
Binder

Zeiss

Zeiss
Narishige
Peqlab
Memmert
Biometra
Knick

Carl Roth
Biometra
Neolab
Eppendorf
Bachofer
NeoLab

Mgw Lauda



2.3. Cell biological methods
2.3.1. HEK293 cells culture

Human embryonic kidney cell (HEK293 cell) expression system was used for
transfection experiment. The cells were cultured in Quantum 286 medium with 100 U
penicillin & 100 g/ml streptomycin (penicillin/streptomycin), and then incubated at 37°C
and 5.5% CO,. The cells were passaged once they approached confluence. Quantum 286
medium was removed and cells were washed two times with PBS. Afterwards, cells were
predigested with Trypsin/EDTA (2 ml per 75-cm? cell culture flask) at room temperature
(RT) to allow detachment of the cells from the bottom of cell culture flask (TPP,
Trasadingen, Switzerland, 75 cm?). The added 8 ml Quantum 286 medium will terminate
the digestion of Trypsin/EDTA. The cells were further separated by repeated pipetting up
and down. If the cell density was to be determined, 50 ul of the cell suspension was
dropped on a Neubauer couting chamber and the cell numbers were counted in four 0.1-
mm’ chambers under binocular microscope. The required cell concentration was adjusted
by diluting the cell suspension with fresh Quantum 286 medium in 24-well cell culture
plate (20000 cells per well) and (20% - 30% confluent). Finally, the cells were seeded
back in appropriate density (20% - 30% confluent) with penicillin/streptomycin in 75-
cm” cell culture flask and part of cells was cultured in 24-well cell culture plate (20000

cells/well).

1 x PBS buffer

NacCl 40 g
Na,HPO,4 2H,0 39¢g
KCl lg
KH,PO,4 lg
H,O Ad 5000 ml

pH 7.4 autoclave
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Trypsin/EDTA

10 ml trypsin solution stock (0.5% trypsin/0.2% EDTA)
PBS Ad 90 ml
pH 7.4

2.3.2. Freezing, storage and thawing of HEK293 cells

For storage confluent cells from flask, cells were trypsinized and the detached cells were
centrifuged at 500 g for 5 min. The pellet was resuspended in 3 ml freezing medium,
which contains fetal calf serum (FCS) + 10% dimethylsulfoxide (DMSO). The cell
aliquots (1 ml) were first frozen in cryovials at -80°C overnight before transferred to
liquid nitrogen for long time storage. For thawing, cryopreserved cells were slowly
warmed at RT, transferred to new flask with 20 ml pre-warmed Quantum 286 medium,
then incubated at 37°C and 5.5% CO; overnight. Next day, incubated in another 20 ml
fresh Quantum 286 medium with 200 pl penicillin/streptomycin.

2.3.3. Transfection of HEK293 cells

For transfection of HEK293 cells, Lipofectamine™ 2000 (mixture of cationic and neutral
lipids) was used (Lee et al., 2006). For following electrophysiological experiments, we
seeded the HEK293 cells on poly-(L)-lysine treated glas cover slips (coat for 1 h with
poly-(L)-lysine) which needed to be placed into each well. We seeded 20000 cells per
well into 24-well cell culture plate with supplemented Quantum 286 medium to 1 ml. an
incubated at 37°C and 5.5% CO, for 24 h. Cells should be 80% - 85% confluent before
transfection. Next day, HEK293 cells stably expressing Cava;c, CayP,, and Caya,o
subunits (0.15 pg of each) were transiently transfected using Lipofectamine™ 2000

according to the manufacturer’s guide (Invitrogen).

Transfetion mix (per well) and process for electrophysiological experiments

Solution A Solution B

0.15 ng DNA 0.5 pl Lipofectamine 2000

Add 50 pl OptiMEM Add 50 pl OptiMEM
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Incubate 5 min at RT

Mix gently and incubate 20 min at RT

Add 100 pl transfection mix to each well; mix gently by moving whole well-plate

After transfection, the cells were grown for 24 - 48 h at 37°C and 6% CO, before
beginning the electrophysiological experiments. Exchange the Quantum 286 medium
after 24 h against OptiMEM (GIBCO).

For following Western blot experiments, cells were cultured in flask (75 mm?) in
Quantum 286 medium, until they had grown to about 80% - 85% confluent before

transfection. Use the 24-well plate protocol with the following modifications:

Transfetion mix (per well) and process for Western blot experiments

Solution A Solution B
10 ng DNA 33.3 pul Lipofectamine 2000
Add 3.3 ml OptiMEM Add 3.3 pl OptiMEM
Incubate 5 min at RT

Mix gently and incubate 20 min at RT

Add transfection mix to 75mm?2 flask; mix gently by moving whole flask

The flask was added 20 ml OptiMEM to final volume and incubated for 24 - 48 h at 37°C
and 6% CO; before beginning the Western blot experiments.

2.3.4. Isolation and primary culture of murine embryonic cardiomyocytes

Individual embryos were obtained after breeding of heterozygous mice. The parents were
mated in the evening. Next morning a plug-check was carried out and the plug-positive
females were separated. For pregnancy mice this morning were counted as "day 0.5". At
embryonic day 18.5 (E18.5), heterozygous pregnant mice were killed by cervical
dislocation, and the uterus was removed and placed in 37°C pre-warmed ADS buffer.
The uterus was rinsed once and opened longitudinally to expose the embryos still

contained within the decidua. Embryos were dissected from the uterus as described
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(Seisenberger et al., 2000). Briefly, after placing the embryos in ADS buffer, the heart
was removed from the embryo. The atrium and ventricle can be distinguished by
localization and color and were separated, respectively. A piece of tail sample from
embryos was also kept for later gentyping identification. The tissue was placed in an (1.5
ml) Eppendorf tube filled with 0.5 ml ADS buffer and spun briefly to replace the solution
with fresh ADS buffer containing 0.25 mg/mL Liberase DH (Roche Applied Science)
dissolved in 0.5 ml ADS buffer. Digestion was allowed for 15 minutes at 37°C, 400 rpm
in Thermomixer compact shaker (eppendorf) by gentle trituration of the tissue.
Thereafter, 0.5 ml of Dulbecco’s modified Eagle’s medium (DMEM) supplemented with
5% FCS and penicillin/streptomycin was added to each well to terminate the digestion.
After repeated pipetting up and down, the atria and ventricles were gently resuspended
and the undigested portion was precipitated to the bottom after Smin incubation. 300 ul
supernatant was pipetted on plastic cover slips into each well filled with 1.5 ml DMEM
supplemented with 5% FCS and penicillin/streptomycin. Then, the cells were incubated
for at least 24 h at 37°C and 10% CO,. Electrophysiological recordings were made at
least 24 h after plating. Analysis for genotyping was performed by PCR.

ADS buffer (mMol/L)

NaCl 116
NaH,POg4 1
KCl 5
MgSO4 0.8
HEPES 20
Glucose 5.5

pH 7.35 autoclave

2.4. Whole-cell mode patch champ electrophysiological recordings

The functions of the single or multiple ion channels in cell membranes can be studied,
with the development of patch-clamp technology (Hamill et al., 1981; Neher et al.,
1992). In our study, the whole-cell configuration of the patch clamp technique was used

to record current through L-type calcium channel in transfected HEK293 cells and
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embryonic cardiomyocytes isolated at E18.5 using barium as the charge carrier (/g,).

Stimulation and data acquisition were performed by Axonpatch 200B

(www.moleculardevices.com) with a Digidata 1322A digitizer and the Pclamp 9 software
package (all from Axon Instruments). Data were sampled at 5 kHz and filtered at 1 kHz.
The patch pipettes were made from borosilicate glass capillaries and were pulled by
microelectrode puller (DMZ-Universal Puller) and further fire-polished (MF-830,
Narishige Japan) before use. The input resistance of the patch pipettes ranged from 1.5 to
2 MQ when filled with intracellular solution. The patch pipette was brought to the cell
surface, and then sucked the membrane gently into the pipette to generate gigaseal.
Applying strong suction to achieve whole-cell recording mode on ruptured the cell
membrane. Thereafter, the current through the channels in the membrane will be recorded.
Series resistance and capacitive components were not compensated. The composion of
internal solution and external solution used for HEK293 cells or embryonic
cardiomyocytes were showed below. Peak Ba®" current amplitude was plotted versus
voltage to generate current-voltage (I-V) relationship. Holding at -80 mV, the cell was
stimulated with 300 ms square pulses from -40 to +60 mV in increments of 10 mV at 0.2
Hz. A pre-pulse from -80 to -40 mV was applied for 25 ms to inactivate fast sodium
current. Current was measured as the difference between the peak current during
depolarization and the base line at -80 mV. All experiments were performed at room

temperature.

External solution (mMol/L) for HEK293 cells and CMs

NaCl 82
TEA-CI 20
BaCl, 30
CsCl 5
MgCl, 1
EGTA 0.1
glucose 10
HEPES 10
pH 7.4 adjusted with NaOH
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Internal solution (mMol/L) for HEK293 cells

CsCl 102
TEA-CI 10
EGTA 10
Na,ATP 3
HEPES 5
pH 7.4 adjusted with CsOH

Internal solution (mMol/L) for CMs

CsCl 60
aspartic acid 50
CsOH 68
MgCl, 1
Na,ATP 5
HEPES 10
EGTA 10
pH 7.4 adjusted with CsOH

2.5. Biochemical methods
2.5.1. Protein production by SDS/Tris-digestion

2.5.1.1. Protein production from murine tissues

The tissues were isolateded from the murine embryos at day E18.5 and immediately
frozen in liquid nitrogen. Subsequently, the frozen tissues were pulverized in a -20°C pre-
cooled mortar on dry ice. The homogenized powder was mixed with 2% sodium dodecyl
sulfate (SDS)/50 mM Tris-(hydroxymethyl)-methylamine (Tris), pH 7.4 (100 ul/10 mg
tissue), and heated for 15 min at 95°C with occasional vortexing, then centrifuged at

20000x g for 5 min. Subsequently, the supernatant was aliquoted and frozen at -80°C.
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2.5.1.2. Protein production from HEK293 cells

For the SDS-digestion, the cultured HEK293 cells in 25 mm*-flask were washed with
PBS and collected in a 15 ml-Falcon, then centrifuged at 5000 g for 5 min mix in 250 pl
2% SDS/50 mM Tris, pH 7.4, without supernatant. The mixture was then transferred into
a 1.5 ml reaction vessel and heated for 15 min at 95°C with occasional vortexing,

centrifuged for 5 min at 20000x g. Subsequently, the supernatant was aliquoted and

frozen at -80°C.

