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University of Washington

ABSTRACT

Role of Phosphorylation of the Alpha One
Subunit in Cyclic Adenosine
Monophosphate Dependent Modulation of

Skeletal Muscle Calcium Channels

by Jeffrey P. Brousal
Chairperson of the Supervisory Committee
Professor William A. Catterall, Ph.D.

Department of Pharmacology

Phosphorylation of the skeletal muscle «, subunit of the L-type
calcium channel has been proposed to regulate the calcium current, allowing
increased calcium flux during tetanus and during B-adrenergic activation.

This stimulation has been shown to increase skeletal muscle contraction and
calcium channel activity through cAMP-dependent phosphorylation of serine
and threonine amino acid residues. The molecular mechanism of this
phosphorylation has been studied by altering the serine and threonine

residues to alanine to prevent phosphate transfer. These mutants have been



analysed biochemically and physiologically for changes in calcium channel

regulation.

Oligonucleotide directed mutagenesis was used to alter serine
and threonine amino acid residues to alanine in consensus sequences for
phosphorylation by cAMP-dependent protein kinase. This prevented the
incorporation of phosphate into this molecule. These wild type and mutant

cDNAs were transiently tranfected into a heterologous expression system

with the rat brain L-type calcium channel B,, subunit and the rabbit skeletal

muscle L-type calcium channel «,/8 subunit in human embryonic kidney

cells expressing the large T antigen. This system allowed analysis of protein

expression, protein phosphorylation and electrophysioiogy.

The calcium channels expressed dihydropyridine binding sites
with K, at 136 - 215 pM and Pmax at 141 to 718 fmol/mg protein. The wild

type protein had a molecular mass of 212 kDa and the truncated mutant
protein had a molecular mass of 190 kDa in western blot analysis. The wild
type protein had normal in vivo and in vitro cAMP-dependent protein
kinase phosphorylation. A mutant protein containing 17 amino acid changes
was not phosphorylated by cAMP-dependent protein kinase in vivo or in

vitro .



The functional properties of wild-type and mutant channels and
their regulation by cAMP-dependent protein kinase were studied by analysis
of tail currents with barium as the permeant ion. These measurements
showed no change in the wild type or mutant channel in the absence or
presence of the activating agent, dcl-cBIMPS. This shows that the «, subunit
of the rabbit skeletal muscle calcium channel is not the target of

phosphorylation for the phenomena of increased calcium channel activity

due to B-adrenergic stimulation.
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IV. INTRODUCTION

Initiation of Skeletal Muscle Contraction

Skeletal muscle contraction is initiated by cytosolic free calcium
released from the sarcoplasmic reticulum in response to the depolarization of
the transverse tubule membrane as an action potential travels along the
sarcolemma (Schneider, et al., 1973; Beam, et al., 1986; Rios, et al., 1987;
Catterall, 1991). Calcium is released from ryanodine sensitive calcium
channels (calcium release channels) in the sarcoplasmic reticulum which are
thought to be linked to voltage sensitive calcium channels in the transverse
tubules through a junctional foot region (Schneider, et al., 1973; Lai, et al,,
1988), a process called excitation-contraction coupling. The voltage sensitive,

dihydropyridine-binding calcium channels (L-type calcium channels) in the

transverse tubule are composed of five subunits. There is a central o, subunit
of 212 kD, an intracellular B subunit of 55 kD, a glycosylated transmembrane y
subunit of 30 kD, a glycosylated o, subunit of 130 kD disulfide linked to a

glycosylated 28 kD 6 subunit (Takahashi, et al., 1987).
Calcium Channel Subunits
The «, subunit, enriched in transverse tubules, forms the ion

channel and contains the binding sites for calcium antagonist drugs (Curtis, et



al., 1984, 1986; Singer, et al., 1991; Flockerzi, et al., 1986; Takahashi, et al., 1987).