2.5.2. Quantitative protein determination

To estimate the protein content, the BC Assay Protein Quantification Kit (interchim®)
was used. This test is based on a redox reaction: it involves the reduction of Cu®" to Cu"
by proteins in an alkaline medium, and then Cu’ ions are chelated by with BC Assay
(bicinchoninic acid) to form a water soluble purple coloured complex, which shows a
strong absorption at 540 nm. Bovine serum albumin (BSA) (GibcoBRL) standards were
prepared from concentrations of 100 to 1000 mg/ml in water. 200 pl of a mixture of BC
Assay Reagent A and B mixed (50:1) standard solution was added to 50 ul of BSA
standard or diluted protein sample. The mix solution was incubated for 45 - 60 min at
60°C in a thermo shaker and transferred to a 96-well plate. The absorbance was
determined at 540 nm using H,O as a blank value (Multiskan MCC/340), then a
calibration curve of the protein concentration versus absorbance was obtained and protein

sample concentration was calculated.

2.5.3. Electrophoretic separation of proteins by SDS-PAGE

Electrophoretic separation of proteins according to their molecular weight was carried out
by anionic detergent SDS-polyacrylamide gel electrophoresis (PAGE). The anionic
detergent can bind to the proteins and forms micelles. By the SDS micelles are negatively
charged and migrate in an electric field to the anode, enable separation according to the
molecular weight of the proteins. Resolving gel solution was prepared according to the

protocol as follows and poured between two glass plates (Biorad), 1.5 cm below the
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lower edge, then overlaid with 100% ethanol to provide a smooth surface. After
completing the polymerization (about 30 min after adding APS and TEMED), the ethanol
was removed and the top of gel was washed with water for 3 times. After removing all
residual liquid the freshly prepared stacking gel solution was filled and immediately set a
gel comb in the stacking gel. This generated gaps which the samples can be given later.
Subsequently the gel was placed in Mini-Protean Tetra System gel chamber (Biorad) filled
with 1xelectrophorese buffer. For electrophoresis 4x Lamemmli buffer containing DTT
was added to the samples. The protein samples and a protein standard were loaded onto
the SDS-PAGE gel. Then a voltage of 60 V was initially applied untill the running front
passed into the resolving gel, thereafter the voltage was increased to 150 volts. The

resolving gel was subjected to Western blot analysis

4 x Tris/SDS pH 6.8 (Stacking gel)

Tris Base 6.04 g
SDS 04¢g
H,O Ad 1000 ml

4 x Tris/SDS pH 8.8 (Resolving gel)

Tris Base 182 ¢g
SDS 04¢g
H,O Ad 1000 ml

10 x Electrophorese buffer

Tris Base 302 ¢g
Glycin 144 ¢
SDS 10g
H,0O Ad 1000 ml

4 x Lamemmli buffer
IM Tris (pH 6.7) 10 ml
20% SDS 12.5 ml
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Bromphenolblau 20 mg

Glycerin 20 ml
DTT 2 mg
H,O Ad 50 ml
Stacking gel
29:1 Acrylamide 325 ul
4 x Tris/SDS (pH 6.8) 625 ul
H,O 1525 ul
APS 6.25 ul
TEMED 2.5l
Resolving gel
6% 7.5% 8% 10%
29:1 Acrylamide 3.0 3.75 4.0 6.0 ml
4 x Tris/SDS (pH 8.8) 3.75 3.75 3.75 3.75 ml
H,O 8.25 7.50 7.25 6.25 ml
APS 50 50 50 50 pl
TEMED 10 10 10 10 ul

2.5.4. Western blot analysis

This part was performed by Dr. Katrin Domes. After electrophoresis proteins were
transferred to a special PVDF membrane (Immobilon-P, Millipore) on which they can be
detected using specific antibodies (Burnette, 1981; Towbin et al, 1979). The PVDF
membrane and 10 electrode papers (Whatman 3MM) were cut as the size of the
polyacrylamide gel. The PVDF membrane was placed onto the gel and both were
sanwiched between electrode papers (three of electrode papers were soaked in anode
buffer 1; two of them were soaked in anode buffer 2 and 5 of them were soaked in
cathode buffer and the membrane was soaked briefly in methanol then rinsed in anode

buffer 2), then this stack was placed on the anode plate, covered with the cathode plate.
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Next we applied 0.8 mA/cm® current for one hour to transfer the proteins to the
membrane in ice-cold transfer buffer. None-specific binding sites on the blotted
membrane were blocked in blocking solution (5% milk powder in 1x TBST) and
incubated overnight at 4°C. Next day, the membrane was washed two times in 1x TBST
for 15 min before incubation with the primary antibodies. After incubation with the
primary antibodies for 90 min at room temperature, the immublots were washed three
times with 1% milk powder in 1x TBST for 10 min. The immunoblots were then
incubated with appropriate secondary antibody for 1 h at room temperature (see Table 2).
It was followed by a further washing step (twice for 10 min with 1% milk powder in 1x
TBST, twice for 5 min in 1x TBST) before the immunoblots were visualized by the ECL
Advance Western Blotting Detection Kit (GE Healthercare) and the films were detected
by the CCD camera of the LAS4000 mini and evaluated with the Multi Gauge 2.0

software.

10 x TBS (pH 8.2)

Tris Base 12.1g
NaCl 87.5¢g
H,O Ad 1000 ml
1 x TBST

10 x TBS 100 ml
NaCl 87.5¢g
H,O Ad 1000 ml

Table 2: Antibody used to Western blot analysis

Primary Antibodies

Antibody Origin Dilution Reference
Institute of Pharmacology and
Cayl.2 Polyclonal rabbit 1:250 Toxicology, TUM (Domes et al.,
2011; Moosmang et al., 2003)
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GAPDH Polyclonal rabbit 1:5000 Sigma

a-actinin Monoclonal mouse 1:5000 Sigma
Secondary Antibodies
Antibody Origin Dilution Reference
Anti-rabbit (peroxidase-coupled) Goat 1:50000 Dianova
Anti-mouse Goat 1:5000 Dianova

2.5.5. Animals

All experiments were performed on mice which were maintained and bred in the animal
facility of the institute of Pharmakology and Toxicology, Technical University of Munich
and had access to water and standard chow ad libitum. All procedures relating to animal
care and treatment conformed to the institutional and governmental guidelines of Bavaria

(Germany).
2.5.6. Generation of Cay].2P19045top/D1904Stop 1y e

This part was performed by Dr. Toni Lemke. A 7.4 kb fragment containing exons 44 - 47
of CACNAIC was isolated from 129/Sv mouse genomic DNA for constructing the
targeting vector. A 1.2 kb short arm and 6.2 kb long arm with PGK-neo and the
thymidine kinase gene (tk) flanked by two loxP sites comprised the targeting vector. The
5'-side short arm contained exon 44 with three stop codons (TGA TAA TAGQG) inserted
after the base triplet corresponding to aspartate 1904. All mutation procedures were
carried out by overlap PCR mutagenesis. The targeting construct was electroporated into
R1 ES cells (129/Sv x 129/Sv-CP F1). Positive clones were identified by polymerase
chain reaction and confirmed by Southern blot using an outer probe (5’-probe in Figure
1A). In order to delete the neo/tk marker genes, two positive clones were transfected with
a Cre-expressing plasmid. Three clones with the deletion event were injected in C57BL/6
blastocysts, and chimeras were crossed to C57BL/6 mice. Heterozygous mice were bred
to produce homozygotes. We used 129/Sv and C57BL/6 hybrid genetic background
(Cav1.21904Stop-129B6F2) for all analysis (Domes ef al., 2011).
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Fig.4 Generation of Cav1.2P"7%S1op/P1I9045P mice - A top panel: genomic DNA structure of CACNAIC with
the relevant restriction enzyme sites; boxes represent exons 44 - 47 encoding the C-terminus of Cayl.2.
Middle panel, targeting vector. Neo, neomycin resistance gene; TK, thymidine kinase gene with the loxP
sequence (triangles) at both sides. The insertion of the three stop codons after aspartate 1904 is shown.
Bottom panel, knock-in locus after homologous recombination and Cre-mediated deletion of resistance
markers. The 5’ probe, which contains genomic sequence outside of the targeting vector, is depicted as a
solid bar. K, Kpnl; N, Notl; B, BamHI; C, Clal; X, Xhol; P, Pstl; kb, kilobases. B, top panel: sequence
analysis of genomic DNA in the region coding for Asp-1904 from Cavl1.2 asp1904Stop/asp1904Stop mice.
Bottom panel: Southern blot using the 5 probe. Wild type (+/+) and heterozygote (+/Stop) sequence are

indicated.

2.5.7. Construction of Cavl.2 cDNA

C-terminal truncated constructs were generated using Quick change mutagenesis
(Stratagene) by inserting a single stop codon (TGA) after the amino acid 1905 in rabbit
corresponding to mouse 1904 in pcDNA3 vectors (Invitrogen). Cavl.2 cDNAs used were
rabbit heart (HK; accession number: X15539) and smooth muscle (LK; accession
number: X55763). All constructs were verified by double strand sequencing (Domes et

al., 2011).

2.6. Molecular biological methods

2.6.1. Genotyping identification by polymerase chain reaction (PCR)
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Specific DNA segments can be amplified by PCR. Primers were commercially
synthesized (Eurofins MWG Operon). They were designed corresponding to the DNA

segment to be amplified.