Although the cDNA encodes a 212 kD protein (Tanabe, et al., 1987), two forms
of the a, subunit can be immunoprecipitated from rabbit skeletal muscle, a
212 kD full length form and a 190 kD form truncated at the carboxyl terminus
(De Jongh, et al., 1989). Purified, reconstituted calcium channel a, and

subunits are phosphorylated via a cAMP dependent protein kinase (PKA) in
vitro , increasing calcium flux (Curtis and Catterall, 1985; Flockerzi, et al.,
1986; Nunoki, et al., 1989).

cAMP-Dependent Protein Kinase

Activation of cAMP dependent protein kinase follows from

epinephrine activation of B-adrenergic receptors to stimulation of adenylate

cyclase to the production of cAMP. f-adrenergic receptors and adenylate

cyclase exist in the T-tubule membranes of skeletal muscle (Caswell, et al,,
1978). The activation of PKA by cAMP, cAMP analogues or direct application
of catalytic subunits of PKA increases calcium channel activity, increases the
amplitude of the peak current, and increases the open probability resulting in
increased muscle tension (Hymel, et al., 1988; Arreola, et al., 1987; Flockerzi, et
al., 1986). Long term activation of PKA increases the number of
dihydropyridine receptors and decreases their affinity for dihydropyridines

(Schmid, et al., 1985).



Phosphorylation
Phosphorylation of the skeletal muscle o, subunit has been

shown to occur at specific sites. Biochemical experiments have shown
several to be preferentially phosphorylated. Serine 687 and 1617 have been
shown to be phosphorylated in the 190 kD form of the channel (ROrhkasten,
et al., 1988; De Jongh, et al., 1991). Serine 1757, 1772 and 1854 have been
shown to be phosphorylated in the 212 kD form of the channel (Lai, et al.,
1990; Rotman, et al., 1992; Rotman, et al., 1995).

Phosphorylation of these sites has been proposed to alter
channel activity and protein - protein interactions. Calcium channel activity
in rat and mouse skeletal muscle myotubes is increased by frequent, short
depolarizations which mimics tetanic trains of action potentials (tetanic
acitivity). This modulation includes shifts in voltage dependence to more
negative membrane potentials and slowing of channel deactivation. This
process is blocked by the PKA substrate inhibitor (PKI) and PKA anchoring
inhibitors (Ht31) indicating a direct role for PKA in the process (Sculptoreanu,
et al., 1993; Johnson, et al., 1994). Stimulation of PKA by the cAMP anologue
Sp-5,6-DCI1-cBIMPS increases calcium channel current two to four fold and

slows deactivation. This effect is also blocked by PKI (Johnson, et al., 1997).



Protein - Protein Interactions

Further evidence for essential protein-protein interactions in
excitation-contraction coupling includes the folowing.

Mice with the lethal muscular dysgenesis mutation have an

absence of skeletal muscle contraction in response to depolarization of the
transverse tubule. This has been localized to the absence of the «, subunit in
these mice (Knudson, et al.,, 1989; Chaudhari, et al., 1992). Using myotubes
isolated from these mice, microinjection of the cDNA for the «, subunit of

the calcium channel has restored voltage-gated calcium currents, coupling of
membrane excitation with muscle contraction and intramembrane charge
movements (Tanabe, et al., 1988; Adams, et al., 1990). A critical region for
initiation of excitation-contraction coupling has been localized to the
intracellular loop between transmembrane regions II and III containing serine
687 (Tanabe, et al., 1990).

Also, in mice homologous for disruption of the ryanodine
receptor gene (RyR-1), L-type calcium channel activity is decreased 20 fold
blocking excitation-contraction coupling. Injection of the RyR-1 cDNA into
myotubes from these mice restores L-type calcium current and coupling

(Nakai, et al., 1996). Purified, reconstituted calcium release channels are
activated by peptides corresponding to the II-III loop of the o, subunit of the

dihydropyridine receptor. This activity is blocked by phosphorylation of



serine 687 or mutation to alanine, indicating a requirement for the B-
hydroxyl group on serine (Lu, et al.,, 1994; Lu, et al.,, 1995). Additionally, a
peptide corresponding to a region of the dihydropyridine receptor’s carboxyl
terminus (amino acids 1487 to 1506) inhibits calcium release channel activity
(Slavik, et al., 1997).