Table 3: Primers used to identify genotyping (for, forward primer; rev, reverse primer)

Primer Sequence Mouse line
Primer for |5 GAC CCT TGT GTA GAG AGT GAGCC 3’ Cay1.25P
Primer rev |5’ CAA AAG TAG CCG GGG AACCG ¥ Cay1.25P

Reaction parameters for DNA amplification (for, forward primer; rev, reverse

primer)

Template DNA 10-500 ng (except in negative control PCR)
PCR reaction buffer 1x 7 ul
Primer_for (25 uM) 0.3 pul
Primer _rev (25 uM) 0.3 ul
GoTag Polemerase (1.5 U) 0.3 ul
H,0O ad 25 pl

PCR reaction buffer 1x

dNTPs (10 mM) 50 ul
MgCl, 150 pl
5x Green GoTag Flixi buffer 500 pl

Aliquot and freeze at 20°C

Thermal cycle paramenters for PCR

94°C (Initial denaturation) 5 min
94°C (Denaturation) 30 sec
58°C (Primer annealing) 30 sec
72°C (Elongation) 1 min
72°C 10 min
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The annealing temperature was varied according to the melting temperature of the
primers. Elongation time depended on the length of the desired product, with 1 min used

for amplifaction of 1 kb.

2.6.2. RNA applications

2.6.2.1. RNA isolation and quantification

Frozen ventricular and atrial tissues were homogenized in lysate buffer and total RNA
was isolated by using RNeasy Plus Micro Kit (QIAGEN) according to the manufacturer’s
recommendations. Total RNA was quantified by spectrophotometer (Nanodrop 2000,
Thermo Scientific). The concentration of RNA was photometrically measured at 260 nm
and one OD260 corresponded to 40 pg/ml for RNA. The A260/A280-ratio of absorbance
at 260 and 280 nm was used to assess the purity of RNA. A ratio of ~2.0 is generally
accepted as “pure” for RNA. Then the RNA samples were stored at -80°C.

2.6.2.2. First strand cDNA synthesis

First strand cDNA synthesis was carried out using Superscript II reverse transcriptase
(Invitrogen) according to the manufacturer’s recommendations. A reaction mixture
contained 1 ng ~ 5 ng of total template RNA, Oligo-dT primer, 10 mM dNTP Mix, 0.1 M
DTT, 1.5 units of Rnase H, 5x first strand buffer and 200 units of Superscript II reverse
transcriptase. The enzyme was inactivated by incubating at 90°C for 5 min. The cDNAs
were first analyzed with a GAPDH or HPRT-specific as an internal control. Specific
primer pairs were used to detect Cavl.2a, Cavl.2b, Cay1.3 and Cav2.1 transcripts (Table
3). 10 pul template RNA (unless this exceeds or undercuts the required 1 ng - 5 pg amount
of RNA) and 1 pl Oligo-dT primer (0.5 pg) were mixed to a final volume of 11 pl and
incubated for 10 min at 70°C. 4 pl Sxfirst strand buffer, 2 pl DTT (0.1 M) and 1 ul
dNTPs (10 mM) were added and the solution was incubated for 2 min at 42°C. The
reverse transcriptase was then supplemented and the mixture was incubated for 1 h at

42°C. Superscript II (200 units) reverse transcriptase was heat-inactivated for 5 min at
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90°C. Rnase H (1.5 units) was finally added to destroy RNA leftovers and the total
solution was incubated for 20 min at 37°C. Total strand cDNA samples were then
quantified by spectrophotometer. The concentration of cDNA was photometrically
measured at 260 nm and one OD260 corresponded to 33 pg/ml for single-stranded
cDNA. The A260/A280-ratio of absorbance at 260 and 280 nm was used to assess the
purity of DNA. A ratio of ~1.8 is generally accepted as “pure” for DNA.Then the first
strand cDNA samples were stored at -20°C.

2.6.2.3. Gene expression analysis at the mRNA level using RT-PCR

For gene expression analysis, first strand cDNA was subjected to PCR in order to amplify
cDNA fragments derived from expressed target gene-specific mRNA transcripts. The
cDNAs were first analyzed with a GAPDH or HPRT-specific as an internal control.
Specific primer pairs were used to detect Cavl.2a, Cavl.2b, Cavl.3 and Cav2.1
transcripts (see Table 3). For each primer pair, amplification of the cDNA was carried out
in a reaction mixture containing 1 ~ 2 pl of the first strand cDNA preparation, 1x PCR
buffer, 3.75 ~ 10 pmol of each primer and 1.5 units of 7ag polymerase (Promega) in a
total volume of 25 pl. The PCR cycles were denaturing at 94 °C for 30 sec, annealing at
appropriate temperature for 30 sec and extending at 72°C for 1 min during 30 ~ 35
cycles. The PCR products were separated on 2% agarose gels and stained with ethidium
bromide. The gels were recorded and analyzed by imaging software (www.ezquant.com).
The relative amount of the amplicons were determined and normalized to that of the
GAPDH or HPRT fragment. The identity of the PCR products was verified by DNA

sequencing.

Table 4: Primers used to amplify the calcium channel cDNAs and the predicted

product size (for, forward primer; rev, reverse primer)

Name Sequence Size (bp)

Cayl.2a for |5S-ATGATTCGGGCCTTTGTTCAG-3' 228

Cayl.2a rev | 5*-TGGAGTAGGGATGTGCTCG-3'
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Cayl.2b_for | 5'-ATGGTCAATGAAAACACGAGG-3' 137
Cayl.2b rev | 5-TGGAGTAGGGATGTGCTCG-3'

Cayl.3 _for |5-TGAAGGAGAAGATTGCGCCC-3' 129
Cayl.3 rev |5-TTGCGGAATGAGTGGCTACG-3'

Cay2.1 for |5-CACCAACCCTGGTCCCGCCT-3' 333
Cay2.1_rev |5-CATGGGCTTTGGGCCGTCCT-3'

GAPDH for | 5'-CGGCAAATTCAACGGCACAGTCA-3'
GAPDH rev | 5'-GGTTTCTCCAGGCGGCACGTCA-3' 0
HPRT for |5-GTAATGATCAGTCAACGGGGGAC-3'

HPRT rev |5'-CCAGCAAGCTTGCAACCTTAACCA-3' 17

2.7. In vivo investigations

This part was performed by Dr. Katrin Domes.

2.7.1. Measurement of cardiac force development

The cardiac ventricles of new born mice were threaded onto sewing silk and fixed in
organ baths containing Tyrode’s solution (mM) (5.4 KCl, 1 MgCl,, 137 NacCl, 1.8 CaCl,,
5.6 Glucose, 12 NaHCO3, 0.42 NaH,PO,) gassed with carbogene. Contraction ability was
measured with DMT Multi wire myograph system (model 610M) and recorded with
Chart5 for Windows (ADInstruments, Germany) (Domes et al., 2011).

2.7.2. ECG Recordings

Radiotelemetric ECG transmitters ETA-F20 (DSI, St. Paul, MN) were attached to the
new born babies. The ECG leads were bonded onto left chest muscle and the right hind

limb. Data were acquired using the DSI acquisition system (Domes ef al., 2011).

2.8. Statistical analysis

Data plotting and statistical analysis were carried out using ORIGIN software (version
6.1052, Microcal, Northampton, MA). Values given as means + SEM. Statistical
significance was calculated by the Student’s ¢ test, ANOVA or 2-way ANOVA followed
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by Bonferroni post-test. Significant differences are indicated by *, p < 0.05; **, p < 0.01;
and *** p <0.001.

3. Results

3.1. Functional analysis of cardiac activity in Stop/Stop mice

The functional analysis of cardiac activity was performed by Dr. Katrin Domes.

3.1.1 Breeding of Stop/Stop mice

Heterozygous WT/Stop mice were used to breed Stop/Stop mice. The resulting offsprings
were analyzed for their genotype at postnatal day 7 (D7). Unfortunately, Stop/Stop mice
were not included in the offsprings although they were expected to be present at a 25%
ratio according to Mendel’s law (Fig. 5). Consequently, the unborn embryos were
analyzed for their genotype at embryonic day 18.5 (E18.5). At this date, 315 embryos
from a total of 32 pregnant females followed a Mendelian ratio in the genotype
distribution and Stop/Stop mice were found to be present at the expected 25% ratio (Fig.
5). This result shows that the Stop mutation in the Cay1.2 gene is lethal for the embryos
around and/or after birth indicating that the intact Cav1.2 channel is essential for normal

development of the embryo.
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Fig. 5 Distribution of WT, WT/Stop and Stop/Stop embryos at day E18.5 and newborns at postnatal day 7.

The numbers of embryos/newborns analyzed are showed in the columns. Genotype was analyzed by PCR.
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3.1.2. Paraffin sections of the heart

It has been reported previously that hearts from mice in which the Cay1.2 channel was
truncated at Gly-1796 developed right ventricular hypertrophy, which caused pooling of
blood in internal organs (Fu et al., 2011). To investigate whether or not truncation at Asp-
1904 induces hypertrophy, the histological studies of the embryonic hearts and the
paraffin sections were made at day E18.5. After a Masson trichrome Staining, ventricular
perimeter and septum diameter were measured using digitization with a Zeiss AxioCam.
As Fig. 6A shows ventricular perimeter of Stop hearts and wild-type hearts (WT hearts)
were 6.91 = 0.16 mm and 6.67 £ 0.13 mm, respectively. The septum diameter of Stop
hearts (0.40 £ 0.01 mm) and WT hearts (0.44 £ 0.02 mm) were also very similar (Fig.
6B). These results mean that E18.5 Stop hearts expressing the Cav1.2 channel truncated
at Asp-1904 have an unaltered cardiac size (Fig. 6A) and normal septum thickness (Fig.

6B) as compared with WT hearts, indicative of normal blood pressure during feto- and

embryogenesis.
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Fig. 6 A, cardiac circumferences were measured in paraffin section of E18.5 hearts. B, the thickness of the
cardiac septum was measured in paraffin section of E18.5 hearts. The number of embryos/animals analyzed
is showed in the columns. Genotype was analyzed by PCR. Columns represent means = SEM with n = §.

n.s., not significantly different.

3.1.3. Measurement of electrocardiogram and cardiac contractility

Electrocardiogram (ECG) and cardiac contractility of pups delivered by cesarean section
at day E18.5 were examined to investigate the cause of the premature death of the
Stop/Stop mice. As we can see from the ECG traces in Fig. 7A, the Stop pups developed

arrhythmia after birth, whereas no arrhythmia was observed in WT pups. The heart rates
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of the Stop pups were also determined from the ECG trace. As Fig. 7B shows, the heart
rates of Stop pups were 124.8 + 27.7 beats per minute, which were significantly lower
than those of the WT, 295.0 = 33.9 beats per minute. The heart rates of heterozygous
pups were 309.9 = 14.6 beats per minute, with no significant difference from the WT
pups.

The force of contraction (Fc) was severely reduced by about 50% in the ventricular
muscle of the Stop (2.7 = 0.3 mN) compared with the WT (Fig. 3C and D), but no
difference was observed between the WT (5.3 = 0.8 mN) and heterozygotes (5.5 £ 0.5
mN). All these measurements were performed by a blinded experimentaor. Thereafter,
the genotype of the pups was determined by PCR. These findings suggest that failure of
up-regulating the beating frequency and reduced Fc maybe relative to the dysfunction of

truncated Cay1.2 channel.
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Fig.7 A, electrocardiograms of a WT (upper trace) and a Stop/Stop (lower trace) pup delivered by Cesarean
section at day E18.5. B, heart rate of WT, WT/Stop and Stop/Stop pups delivered by Cesarean section at
day E18.5. Heart rate (bpm) was determined by ECG recording. C, traces of force development of a WT
(upper trace) and a Stop/Stop (lower trace) heart from pup delivered by Cesarean section at day E18.5. D,
force of contraction in mN of WT, WT/Stop and Stop/Stop hearts of pups delivered by cesarean section at
day E18.5. The number of embryos/animals analyzed is showed in the columns. Genotype was analyzed by

PCR. Significant differences are indicated by **, p <0.01 and ***, p <0.001.

3.2. Recording of Cay1.2 current in ventricular CMs

The whole-cell patch clamp technique was used to record current through L-type Cay1.2
channel, using barium as charge carrier in embryonic ventricular CMs. The embryonic
CMs were isolated at day E18.5 and incubated at 37°C and 10% CO, for 24 h before
electrophysiological recording. The measurements were performed with experimenter
being unaware of the genotype, since the genotype of the embryos was determined after
the recordings by PCR. Cell capacitances were not different in WT/WT, WT/Stop and
Stop/Stop cardiomyocytes from ventricle, supporting the notion that the cell sizes of all
these three genotype cardiomyocytes were similar (Fig. 8A).

Original recordings exhibited robust /g, in ventricular CMs from WT and WT/Stop
embryos, whereas a tiny /g, was recorded in ventricular CMs from Stop/Stop embryos
(Fig. 8B). Analysis of the current-voltage relationship displayed that the maximum of /g,
was obtained at about 0 mV in CMs from all genotypes but that /g, was signifcantly
reduced in ventricular CMs from Stop/Stop mice at all voltages examined. The current
densities of WT/WT, WT/Stop and Stop/Stop at 0 mV were 69.43 + 7.07 pA/pF, 59.29 +
6.30 pA/pF and 6.70 £ 1.65 pA/pF, respectively. These results indicate that the
postpartum death of the Stop/Stop mice is caused possibly by a massive reduction of the

L-type calcium current in isolated ventricular CMs.
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Fig. 8 Electrophysiological analysis of isolated ventricular CMs from E18.5 hearts. A, cell capacitances of
ventricular CMs from WT/WT (open columns), WT/Stop (hatched columns) and Stop/Stop (black columns)
mice. Columns represent means £ SEM. Numbers indicate the number of CMs. Data sets were not
statistically different which were evaluated by ANOVA followed by Bonferroni post-test. B, original
recordings of Iz,. CMs were stimulated by the voltage pulse depicted above. C, current-voltage relationship
of Ip,. Cardiac cells were isolated from at least three embryos obtained from three independent pregnant
mothers. Current is expressed as current density. Data points represent means =+ SEM with n = 12-17.
Asterisks indicate a statistically significant difference (***, p < 0.001) between the data sets from
Stop/Stop and WT mice. Statistical analysis was performed by 2-way ANOVA followed by Bonferroni
post-test. Genotype was analyzed by PCR.

3.3. Western blot analysis of Cay1.2

The Western blot analysis of Cayl.2 was performed by Dr. Katrin Domes. The
expression of Cayl.2 was checked in heart and smooth muscle tissues from Stop/Stop
mice by Western blot analysis. The signal for Cayl.2 was reduced in hearts from
Stop/Stop mice compared with the hearts from WT mice (Fig. 9). However, the signal for
Cayl1.2 was identical in the smooth muscle tissues from Stop/Stop mice and WT mice.
These findings indicate that the truncated Cay1.2 channel is differentially processed in

heart and smooth muscle. Interestingly, it was proposed that heart and smooth muscle
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express different isoforms of the Cayl.2 channel, termed Cayl.2a and Cayl.2b, or
alternatively named HK1 and LK1 (Biel et al., 1990; Hu et al., 1998; Hullin et al., 1992;
Welling et al., 1997), which differ only by 5% and are expressed in distinct cells. The
“cardiac (Cayl.2a)” channel is predominantly expressed in CMs, whereas the “smooth
muscle (Cay1.2b)” channel is mainly expressed in the smooth muscle but not in the CMs
(Cheng et al.,, 2007; Welling et al., 1997). Actually, Cayl.2a and Cayl.2b are
alternatively spliced from the same Cay1.2 channel gene; therefore, the truncation of the
Cay1.2 channel gene at Asp-1904 should cause two truncated isoforms. These findings
indicate that the truncated Cay1.2 channel may be functional in smooth muscle but not in

cardiac muscle.
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Fig. 9 Cay1.2 expression in heart and non-heart tissues. A, Western blot of cardiac tissue from WT and
Stop/Stop E18.5 embryos. Upper panel, Cay1.2; lower panel, a-actinin as loading control. Please note that
quite different amounts of protein were loaded: 2 (WT) and 50 (Stop) ug proteins extract per slot. B,
Western blot of non-cardiac, non-brain tissue from WT and Stop/Stop E18.5 embryos. Upper panel, Cay1.2;

lower panel, a-actinin as loading control. 150 pg protein extract were loaded per slot. C, statistics of the
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density of Cayl.2 band shown as arbitrary units normalized for the a-actinin loading control. Tissues were
obtained from embryos of six to eight mothers. Samples were electrophoresed on a 6% SDS-PAGE. n.s.,

not significantly different. AU, arbitrary units.

3.4. Expression of truncated Cay1.2 channel in HEK293 cells

Previous Western blot analysis supported the conclusion that distinct expression of the
truncated isoforms of the Cayl.2 channel in cardiac (Cayl.2a) and smooth (Cayl1.2b)
muscle cells. Further, we tested this concept by transfecting HEK293 cells with the
truncated form of Cavl.2a (HK1) and Cav1.2b (LK1).

3.4.1. Recording of Cayl1.2 current in HEK293 cells transfected with HK1 and HK 15¢P

constructs

The HK1 (Cayl.2a) sequences were truncated at Ser-1905 in the rabbit cDNA, which
corresponds to Asp-1904 in the murine Cay1.2 gene, yielding HK1%P channel. HEK293
cells were transfected with the rabbit Cayl.2 channel isoform HKI1, which is
predominantly expressed in rat and mouse heart (Link et al., 2009; Welling et al., 1997),
or its mutation HKIStOp, together with the Cayf,, and Cayo,0 subunits. The transfected
cells were seeded on poly-(L)-lysine-coated plates for electrophysiological studies.

Original recordings in Fig. 10A show the /g, in HEK293 cells transfected with HK 1%
channel was obviously decreased. HEK293 cells transfected with HK1%*°? channel almost
had no I, compared with cells transfected with the full-legth HK1 construct. Analysis of
the current-voltage relationship showed that the maximum of /3, was obtained at about
+20 mV in transfected HEK293 cells but that /g, was signifcantly reduced in HK 1P at
all voltages examined. The current densities of HK1 and HK1%'*? at +20 mV were -90.35
+ 10.61 pA/pF and -12.14 £+ 2.28 pA/pF, respectively. These findings indicate that the

truncated HK 15©P corresponding to truncated Cay1.2a in heart also has low Ig, in vitro.
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Fig. 10 Electrophysiological recordings of HK1 and HK15 in transfected HEK293 cells. A, original
recordings of Iy,. HEK293 were transfected with HK1 or HK1%P channel. Cells were stimulated by the
voltage pulse depicted above. B, current-voltage relationship of /z,. HEK293 cells were transfected with
HK1 and HK 15", Current is expressed as current density. Data points represent means = SEM with HK1 n

=20 and HK 1% n = 12. Asterisks indicate a statistically significant difference (***, p < 0.001)

3.4.2. Recording of Cay1.2 current in HEK293 cells transfected with LK1 and LK 15¢P

constructs

The LK1 (Cayl.2b) sequence was truncated at Ser-1905, corresponding to Asp-1904 in
the murine Cayl.2 gene, yielding a LK15°P sequence. HEK293 cells were transfected
with the rabbit Cayl.2 channel isoform LK1, which is predominantly expressed in the
smooth muscle (Link ez al., 2009; Welling et al., 1997), or its mutation LK 15°P, together
with the Cayf,, and Cayoyd subunits. Electrophysiological analysis revealed that
HEK293 cells transfected with LK1 and its mutation LK15°P exhibited robust Is, (Fig.
11B and C). The current densities of LK1 and LK 13" at +20 mV were -113.44 + 17.81
pA/pF and -90.53 + 29.32 pA/pF, respectively. These results confirm the Western blot
analysis of Stop embryos that there is a distinct expression of the truncated isoforms of

the Cay1.2 channel in cardiac and smooth muscle cells.