The calcium channel B subunit is also involved as the
disruption of its gene also blocks excitation- contraction coupling (Gregg, et
al., 1996).

Hypothesis

These complex protein-protein interactions and

phosphorylation events have led to the hypothesis that direct PKA

phosphorylation of the o, subunit of the L-type calcium channel is

responsible for the increase in calcium current resulting from B-adrenergic

activation and tetanic stimulation. This regulatory process may be necessary
in prolonged repeated muscle contractions that would deplete calcium stores
of the muscle. In order to examine this hypothesis mutation of the relevant
serines and threonines in the o, subunit was performed, and the resulting
mutants were expressed in mammalian cells and analysed by biochemical and

electrophysiological methods.



V. CHAPTER 1: CHANNEL MUTATIONS

A. INTRODUCTION:

Protein Phosphorylation

Protein phosphorylation at serine, threonine, and tyrosine
amino acid residues alters protein function by direct and allosteric alteration

of the protein stucture or electrostatic modification of the charged surfaces of
the protein. The a;and B subunits of the skeletal muscle calcium channel are

substrates for PKA phosphorylation (Curtis and Catterall, 1985; Flockerzi, et

al., 1986; O’Callahan, et al., 1988; De Jongh, et al., 1989; Nunoki, et al., 1989).
This involves epinephrine or norepinephrine activation of the B-adrenergic
receptor at the membrane. This signal is transduced to the cytoplasm and G
protein activation occurs, allowing a GTP bound « subunit of the G protein to

interact with and stimulate adenylate cyclase, increasing concentrations of



cAMP which binds to the regulatory subunit of PKA allowing the catalytic
subunit to interact with a protein and transfer a phosphate to a serine or
threonine (Krebs, et al., 1979; Nukada, et al., 1987). The phosphate acceptor
must be in an appropriate secondary and tertiary structure. In the primary
protein sequence, certain amino acids have been evinced to be required for a
phosphorylation event. These include motifs of the R/K-R/K-X-5/T or R/K-

X-S/T followed by hydrophilic residues (Sonyang, et al., 1994). (See Table 1.1)

In many systems, alteration of the phosphate acceptor to a non-
acceptor, has been shown to block phosphorylation and functional
modulation of a protein (Xu, et al., 1996). In this system, the amino acid

sequences shown in Table 1.1 have been chosen for alteration from serine or

threonine to alanine in the a; subunit.

These alterations change the amino acid sequence to that of the
peptide inhibitor of PKA, PKI (5-24) (R-R-X-A) thus preventing protein

phosphorylation but not the binding of PKA to the peptide.

The nucleotide sequence of the cDNA for the skeletal muscle L-
type calcium channel o; was used to design primers for the site directed

mutagenesis. These primers had to have G-C content that would allow
recognition and appropriate melting temperatures to allow annealing to the

single stranded template. These primers are shown in Table 1.2.



Table 1.1

Consensus sequences for serine/threonine to alanine mutations in the
rabbit skeletal muscle calcium channel ¢, subunit.

The amino acid residue(s) and its position in the primary
protein sequence are indicated on the left. The amino acids that make up the
consensus sequences for cAMP dependent protein kinase phosphorylation are
shown. These amino acid substitutions were performed as descibed in the
experimental procedures. A description of the sites’ significance is added on

the right.
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w

~1

10

11

13

Ser 387

Ser 395

Ser 6S7

Ser 1392

Thr 1501,Ser 1302

Thr 1552

Thr 1573, Ser 1575
Thr 1601

Thr 1615, Ser 1617
Thr 1756, Ser 1757
Ser 1771, Ser 1772

Ser 1838

Ser 1853, Ser 1854

KLS

RRS

RRKMS

RDWS

KRTS
KKDT
RRTIS
RRRT
RTNS
RRTS
RRSS
RES

RRSS

near f interaction domain

in pore loop, no expression
near ryanodine receptor
interaction domain
conserved in cardiac channel,
CP15site

conserved in cardiac channel

conserved in cardiac channel

eliminated in truncation
eliminated in truncation
eliminated in truncation

eliminated in truncation



Table 1.2

Primers for mutagenesis

Oligonucleotides for site-directed mutagenesis are listed.
On the left primer numbers are listed as JB with the # and sequencing
primers are labelled as the # with S. This number is followed by the
nucleotide sequence. This is followed by the order of amino acid in the
primary sequence and the amino acid residue that is altered to alanine.