3.4.3. Recording of Cay1.2 current in HEK293 cells transfected with LK45%°P construct
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The amino acid sequence LK1 (Cay1.2b) and HK1 (Cay1.2a) differ only at four sites (A,
B, C, D, see Fig. 11A), namely, the amino terminus, the IS6 and IVS3 transmembrane
segments as well as an insert in the cytoplasmic loop connecting domain I and domain II
which is only present in the LK1 subunit. To identify whether or not these sites are
responsible for the different properties of the LK15? and HK 1P, we created an LK
splice variant that differs only at the A part of the amino acid sequence (LK4). The LK4
sequence was truncated at Ser-1905, corresponding to Asp-1904 in the murine Cayl.2
sequence yielding a LK4%* channel for comparison. Electrophysiological analysis
revealed that HEK293 cells transfected with LK4%*? exhibited robust Ca** currents which
were identical with full-length LK1 (Fig. 11B and C). These findings indicate that the
different amino terminus of LK1 and HK1 determine the distinct expression of the

truncated Cay1.2 channel in the respective tissue.
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Fig. 11 Scheme for splice variants of HK1 (Cay1.2a) and LK1 (Cay1.2b) sequence. All transfections were

concomitantly performed with Cavﬁza and Cavy0,6 cDNA. A, scheme for splice variants of Cayl.2. The
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black boxes labeled A, B, C, and D indicate the differences between the HK1 (Cay1.2a) and smooth muscle
LK1 (Cay1.2b). The HK1%P? and LK 1% were truncated at Ser-1905, which correspond to Asp-1904 in the
murine Cayl.2 sequence. LK4% contains the sequence of the cardiac HK1%" (Cayl.2a) with the
exception that the amino terminus is the smooth muscle exon 1b (box A). B, original recordings of Ig,.
HEK?293 cells were transfected with LK1, LK 1%, LK4%° and HK 15", C, current-voltage relationship of
Iga. HEK293 cells were transfected with LK1, LK1%P, LK4%°P and HK 15", Current is expressed as current
density. Curves for LK1, LK1%?, and LK4%P were not statistically different. Data points represent means

+ SEM with n =7 for LK1, n = 13 for LK15°, n = 6 for LK4%* and n = 12 for HK 15"

3.4.4. Western blot analysis of HEK293 cells transfected with LK1, HK1, LK1%,
HK4%°P and LK4%

The Western blot analysis of HEK293 cells transfected with LK1, HK1, LK 15'?, HK45'°P
and LK4%'P was performed by Dr. Katrin Domes. Proteins were seperated on an 8% or a
6% SDS-PAGE gel, using GAPDH as loading control. The Western blot analysis
confirmed the results we obtained by the electrophysiological measurement. Western blot
analysis confirmed that a minor expression of the HK15P channel in HEK293 cells, in
contrast to a robust expression of the Cay1.2 channel in HEK293 cells transfected with

the LK1, HK1, LK1%°" and LK4%°? channel.
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Fig. 12 Western blot of HEK293 cells transfected with HK1, LK1 and the corresponding truncated

constructs. Proteins were separated on an 8% (upper and middle panel) or a 6% (bottom panel) SDS-PAGE
gel. The middle panel shows GAPDH as a loading control, the upper and bottom panels show Cayl1.2
protein. 20 ng proteins were loaded per slot. The left three lanes and the right four lanes were from distinct

gels. Transfection and Western blotting were repeated five times.
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3.4.5. Effect of proteasome inhibitors in transfected HEK293 cells

HEK293 cells transfected with the HK15P showed reduced Iz, and Cayl.2 protein
expression. These results may represent a defect in transcription, translation or protein
processing which targets the Cayl.2 channel to the membrane. Recently, it has been
suggested that Cayl.2 channel allows ubiquitination followed by proteasomal
degradation of the translated protein (Altier et al., 2011; Rougier et al., 2011; Waithe et
al., 2011). Therefore, we tested whether or not inhibition of intracellular proteolysis

affected the expression of the Cay1.2 channel.
3.4.5.1. Effect of proteasome inhibitors in HEK293 cells transfected with HK 1P

For this purpose, the proteasome inhibitors lactacystin (10 pM) and MG132 (10 uM)
were used. It has been reported that lactacystin and MG132 induced apoptotic cell death
at high dose or long incubation time (Zhou ef al., 2010). Therefore, we treated transfected
HEK?293 cells in presence of lactacystintMG132 (10 uM) for 4 h, 8 h and 12 h. As Fig.
13 shows, lactacystintMG132 time-dependently increased the /s, in HEK293 cells
transfected with HK1® construct. We finally chose 12 h as incubation time of

proteasome inhibitor in order to maximize the current amplitude.
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Fig. 13 Time-depedent increased Iy, in transfected HEK293 cells with HK 1P construct. Columns points
represent means + SEM. The number of cells analyzed is showed in the columns. Significant differences

are indicated by *, p < 0.05 and **, p <0.01.
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Following, cells were treated with proteasome inhibitors for the last 12 h. Extracellular
perfusion of lactacystin together with MG132 obviuosly increased the current amplitude
in HK1%°P transfected HEK293 cells. After treatment with lactacystin together with
MG132 the current density of HK1%°? increased by almost 2-fold to -25.38 + 2.02 pA/pF
from -12.14 + 2.28 pA/pF (Fig. 14). However, the Iz, of HK1%* transfected cells
incubated with lactacystintMG132 (10 uM) for 12 h was still lower than the /g, recorded
in HEK293 cells transfected with full-length HK 1. There was no significant difference of
the Iz, recorded in HEK293 cells transfected with full-length HK1 before and after
incubation with lactacystin together with MG132.

Bortezomib is a new proteasom inhibitor that is used in humans and seems to be less
toxic to cells. No or less apototic effects have been reported in cell cultures (Adams et al.,
2004). Therefore, we incubated HEK293 cells transfected with HK1%'*? with bortezomib
(10 uM) for 12 h. Treatment with bortezomib increased 2-fold of Iz, in HEK293 cells
transfected with HK1%P. The by bortezomib enhanced g, can be blocked by 1 pM
isradipine (ISR). These results indicate that the truncated HK1%'°? channel is degraded in

the proteasome after translation in HEK293 cells.
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Fig. 14 Treatment of HK1%P with proteasome inhibitors. A, original recordings of Iy, in HEK293 cells
transfected with the truncated HK1%'P construct. Cells were treated with lactacystin (10 pM) and MG132
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(10uM) for the last 12 h. Cells were stimulated by the voltage pulse depicted above. B, current density of
I, elicited at 20 mV. HEK293 cells transfected with full-length HK1 and the truncated HKI5.
Transfected cells were incubated in the absence or presence of lactacystintMG132 (10 uM each) for the
last 12 h. C, maximal current density of Iz, in HEK293 cells transfected with the truncated HK 15,
Transfected cells were incubated in the absence or presence of bortezomib (10 pM) for the last 12 h. I,
recordings were determined also in the presence of isradipine (ISR, 1 uM) in some cells treated with
bortezomib. Columns represent means £ SEM. The number of cells analyzed is showed in the columns.
Asterisks indicate a statistically significant difference by *, p < 0.05, **, p < 0.01 and ***, p < 0.001; n.s.,

non-significant.

Western blot analysis was performed by Dr. Katrin Domes. HEK293 cells were
transfected with the full-length HK1 or the truncated HK1%P construct together with
Cayp, and Caya,0 cDNA and treated for 48 h, then incubated in the absence or presence
of lactacystintMG132 (10 pM) or bortezomib (10 uM) for 12 h. Treatment of
lactacystintMG132 (10 uM) (Fig.15A) or bortezomib (10 uM) (Fig.15B) for 12 h
significantly up-regulated the expression of the HK1%°P, but had no effect in HEK293
cells transfected with full-length HK1 confirming the electrophysiological data.
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Fig. 15 Western blot analysis of proteasome inhibitors for HK1%. A and B, Western blot from HEK293
cells transfected with the full-length HK1 or the truncated HK1%" construct together with Cayp,, and
Cayad cDNA in the absence and presence of lactacystin (L; 10 uM) and MG132 (M; 10 uM). A, in the
absence and presence of bortezomib (B; 10 uM). B, cells were cultured for 48 h before proteasome
inhibitors were added for the last 12 h. Proteins were separated on an 8% SDS-PAGE gel. Transfection and

Western blots were repeated at least three times with similar results.
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3.4.5.2. Effect of bortezomib in HEK293 cells transfected with LK 159

Further, we tested whether inhibition of intracellular proteolysis affected the expression
of the LK1%*" channel. HEK293 cells were transfected with the LK1 and LK%
constructs. As we can see in Fig. 12, the current densities of LK 1P were -90.53 + 29.32
pA/pF and -81.55 = 11.32 pA/pF, respectively, with and without bortezomib (10 uM).

The bortezomib had no effect on Ig, of cells transfected with the LK15°P construct.
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Fig. 16 Current density of /g, in absence or presence of bortezomib in HEK293 cells transfected with the
truncated LK15P, Cells were or were not treated with bortezomib (10uM) for the last 12 h. Columns

represent means + SEM with n = 9 for LK5? and n = 7 for LK®* + B. n.s., not significantly different.

3.5. Effect of bortezomib on I, in ventricular CMs from Stop/Stop mice

Next, we tried to figure out if the same mechanism operated in the embryonic ventricular
CMs. The embryonic ventricular cardiomyocytes were isolated from hearts of WT,
WT/Stop and Stop/Stop mice at E18.5 embryos and cultured in the absence or presence
of bortezomib (10 uM) to further investigate whether the reduced Cay1.2 current can be
rescued or not. In the presence of 10 uM bortezomib, the current density of Stop/Stop
CMs was doubled. However, no effect was observed in the WT/WT and WT/Stop CMs
with 10 uM bortezomib (Fig. 17). These results indicate that inhibition of the
proteasomal pathway rescues partially /s, in CMs expressing the truncated Cayl.2
channel. Obviously, the truncated Cay1.2 Stop channels are degraded in the proteasome

after translation in murine CMs.
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Fig.17 Rescue of the truncated Stop Cay1.2 channel by bortezomib. Current density of /g, in ventricular
CMs from WT/WT (open columns), WT/Stop (hatched columns), and Stop/Stop (black columns) mice.
CMs were or were not treated with bortezomib (10 uM) for the last 12 h. Columns represent means = SEM
with n = 6 - 17 from four to six embryos. Statistical analysis was performed by 2-way ANOVA followed
by Bonferroni post-test. Significant differences are indicated by *** p < 0.001; n.s., non-significant.

Genotype was analyzed by PCR.

3.6. Effect of isoproterenol on /g, in ventricular CMs

As reported, C-terminus of Cay1.2 serves as the substrate for B-adrenergic activation of
CMs, which can increase the maximal probability of channel opening and Ca*" current
amplitude (Bunemann et al., 1999; Catterall, 2000b; Hulme et al., 2004). To investigate
B-adrenergic regulation, we superfused CMs with 100 nM isoproterenol (Iso), a direct
activator of B-adrenergic receptors. The pulse protocols as well as original current
waveforms are showed in Fig. 18A and corresponding statistcal analysis is displayed in
Fig. 18B. From the original recording and analytical graph we can see that isoproterenol
(100 nM) increased Ig, in ventricular CMs from WT and WT/Stop mice by about 50%
(Fig. 18), whereas Iz, was not affected by isoproterenol in ventricular CMs from

Stop/Stop mice.
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Fig. 18 Effect of isoproterenol on /g, in ventricular CMs from murine embryos (E18.5). A, original

1000 pA

recordings of I, in ventricular CMs from WT, WT/Stop and Stop/Stop mice. Currents were recorded in the
absence (control) and presence of 100 nM Iso. B, statistics of Iso-dependent increase in peak current of
ventricular CMs from WT/WT (open columns), WT/Stop (hatched columns), and Stop/Stop (black
columns) mice. Columns represent means + SEM normalized to basal current values. Number of recorded
cells is given in columns. Statistical analysis was performed by Student t-test. Asterisks indicate a

statistically significant difference (*, p < 0.05).

3.7. Effect of forskolin on I, in ventricular CMs

A robust coupling of B-adrenergic receptors to G proteins is not fully extablished until
birth (An et al, 1996). Therefore, adenylyl cyclase, downstream of [-adrenergic
receptors and G proteins, was activated directly using forskolin (FSK) to study the
regulation of /g, by the B-adrenergic signaling cascade. Similar to Iso, FSK (5§ uM)
increased by 80% the current density of /g, in ventricular CMs from WT and WT/Stop
mice, but had no effect in ventricular CMs from Stop/Stop mice (Fig. 19). These findings
indicate that the Cayl.2 truncated at Asp-1904 was not affected significantly the B-
adrenergic signaling cascade in ventricular CMs most likely because only minimal

amounts of the truncated channel were incorporated into the membrane.
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Fig. 19 Effect of forskolin on /g, in ventricular CMs from murine embryos (E18.5). A, original recordings
of I, in ventricular CMs from WT, WT/Stop and Stop/Stop mice. Currents were recorded in the absence
(control) and presence of 5 uM FSK. B, statistics of forskolin-dependent increase in peak current of
ventricular CMs from WT/WT (open columns), WT/Stop (hatched columns), and Stop/Stop (black
columns) mice. Columns represent means + SEM normalized to basal current values. Number of recorded
cells is given in columns. Statistical analysis was performed by Student t-test. Asterisks indicate a

statistically significant difference (**, p < 0.01).

3.8. Recording of Cay1.2 current in atrial CMs

The previous results showed that the truncated Cayl.2 channel was differentially
processed in ventricular CMs and smooth muscle tissues. It has been reported that atrial
CMs display different pattern of Cay channels, as well as different physiological and
anatomical properties compared with ventricular CMs (Fu et al., 2011), regarding the
rudimentary transverse-axial tubular network, the expression levels of key proteins
involved in Ca®" signaling and homeostasis (Bootman et al., 2011). Therefore, the

possibility existed that atrial CMs may also exhibit a differential processing of the
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truncated Cav1.2 channel. Consequently, we comparatively analyzed /g, in atrial CMs at
E18.5 from WT, WT/Stop and Stop/Stop mice.

Cell capacitances were not different in WT/WT, WT/Stop and Stop/Stop CMs from atria
supporting the notion that the cell sizes of all these atrial CMs expressing different
genotypes were similar (Fig.20 A). We can see from the original recording and I-V
relationship and in contrast to ventricular CMs from Stop/Stop mice (-12.14 + 2.28
pA/pF), a robust Iz, was recorded in atrial CMs from Stop/Stop mice (-44.81 + 7.40
pA/pF) (Fig. 20B and C). The current densities recorded in atrial CMs from WT and
WT/Stop mice at 0 mV were -74.50 + 17.42 pA/pF and -70.09 + 12.98 pA/pF,
respectively, showing no difference (Fig. 20B and C). All these measurements were

performed in blind mode. The genotype of the pups was determined by PCR after the

recordings.
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Fig. 20 I, recordings in atrial CMs from murine embryos (E18.5). A, cell capacitances of atrial CMs from
WT/WT (open columns), WT/Stop (hatched columns) and Stop/Stop (black columns) mice. Columns
represent means + SEM. Numbers indicate the number of CMs. Data sets were not statistically different as
indicated by ANOVA followed by Bonferronipost-test. B, original recordings of I, in atrial CMs from
WT, WT/Stop, and Stop/Stop mice. C, current-voltage relationship of I, recorded in atrial CMs from WT,
WT/Stop and Stop/Stop mice. Data points represent means £ SEM with n = 9-22. Asterisks indicate a
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statistically significant difference (***, p < 0.001) between the data sets from Stop/Stop and WT mice.
Statistical analysis was performed by 2-way ANOVA followed by Bonferroni post-test.

3.9. Effect of forskolin on Ig, in atrial CMs

It has been reported that atrial CMs exhibit robust L-type Ca®" channel currents that can
be enhanced by B-adrenergic stimulation (Ouadid et al., 1991). As we had shown above,
atrial CMs from Stop/Stop mice also exhibited a robust /g, compared with ventricular
CMs from Stop/Stop mice. Therefore, we further investigated the effect of B-adrenergic
stimulation in atrial CMs at E18.5.

Atrial CMs were stimulated with FSK to investigate whether or not the mutation at Asp-
1904 had an effect on B-adrenergic signaling cascade regulation of /g, in atrial CMs from
Stop/Stop mice. The pulse protocols as well as original current waveforms are shown in
Fig. 21A and the corresponding statistcal anaysis is displayed in Fig. 21B. From the
original recording and analytical graph we can see that foskolin (5 uM) increased /g, in
atrial CMs from WT and WT/Stop mice by about 100% (Fig. 21A and B), surprisingly,
Is, was also 2 fold up-regulated by FSK in atrial CMs from Stop/Stop mice (Fig. 21A and
B). These findings indicate that the f-adrenergic signaling cascade in atrial CMs is not
influenced by the Stop mutation in the Cayl.2 gene. The differential effect of FSK in
ventricular and atrial CMs may indicate a different coupling of the respective L-type Ca*"
currents to the B-adrenergic signaling cascade in ventricle and atrium or point to the
expression of different types of Cay channels mediating L-type Ca>" currents in ventricle

and atrium.
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Fig. 21 Effect of forskolin on /g, in atrial CMs from murine embryos (E18.5). A, original recordings of /g,
in atrial CMs from WT, WT/Stop and Stop/Stop mice. Currents were recorded in the absence (control) and
presence of 5 pM forskolin (FSK). B, statistics of forskolin-dependent increase in peak current of atrial
CMs from WT/WT (open columns), WT/Stop (hatched columns) and Stop/Stop (black columns) mice.
Columns represent means = SEM normalized to basal current values. Number of recored cells is given in
columns. Statistical analysis was performed by Student t-test revealing no statistically significant difference

between the data.

3.10. Voltage-dependent activation curves of I, in ventricular and atrial CMs

The voltage-dependent activation curve of Ig, in ventricular and atrial CMs were
analyzed. The activation curves were fitted according to the Boltzmann equation. As Fig.
22A shows similar activation curves in ventricular CMs from WT and Stop/Stop mice,
with half-maximal activation popential -22 mV and -20 mV, respectively. In contrast, the
activation curve in atrial CMs from Stop/Stop mice was markedly shifted to the left by
about 7 mV as compared with the curve obtained in atrial CMs from WT mice (Fig.
22B), with half-maximal activation popential -17 mV and -24 mV, respectively. These
findings indicate that the L-type Ca®" current in atrial CMs from Stop/Stop mice is

possiblly carried by other Ca*" channels, maybe Cay1.3 channels, since Cay1.3 channels
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have been reported to display a more negative voltage-dependent activation curve as

compared with Cay1.2 channels (Klugbauer et al., 2002; Zhang et al., 2005; Zhang et al.,

2002)
A R
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Fig. 22 Voltage-dependent activation curves of I, in ventricular (A) and atrial (B) CMs from WT and

Stop/Stop mice. Data points represent means + SEM with n =9 - 22. Curves represent a fit of the data sets
with the Boltzmann equation (r*> 0.97). Voltages for half-maximal activation were -22 mV and -20 mV in

ventricular CMs from WT and Stop/Stop mice (A), and -17 mV and -24 mV in atrial CMs from WT and
Stop/Stop mice (B). Asterisks indicate a statistically significant difference (**, p < 0.01) between the data
sets from Stop/Stop and WT mice. Statistical analysis was performed by 2-way ANOVA followed by

Bonferronipost-test.

3.11. Effect of isradipine on Ig, in ventricular and atrial CMs

We further comparatively analyzed the effect of isradipine on /g, in ventricular and atrial
CMs. The dihydropyridine isradipine is known as a potent blocker of L-type Ca*"
currents through Cay1.2 channels displaying an ICsq value of about 0.4 uM (Hamilton et
al., 1987). The original current waveforms of ventricular and atrial CMs are shown in Fig.
23A and B and corresponding statistcal anaysis is displayed in Fig. 23C and D. From the
original recording and analytical graph we can see that isradipine can significantly inhibit
the /g, both in ventricular CMs and atrial CMs. 1 uM isradipine blocked about 65% of /g,
in ventricular and atrial CMs from WT and WT/Stop mice (Fig. 23). The effects of 1 or
10 uM isradipine could hardly been seen in ventricular CMs from Stop/Stop mice (Fig.
23C), due to the minimal Ca*" currents left. The inhition rate of 1 or 10 uM isradipine
was not different. In contrast, the effects of 1 or 10 uM isradipine were obvious in atrial

CMs from Stop/Stop mice with an inhibition of about 30 and 50% of control, respectively
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(Fig. 23D). the different values suggest a reduced sensitivity of the Stop/Stop L-type
current compared to the current in atrial CMs from WT mice.