Below the primer is given the original nucleotide.



JB1  AGGAAGATGGCCAGGGGTCTC 3 SER6S7
T
1S  AACCTGGCCGAGGCCGAGAGC

JB2  TGGAAGAGAGCCGCCATGAAGCTAC 5 THR1501/SER1502
A AG
2S  AAGACAGAAGGTAACTTCGAG

JB3  AAGAAGGACGCCGTGCAGATCTHRI1332 6 THR1552

/B4 ATCCGCCGCG‘E\?CATCGCAGGAGACCTG 7 THRI573/SERI573
3/45 GGGAAGTK}TCTACGCCTACATTCC

JB5 CAGAGGAGCCGCCCTGACAGGG 10  THR1756/SER1757
186 GGAGGGCCAGCZ:GAGGGG 11 SER1771/SER1772
5/65 CCCATéngCAGGCACCTCCTG

[B7 AGCCGCAGGGCCGCCCTGGGCAGC 13 SERI853/SER1854
7S GCCACAgAgCTACTGAAAGAG

JBS AGCCTGCACTGAGAAAGGGAG CYS1686-STOP
85 CCAATACCAAC‘;ACGCAATGCC

B9 CCGGAGGGCCGGAGG §  SER1601

/B10 GGAAAGG%C%AACCCCCTGCCCCCG 9  SERI617

9/105 CCGCCGA(?CAGGA(?CTGG

[Bll CGCGACTGGGCCATCCTGGGC 4  SER1392

115 GCGCCITCCTTGATCATCAACC

JB13 GGAAAGCTGGCCTTGGAAGAGGGG | SER387

T
135 GGAGGAGCACCTTCGGGG
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Figure 1.1

Structure of the DNA subcloning vectors for site directed mutagenesis.

A MI13mpl9EX contains a EcoRI / Xhol fragment (nt 1006 to 2653) of
the rabbit skeletal muscle calcium channel o, subunit used for site directed

mutagenesis (see Experimental Procedures). This fragment contains the first
three serines in the consensus sequences for PKA phosphorylation in the

loop regions of the channel.

B M13mp19BS contains a BamHI / Sall fragment (nt 4283 to 6080) of
the rabbit skeletal muscle calcium channel «, subunit. This fragment

contains the last sixteen serines and threonines in the consensus sequences

for PKA phosphorylation that lie in the carboxy tail region of the channel.



BamH]I
A nt 4283 to 6080
Sall

polycloning site
lacl

(+)strand  M13mp19BS
¢ori

-
(-) strand 7.5 Kb

Plasmid name: M13mp198S
Plasmid size: 7.25 kb

Constructed by: Jeff Brousal
Construction date: 4/30/92

Comments/References: Alpha subunit calcium channel fragment BamHI to Sall

EcoRI
nt 1006 to 2653
Xhol .

lacZ’

polycloning site
lacl

{ () strand  M13mp19EX

ori
(<) strand 710 Kb

Plasmid name: M13mp19EX
Plasmid size: 7.10 kb
Constructed by: Jeff Brousal
Construction date: $/30/92

Comments/References: Alpha subunit calcium channel fragment EcoRI to Xhol
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Mutations