It has been reported that L-type Ca>" currents through Cay1.3 channels display a reduced
sensitivity to dihydropyridines than through Cay1.2 channels (Koschak et al., 2001).
Atrial CMs are able to express Cayl1.3 channels although the expression level of Cay1.2
channels is about 100x higher, at least in healthy human atrium (Gaborit et al., 2007).
This result further confirms the possibility that the L-type current recorded in atrial CMs

from Stop/Stop mice may be carried by Cay1.3 channels.
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Fig. 23 Effect of isradipine on I, in ventricular and atrial CMs from murine embryos. A and B, original
recordings of I, in ventricular (A) and atrial (B) CMs from WT and Stop/Stop mice. Currents were
recorded with or without isradipine. C and D, effect of isradipine on the magnitude of /g, in ventricular (C)
and atrial CMs (D). Columns represent means + SEM normalized to basal current values. Number of
recorded cells is given in columns. Numbers below the columns indicate the concentration of ISR used (1
or 10 uM). Statistical analysis was performed by Student t-test. Asterisks indicate a statistically significant

difference (***, p < 0.001; n.s., non-significant).

3.12. Expression analysis of Cay1.2 in ventricular and atrial tissues from WT and

Stop/Stop mice by RT-PCR

Consequently, we performed semi-quantitative reverse transcriptase polymerase chain
reaction to evaluate the amount of mRNA for Cayl.2a, Cayl.2b, Cay2.1 and Cayl.3
channels in ventricular and atrial tissues at E18.5. The embryo genotype was determined
by PCR. In order to compare expression levels obtained from independent experiments
the data was normalized by using GAPDH or HPRT as internal standard. Fig. 24A, C, E
and G show representative gels displaying the results from RT-PCR with total RNA
isolated from ventricular or atrial tissues at E18.5. Signals for mRNA corresponding to
the cardiac form of Cay1.2 (Cayl.2a), the smooth muscle form of Cay1.2 (Cayl1.2b) and
Cay2.1 were detected in ventricular and atrial tissues from WT and Stop/Stop mice and
the signals were not statistically different. The expression levels of these three channels
in both ventricular and atrial tissues were identical (Fig. 24A, B, C, D, G and H). Signals
for mRNA corresponding to Cay1.3 in ventricular tissue from Stop/Stop mice were 2-
fold reduced when compared with those from WT mice (Fig. 24E and F). In contrast,
signals for mRNA corresponding to Cayl.3 were increased in atrial tissues from
Stop/Stop mice when compared with those from WT mice (Fig. 24E and F). These
findings are in aggreement with the above results indicating that atrial CMs from

Stop/Stop mice increase the expression of Cay1.3 channels.
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Fig. 24 Expression analysis of Cay1.2 channels in ventricular and atrial tissues from WT and Stop/Stop
mice by RT-PCR. A, C, E and G, representative ethidium bromide-stained agarose gel of amplicons

generated with primers against mRNA of Cayl.2a (A), Cayl.2b (C), Cayl.3 (E) and Cay2.1(G) in
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ventricular (V) and atrial (A) tissues from WT and Stop/Stop mice. The size of the amplicons is indicated
on the left (bp). Primers against mRNA for GAPDH or HPRT were used as control. In A, lung tissue from
WT mice was used as a control for the specificity of the primers against mRNA of Cayl.2a. In C, lung
tissue from WT mice was used as a control for the specificity of the primers against mRNA of Cay1.2b. B,
D, F and H, quantitative analysis of the amplification products. Columns represent means + SEM
normalized to GAPDH (B, D, and F) or HPRT (H). Numbers in the columns indicate the number of
experiments. Statistical analysis was performed by Student t-test. Asterisks indicate a statistically

significant difference (*, p < 0.05; **, p <0.01; n.s., non-significant).

4. Discussion
4.1. The role of truncated Cav1.2 at Asp-1904 in ventricular CMs

The C-terminus of Cayl.2, as carrier of a variety of potential regulatory structure
elements, has been comprehensively investigated in cell culture expression studies and
numerous results are obtained, which show how the C-terminus affects the function of the
channel (Bunemann et al., 1999; Davare et al., 2001; Dolmetsch et al., 2001; Dzhura et
al., 2000; Fuller et al., 2010; Gao et al., 2000; Gao et al., 2001; Hulme et al., 2006b).
However, it is not certain which of the ex vivo observed effects are still present in the
living mouse. Therefore, a mouse line expressing the truncated Cayl.2 channel was
generated by introducing three stop codons after aspartate 1904 in the murine Cayl.2
gene corresponding to serine 1905 in the rabbit sequence. These three stop codons
introduced after aspartate 1904 can stop the translation at this point, so that, ideally, the
truncated protein was formed. The selection of the mutation site is based on previous
reports, which suggested the truncation of the C-terminus of Cay1.2 channel is required
for cAMP-dependent phosphorylation (Bunemann et al., 1999; Fuller et al., 2010; Hulme
et al., 2005) and also play a bona fide role in transcriptional regulation (Gomez-Ospina et
al., 2006). Based on previous in vitro data, we anticipated a similar increased expression
of Cayl.2 in our mouse model. Contrary to our expectations, we found that the
homozygous Stop/Stop mice die early after birth. Further analysis of this mouse line by
electrophysiology and Western blot indicated that the CMs from Stop/Stop mice
displayed a reduced /g, and Cay1.2 expression. Severely reduced heart rate and force of
contraction were also found, which indicated the low Cay1.2 channel expression appear

to be sufficient for embryonic development but too low to support the physiological up-
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regulation of the heart frequency and the force of contraction after birth (Corrigan et al.,
2010; Porter et al., 2001). These results explain the cause of the premature death of the
Stop/Stop mice. Fu et al. (Fu et al., 2011) achieved similar results with reduced L-type
Ca’" current and Cay1.2 expression in heart of truncated C-terminus Cav1.2 channel after
Gly-1796 mouse line. However, mutation at Gly-1796 caused cardiac hypertrophy
( Zitieren:Fu et al. ). We could not confirm this finding by our morphometric studies in
the Stop/Stop mouse line possibly due to the different mutation position. The postpartum
death of the Stop/Stop mice was caused by a massive reduction of the Cay1.2 current and
protein expression. As we observed, the current density in Stop/Stop CMs was only 20%
of WT/WT CMs. It has been reported that Cay1.2 proteins are ubigqitinated followed by
proteasomal degradation of the translated protein (Altier et al., 2011; Rougier et al.,
2011; Waithe et al., 2011). Therefore, we further tried to figure out whether and, if so, to
what extent the down-regulated expression of Cay1.2 can be protected from proteasomal
degradation. Further analysis showed that the relative reduction of protein expression and
Ip, in the CMs of the Stop/Stop mice were rescued by exposure to bortezomib (10 uM),
one kind of proteasome inhibitors which can specifically bind the catalytic site of the 26S
proteasome to prevent proteasomal degradation (Bonvini et al., 2007). The low current
density in the Stop/Stop CMs was almost 2-fold increased by inhibiton of proteasomal
degradation, but still lower than WT/WT CMs. However, we did not anticipate a
complete recovery in these experiments because the inhibitors were present for a short
time when compared with the expression time of the wild type channel. We did not
exceed the time of treatment with the proteasom inhibitors since we observed a
significant increase in the number of apoptotic CMs after treatment with the inhibitors
longer than 12 h.

In addition, it has been reported that C-terminus of Cay1.2 serves as the substrate for -
adrenergic regulation of CMs, which can increase the maximal probability of channel
opening and Ca®" current amplitude (Bunemann et al., 1999; Catterall, 2000b; Fu et al.,
2011; Hulme et al., 2004). Therefore, we extracellularly perfused isoproterenol, a direct
activator of B-adrenergic receptor, to investigate B-adrenergic regulation. Isoproterenol
can significantly increase /g, in ventricular CMs from WT and heterozygous mice, but

had no effect in Stop/Stop mice. In consideration that robust coupling of B-adrenergic
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receptors to G proteins is not fully established until birth (An et al., 1996), the
experiments were repeated by FSK, an activator of adenylyl cyclase. Consistent with the
isoproterenol data, forskolin doubled /s, of the WT and heterozygous mice but not that of
Stop/Stop mice. Therefore, Cayl.2 channel truncated after Asp-1904 was not up-
regulated by B-adrenergic stimulation in ventricular CMs suggesting that amino acids C-
terminal to Aspartate 1904 may be essential for the adrenergic up-regulation of /¢, in the
heart.

Truncation of the Cay1.2 at Asp-1904 in murine will lead to early death of the Stop/Stop
mice after birth, because the low concentration of Cay1.2 channel is not sufficient to
support the physiological up-regulation of the heart frequency and contraction after birth.
These parameters are even not up-regulated by B-adrenergic stimulation. However,
inhibiton of the proteasomal pathway can rescue this low concentration of Cayl.2 from
Stop/Stop mice, which suggests that most of the truncated channel protein is ubiquinated

and degraded during transport in the proteasome.

4.2. The role of truncated Cav1l.2 at Ser-1905 in transfected HEK?293 cells

As already discussed, the homozygous Stop/Stop mice with three stop codons after Asp-
1904 in the murine Cay1.2 gene died after birth caused by a low membrane expression of
the Cay1.2 protein in vivo. Next, we examined this concept by the use of the HEK293
cells expression system in vitro. HEK293 cells were transfected with the rabbit Cay1.2
channel isoform HK1 and together with the Cayf,, and Cayoyd subunits. The HK1
sequences were truncated at serine 1905 in rabbbit, corresponding to aspartate 1904 in the
murine Cayl.2 gene, yielding an HK1%P channel. HEK293 cells transfected with the
HK 1P channel showed low Ig, in electrophysiology analysis and reduced protein
expression in immunocytochemical analysis. These results were in contrast with the
result of Gao et al. who reported that current density of the C-terminal-truncated mutants

at Ser-1905 were significant increased in tsA201 cells (Gao et al., 2000; Gao et al., 2001).

The Western blot analysis supported the notion that there is distinct expression of the
truncated isoforms of the Cay1.2 channel, namely the “cardiac (HK1)” and the “smooth

muscle (LK1)” or, alternatively, Cayl.2a and Cayl.2b. Different from HKI1, which is
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predominantly expressed in CMs, LK1 is mainly expressed in the smooth muscle but not
in the CMs. Surprisingly, HEK293 cells transfected with the LK1 channel had a robust
Ig.. As reported that HK1 and LK1 are alternatively spliced from the same Cayl.2
channel gene and differ only at four sites, namely, the amino terminus, the IS6 and IVS3
transmembrane segments, and an insert loop connecting domain I and domain II which is
only present in the LK1. For further analysis of the “backbone” structure, we introduce
LK4 construct which contained the amino-terminal sequence of the LK1 channel on the
HK 1 backbone for comparision. LK4%°" showed a large /g, almost as big as LK1%'.
These results implied that different behavior between HK1%'P and LK 1P was possibly
caused by the distinct amino terminus. Both LK1 and LK4 contain the amino terminus
from the short (exon 1a) smooth muscle isoform, whereas HK1 has the amino terminus
from the long (exon la) cardiac isoform. These results suggest that the expression of
truncated Cayl1.2 channel at Ser-1905 depends on the “backbone” of the channel, i.e.
whether it contains the amino terminus from the long (exon la) cardiac isoform or the
shorter (exonlb) smooth muscle isoform.

In consideration that the Cay1.2 channel allows ubiquitination followed by proteasomal
degradation of the protein (Altier et al., 2011; Rougier et al., 2011; Waithe et al., 2011),
we speculated that the reduced /g, of truncated HK 15 is possibly due to intracellular
proteolytic degradation. Therefore, we next examined whether or not inhibition of
intracellular proteolysis affected the expression of the HK1P channel. To do this, we
applied three independent proteasome inhibitors: lactacystin (10 uM), MG132 (10 pM)
and bortezomib (10 uM). Electrophysiology revealed a 3-fold increase in /g, and a
significant upregulation in the expression of the HK1%*" protein in HEK293 cells
transfected with the HK1%° channel in the presence of proteasome inhibitors. The /g,
increased by bortezomib can be completely inhibited by the dihydropyridine isradipine.
These results suggest that inhibition of the proteasomal pathway rescues partially the

15" channel.

expression of the HK
Actually, the differences in the expression pattern of these two isoforms had already been
observed earlier by Welling et al.. She reported that constructs with the long (exon 1a)
cardiac amino terminus expressed very poorly in HEK293 cells (Welling ef al., 1997). It

has been reported that the sequence of carboxyl terminus between 2024 and 2171
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contains an inhibitory domain (Gao et al., 2001) which binds to the proximal C-terminus
(Singh et al., 2006; Wahl-Schott et al., 2006). Therefore, we speculate that binding of the
inhibitory sequence to the proximal C-terminus probably prevents ubiquitination
followed by degradation. Truncation of the distal C-terminus maybe change
conformation and remove the shield preventing ubiquitination, which was relevant to the
cardiac isoform (HK1). Apparently, the short amino terminus of the smooth muscle
Cayl1.2 isoform (LK) induces a conformational shift of the truncated carboxyl terminus
that prevents ubiquitination. To some extent, this consideration is supported by several
groups that the amino terminus can interact with carboxyl terminus and mutation of the
long amino terminus affects PKC modulation (Kobrinsky et al., 2004; Kobrinsky et al.,
2005; Shistik et al., 1998).

4.3. The role of truncated Cay1.2 at Asp-1904 in atrial CMs

Both cardiac ventricle and atrium contribute to effective cardiac function, forming the
plateau phase, either ventricular CMs or atrial CMs exhibit robust /¢, that can be
enhanced by B-adrenergic stimulation (Anyukhovsky et al., 2002; Brandmayr et al., 2012;
Ouadid et al., 1991; Schram et al., 2002). C-terminal truncated forms of the Cayl.2
channel at Aps-1904 (Stop/Stop mice) results in neonatal death, reduced Cayl.2
expression and inability to up-regulated the channel by B-adrenergic stimulation in
ventricular CMs. Furthermore, truncation of Cay1.2 sequence at Gly-1796 results also in
the inability of the remaining L-type current to be up-regulated by isoproterenol (Fu et al.,
2011). However, in contrast to ventricular counterparts, atrial CMs from Stop/Stop mice
exhibited robust /g, that can also be stimulated by the B-adrenergic cascade. This may be
partially due to different physiological and anatomical properties as compared with
ventricle such as shorter action potentials (Schram et al., 2002), a rudimentary transverse-
axial tubular network and different expression levels of key proteins involved in Ca**
signaling (Bootman et al., 2011).

However, further analysis indicated that these currents are mediated by Cay1.3 channels
as evidenced by: 1) the characteristic of the current as L-type; ii) the remarkly left shift of
the activation curve, since Cayl.3 channels display a more negative voltage-dependent

activation curve as compared with Cay1.2 channels (Klugbauer et al., 2002; Zhang et al.,
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2005; Zhang et al., 2002); iii) the reduced inhibition by moderate concentrations of
isradipine; and iv) the increased content of the mRNA for Cayl.3 combined with the
unchanged mRNA for Cayl.2a and Cayl.2b. These findings indicate that Cayl.3
channels partially substitute the loss of the Cay1.2 channel in atrial but not in ventricular
CMs, which is in line with the notion that Cay1.3 channels may contribute functionally to
atrial cardiac CMs (Zhang et al., 2005).

Obviously, the truncation of Cayl.2 channel at Asp-1904 did not influence the
transcription level as our present study showed in pre-natal embros that the expression of
Cayl.2 mRNA was not different between atrium and ventricle from WT and Stop/Stop
mice, respectively. This finding further supports the notion that the minor expression of
Ip, in ventricular CMs is due to post-translational modifications of the truncated channel.
However, expression of Cay1.3 mRNA was different between atrium and ventricle from
WT and Stop/Stop mice. In ventricle, Cayl.3 mRNA was reduced in Stop/Stop hearts
indicating an enhancement of the developmental changes in Cay1.3 expression towards
adulthood. In atrium, Cayl.3 mRNA was increased in Stop/Stop hearts indicating
developmental changes in Cayl.3 expression towards fetal stages. This result was
confirmed by Xu’s study that a similar up-regulation of the Cay1.3 calcium channel was
observed in whole embryonic hearts (day E12.5 after conception) from Cay1.2 deficient
mice (Xu et al., 2003). In addition, both Western blot and confocal imaging demonstrated
that Cay1.3 channel protein was expressed in both atrium and ventricle at fetal and, to a
less amount, at neonatal stages but was limited to the atrium and absent in the ventricle of
the adult heart (Qu et al., 2011).

The C-terminus of the Cay1.2 channel has been proposed to be a major target site for the
B-adrenergic signaling cascade being phosphorylated by the cAMP/PKA pathway (De
Jongh et al., 1996). The autoinhibitory complex, consisting of the truncated channel, the
cleaved fragment and probably the AKAP, is hypothesized to serve as the substrate for -
adrenergic regulation. The interaction of the cleaved fragment with the rest of the channel
reduces ion conduction activity and phosphorylation of serine-1928 then releases this
inhibitory interaction (Dai et al., 2009). However, exchange of this amino acid to alanine
did not prevent B-adrenergic stimulation of the Cayl.2 current (Ganesan et al., 2006;

Lemke et al., 2008). Recent evidence indicates that the inhibitory interaction may be
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instead relieved by PKA-mediated phosphorylation of serine-1700 or threonine-1704
(Fuller et al., 2010). In line with this concept, truncated Cay1.2 channels in ventricular
CMs were unable in vivo to respond to B-adrenergic stimulation (Domes ef al., 2011; Fu
et al., 2011). In the present study, truncated Cay1.2 channels in atrial CMs shows L-type
Ca’' currents. However, these currents seem to be mediate by Cay1.3 channels and can be
stimulated by the f-adrenergic cascade (Qu et al., 2005).

In summary, our results indicate that the Cay1.3 channel can partially substitute in atrial

but in not ventricular CMs the missing Cay1.2 channel.
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5. Summary

The thesis describes the cardiac properties of a mouse line in which the Cay1.2 gene has
been C-terminally truncated after Asp-1904 (Stop/Stop mice). In contrast to studies on
the expression of the truncated Cay1.2 channel in transfected cells, Stop/Stop mice die
early after birth, because /g, and Cay1.2 protein expression is severely reduced in their
cardiac ventricle. Furthermore, Cay1.2 of the Stop/Stop heart is not up-regulated after
birth. The remaining /¢, is too low to support the physiological up-regulation of the heart
frequency and the force of contraction. Treatment of ventricular CMs with the
proteasome inhibitor bortezomib partially rescued the expression of the truncated channel
protein and /g, in Stop/Stop CMs implying that most of the truncated channel protein was
ubiquinated and degraded in the proteasome. In addition, the Cay1.2 channel truncated
after Asp-1904 was not up-regulated by B-adrenergic stimulation in ventricular CMs.
Stop/Stop mice showed a reduced Cayl.2 expression in the heart but not in smooth
muscle samples which finding suggests that the truncated smooth muscle form is
protected against proteasomal degradation. To clarify this issue, the cardiac (HKI,
Cay1.2a) and smooth muscle (LK1, Cay1.2b) isoform was truncated at Ser-1905 (HK 1%
and LKlStOP) and expressed together with the B,, and a6 subunit in HEK293 cells.
LK1%P was expressed under this condition, whereas HKI®® was not. HKI%
expression was enhanced by the addition of bortezomib. Exchange of the cardiac amino
terminus by the smooth muscle amino terminus in HK 1% led to a solid expression of the
chimeric channel.

Since the physiological and anatomical properties differ between ventricle and atrium, we
next investigated the expression of Cayl.2 truncated at Asp-1904 in atrial CMs.
Surprisingly and in contrast to ventricular CMs, robust L-type Ca’" currents were
observed in atrial CMs from Stop/Stop mice, which were stimulated by the p-
adrenergic/cAMP/PKA signaling cascade. Further analysis indicated that these currents
are mediated by Cay1.3 channels as evidenced by 1) the characteristic of the current as L-
type, i1) the leftward shift of the activation curve, iii) the reduced inhibition by moderate
concentrations of isradipine, and iv) the increased content of the mRNA for Cayl.3

combined with the unchanged mRNA for Cayl.2a and Cay1.2b. These findings indicate
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that atrial CMs can partially substitute the failure of Cay1.2 expression by up-regulating
Cayl1.3 expression.

In conclusion, this study shows that truncation of the Cay1.2 gene at Asp-1904 has tissue-
dependent effects: proteasomal degradation of the channel in ventricular CMs, up-
regulation of Cayl.3 in atrial CMs, and no obvious effect on the channel in smooth

muscle tissue.
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