The mutations were made in the M13EX construct for sites 1 -3

and in M13BS for sites 4 - 13. MI13BS also had a stop codon placed in the
region where the short form of the calcium channel a, subunit would be

proteolytically truncated, eliminating the last 4 sites in the clone. These
mutations were performed serially so that they would occur together in each
M13 subclone. The subclones were then digested with the appropriate
restriction endonucleases and the purified fragments of calcium channel
cDNA were reassembled by ligation into the expression vector, ZEM RVSP6
oy CaCH. The phosphorylation deficient mutant, with all 18 serines and
threonines mutated to alanine (not the non-expressing Ser 595) or removed
by truncation was constructed as well as constructs with single residues
altered or multiple residues altered (5,7,&9 or 10,11,&13) and no truncation.
These expression clones were analysed by resrtiction endonuclease digestion
to assure no spontaneous rearrangement occured. Also, extensive sequence
analysis was performed to determine all mutations to be included and to
assure no spontaneous mutations might have occured. @ The important
clones for further analysis were the ones designated 3-13 or A which has no
sites for phosphorylation and 3,5-13 which has the serine 687 as a single site

for phosphorylation.
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RESULTS:

All mutations were confirmed by sequencing (see Experimental
Procedures, Chapter 5) in the MI13 clone isolated after site directed

mutagenesis protocols. After ligation into the expression vector, ZEM RVSP6
CaCH ¢, , all mutations were confirmed again by sequencing and the clone’s

integrity was determined by endonuclease restriction enzyme mapping.

The amino acids chosen to be mutated and expressed were based
on protein biochemistry (Rorhkasten, et al., 1988; Lai, et al., 1990; De Jongh, et
al., 1991; Rotman, et al.,, 1992; Rotman, et al., 1995). Thus the most rapidly
phosphorylated sites in vitro were mutated first (serine 687 and 1854) and
others followed as single mutations. Triple mutations were tried, as single
mutations were found to have a wild type phenotype, and multiple
mutations followed the triple mutations. When all reasonable consensus
sequences for PKA phosphorylation were mutated and the wild type
phenotype remained, protein phosphorylation studies were undertaken to

assess whether phosphorylation had indeed been prevented.

DISCUSSION:

The mutation of the skeletal muscle calcium channel was
successful and as the following chapter will demonstrate phosphate

incorporation was eliminated. The alteration of the serines and threonines to
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alanine prevented phosphate transfer but not the interaction of PKA with the
channel. The consensus sequence for the PKA inhibitor, PKI, is RRNA which
comes from the regulatory subunit of the holoenzyme (Walsh, et al., 1990;
Van Patten, et al., 1992). This subunit binds to the catalytic subunit in the
absence of cAMP and blocks phosphorylation events. Thus, the mutational
strategy would not address protein - protein interactions of the catalytic

subunit and the substrate.



VI. CHAPTER 2: CHANNEL EXPRESSION AND MODULATION

INTRODUCTION:
Dihydropyridines

Voltage sensitive L-type calcium channels in skeletal muscle are
characterized by pharmacological sensitivity to modulation by
dihydropyridine calcium agonists and antagonists such as Bay K 8644 and
isradipine (PN200-110) (Janis, et al., 1983; Hess, et al., 1984; Schramm, et al,,
1985). Dihydropyridine antagonists promote null mode behavior; the
channels are unavailable for opening. Dihydropyridine agonists prolong the
open state of the channel (Kokubun, et al., 1984). Tritiated PN200-110, used as
a radioactive ligand for saturation binding studies, determines channel
protein expression levels. Dihydropyridine binding dissociation constants
(Kd) are an indication of the structural integrity of the protein and binding
site concentrations (Bmax) are an indication of level of expression (Schmid, et
al., 1985). Correlating this data with electrophysiological studies allows

analysis of functional channels.
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Western Blot Analysis

Another method of determining protein expression is the
western blot analysis. This entails preparing membrane microsomes or
antibody precipitated protein complexes and separating these materials on a
polyacrylamide gel in an electric field under reducing conditions (PAGE).
Antibodies specific for subunits of the calcium channel will precipitate these
proteins or recognize them when separated and transferred to a nitrocellulose
membrane. The antibody recognition along with the migration on the gel are

indications of the integrity and size of the protein and confirm expression.
The antibodies used in this study were directed against the a, and B,, subunits

of the calcium channel.
Phosphate Incorporation

Protein phosphorylation can be monitored by replacing the
endogenous pool of phosphate with one that has had the radioisotope *P
incorporated into the phosphate. Cellular metabolism and its stimulation by
PKA activating agents then creates radioactive phosphorylations that can be
monitored by precipitating proteins with cognate antibodies and examining
them in electrophoresis gels. This can give an idea of the amount of

phosphate incorporated into a molecule.
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Protein phosphorylation studies can be performed in vitro or in

vivo. In vitro experiments involve purifying channel proteins, adding
purified PKA, and initiating the phosphate transfer reaction with y*P-ATP.

This method can be occluded by proteins that are already phosphorylated
upon purification. The in vivo experiments involve a more exacting method
which is to replace endogenous pools of ATP with *P via the synthesis
pathway. This allows the purification of endogenously phosphorylated
proteins. Both of these methods were employed to collect proteins for PAGE

analysis.
Electrophysiology

L-type calcium channels derived from mouse skeletal muscle
cells (129CB3 cells) have been analysed by electrophysiological methods and
compared with heterologously expressed L-type calcium channels in human

embryonic kidney cells (tsA-201 cells) (Johnson, et al., 1997). The subunits
coexpressed in the tsA-201 cells are «,, B,,, and o,/d of the cloned L-type

calcium channel (Ellis, et al., 1988; Pragnell, et al.,, 1991). This heterologous
expression system allows comparison of wild type and mutant subunits of the
calcium channel. The currents analysed are dependent on test potential.
Peak currents are an indication of calcium entry into the cell and may affect

the concentration of the calcium stores in repeated muscle use or tetanus
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muscle contractions (Oz, et al., 1991). Even more calcium enters the cell upon
repolarization from the test potential to the holding potential due to the
increased driving force on calcium. This is seen in tail currents that occur
upon repolarization. The regulation of these tail currents may be important
in altering calcium concentrations in the cell. Phosphorylation of the

channel may affect this calcium homeostasis (Sculptoreanu et al., 1993).

Dihydropyridine binding results, western blot analysis, protein
phosphorylation studies and electrophysiological analysis together give
information about specific protein expression and modulation by kinase in a
physiological framework that allows understanding of the molecular events

involved in channel regulation.
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Figure 2.1
Structure of the DNA expression vectors for the heterologous

expression system
A ZEM RVSP6 CaCH Alpha 1 contains the cDNA for the o, subunit of

the rabbit skeletal muscle L-tpye calcium channel with a constituative
metallothiene promoter (MT-1) for in vivo RNA expression and a phage
promoter for the SP6 RNA polymerase (SP6) for in vitro RNA production.
RNA stability is conferred by an SV40 poly A tail. Ampicillin resistance is
maintained and used for plasmid growth in the pUC 18 region of the plasmid

and neomycin resistance is conferred under SV40 promotion and poly A tail.
B ZEM RVSP6 CaCH Alpha 2 / delta contains the cDNA for the o,/d

subunit of the rabbit skeletal muscle L-tpye calcium channel with a
constituative metallothiene promoter (MT-1) for in vivo RNA expression
and a phage promoter for the SP6 RNA polymerase (SP6) for in vitro RNA
production. RNA stability is conferred by an SV40 poly A tail. Ampicillin
resistance is maintained and used for plasmid growth in the pUC 18 region of
the plasmid and neomycin resistance is conferred under SV40 promotion and

poly A tail.
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C pMT2 Blb contains the cDNA for the B,, subunit of the rat brain L-
type calcium channel with an SV40 enhancer sequence in front of the
adenovirus major late promoter and tripartite leader sequence cotranscribed
with dihydrofolate reductase and an SV40 poly A tail. Ampicillin resistance

is conferred by the beta-lactamase cDNA.
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Table 2.1
Bmax values for [PH]-PN-200-110 binding to membranes
from various tissues
Concentrations of [’H]-PN-200-110 binding sites per
milligram protein in different tissue preparations and cell lines. References

are cited.



Skeletal muscle microsomes  2-5 pmol/mg protein

(Schramm et al., 1985; Kim et ai ., 1990)

Purified skeletal T tubules 15-18 pmol/mg protein
(Perez-Reyes et al., 1989)

L cells (selected) 50-80 fmol/mg protein
(Perez-Reyes et al., 1989; Kim et al., 1990)

L cells (transient tranfected) 130 fmol/mg protein
(Lacerda et al., 1991)

tsA-201 cells 300-800 fmol/mg protein

(experimental results)
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RESULTS:
Calcium Channel Expression

Several cell lines were examined for calcium channel

expression. Chinese hamster lung cells (1610 cells) were used for expression
of o, and B subunit RNA and protein. Expression of RNA was detected but
dihydropyridine binding assays were near background levels. Dysgenic
mouse fibroblast cells (TM38 cells) were used for «, subunit protein
expression and current analysis. Endogenous calcium currents were found in
these cells. Dysgenic mouse myocte cells (DA3 cells) were used for a, subunit

protein expression. These cells can be induced to differentiate to myotubes

with reduced growth factors. Transfection protocols induced differentiation
before «, subunit protein was expressed. Human embryonic kidney cells

expressing the SV-40 large T antigen (tsA-201 cells) were found to be the best

for protein expression and electrophysiology measurements. These cells were
transfected successfully with molar ratio mixtures of o, B, and a, /8 subunit
cDNAs. A variant of these cells lacking the large-T antigen (HEK 293 cells)
were also sucessfully transfected with wild type and mutant o, subunit

cDNAs and selected for permanent cell lines.



22

Wild type calcium channel transfections in tsA-201 cells resulted
in transient expression of the dihydropyridine receptor with Bmax in the 500
to 750 fmol/mg protein range. Shown in Table 2.1 are expression levels of
dihydropyridine receptors in various tissue preparations and expression

systems. The heterologous system used here shows expression between that
seen in L cells and that seen in muscle tissue. Mutant 3-13(A) of the channel

expressed Bmax of 130 to 350 fmol/mg protein. These expression levels are
comparable for the ranges indicated with the mutant expressing one third to
one half as well as the wild type channel. Affinity for the (+)-"H]PN200-110
was similar but increased for the mutant with wild type being 215-245 pM

and the mutant 3-13(A) being 190-200 pM. This is consistent with Schmid’s

work on phosphorylation and expression (Schmid, et al., 1985).
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Figure 2.2
Saturation binding of [*H]-PN-200-110 to transiently expressed wild

type and mutant skeletal muscle calcium channels and Scatchard analysis.
A Saturation binding isotherm for wild type o, calcium channel

subunits coexpressed in tsA-201 cells using [*H]-PN-200-110 as the ligand
(open triangles). Non-specific saturation binding of [’H]-PN-200-110 with
excess cold ligand (filled circles). Specific binding of [*H]-PN-200-110 to
membranes expressing wild type calcium channel subunits (difference
between total and non-specific, open circles).

Shown below is the Scatchard transformation for the data
above. Wild type membranes have a Bmax of 718 fmol/mg protein and a Kd

of 215 pM.
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B  Saturation binding isotherm for mutant 3,5-13 a, calcium channel

subunit coexpressed in tsA-201 cells with wild type B,,, /8 subunits using
[PH]-PN-200-110 as the ligand (open triangles). Non-specific saturation
binding of [’H]-PN-200-110 with excess cold ligand (filled circles). Specific
binding of [’H]-PN-200-110 to membranes expressing mutant calcium
channel a, subunit (difference between total and non-specific, open circles).
Shown below is the Scatchard transformation for the data

above. 3,5-13 mutant expressing membranes have a Bmax of 140.2 fmol/mg

protein and a Kd of 136 pM.
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C Saturation binding isotherm for mutant 3-13(A) a, calcium

channel subunit coexpressed in tsA-201 cells with wild type 8,,, &,/ subunits
using [*’H]-PN-200-110 as the ligand (open triangles). Non-specific saturation
binding of [PH]-PN-200-110 with excess cold ligand (filled circles). Specific
binding of [’H]-PN-200-110 to membranes expressing mutant calcium
channel «, subunit (difference between total and non-specific, open circles).
Shown below is the Scatchard transformation for the data

above. 3-13 mutant expressing membranes have a Bmax of 326 fmol/mg

protein and a Kd of 190 pM.
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Previous experiments in other cell types determined that tsA-201
cells were the best for biochemical and eletrophysiological expression. The
cell types tried included chinese hamster ovary cells (CHO), hamster kidney
cells (BHK), chinese hamster lung cells (1610), dysgenic mouse myocyte cells
transformed with SV40 large T antigen that can differentiate to myoballs and
myotubes with reduced growth factors (DA3), another large T antigen
immortalized dysgenic mouse myocyte cell line that can differentiate (GLT),
and a dysgenic mouse fibroblast cell line transfected with an early gene in
muscle development, Myo D, that can differentiate to myoballs and myotubes
with reduced growth factors (TM38). These cell lines were found to be low
expressors of dihydropyridine binding sites or had endogenous calcium
channels that interfered with the L-type channel recordings. Multiple
methods for transfection were examined including lipid mediated
transfections and calcium phosphate based transfections on both plated cells
and cells in suspension. Calcium phosphate precipitated DNA on plated cells
was found to be the most effective. Stable transfections and transient
transfections were tried and the transient expression system showed the

greatest number of cells with current and the best biochemical data.



Figure 2.3

Immunological characterization of rabbit skeletal muscle calcium
channel o, subunits expressed in tsA-201 cells.

Membranes isolated from tsA-201 cells transiently transfected with
wild type (WT) or mutant (A = 3-13) «, subunits with wild type B,,, o,/
subunits were immunoprecipitated with an anti-peptide antibody directed to
a region of the o, subunit, separated by PAGE and visualized with this anti-
peptide antibody. This was the CP15 antipeptide antibody (see Experimental

Procedures, Chapter 5). The 212 kD «, subunit is seen in the WT lanes and
the 190 kD mutant 3-13(A) o, subunit is seen in the 3-13(A) lanes. The +

labelled lanes are from membranes isolated in the presence of 50 uM Sp-5,6-

DCL-cBIMPS which had no effect on protein expression. The lanes labelled
IgG are controls using pre-immune serum. The mutant alpha 1 subunit is
expressed at a lower concentration than the wild type corresponding to the

Bmax data.
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Figure 2.4

Immunological characterization of rabbit skeletal muscle calcium
channel B,, subunits expressed in tsA-201 cells.

Membranes isolated from tsA-201 cells transiently transfected with
wild type (WT) or mutant (A = 3-13) a, subunits with wild type B,,, 0,/d
subunits were immunoprecipitated with an anti-peptide antibody directed to
a region of the f,, subunit, separated by PAGE and visualized with the same
anti-peptide antibody. The 74 kD B,, subunit is seen most robustly in the WT
lanes and 3-13(A) lanes as a doublet. There is also a 55 kD band seen with less
immuno-reactivity. The + labelled lanes are from membranes isolated in the
presence of 50 uM Sp-5,6-DCI-cBIMPS which had no effect or increased
protein expression. The lanes labelled IgG are controls using pre-immune

serum. As seen in Figure 2.2 there is less expression of B,, protein when the

mutant «, is coexpressed.
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Protein Expression

Analysis of the protein expression by antibody precipitation and

western blotting showed a 212 kD size for the expressed wild type «,

subunit and 190 kD size for the mutant 3-13(A) truncated «, subunit

similar to work of De Jongh (De Jongh, et al., 1991) as shown if Figure
2.3. Expression levels reflected the dihydropyridine binding results
with a 2-fold higher level of wild type protein. The precipitation and
the blotting by CP15 indicate a protein with functional epitopes for

immunoreactivity.

Beta subunit expression was seen for the f,, clone with cB5

antibody as shown in Figure 2.4. The expression pattern showed
doublet bands at the published size of 75 kD (Pragnell, et al, 1991;

Chein, et al, 1996) but also doublet bands at a smaller size of 55 kD

which may be a proteolysis product. The expression of B,, protein was
reduced by about 50% with coexpression of the mutant o, subunit
indicating that a, and B, expression may be linked. For example,
overexpression of the large a, subunit may saturate polyribosomes and

reduce synthesis of 3.
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Figure 2.5

In vitro western blot and PKA phosphorylation of the rabbit skeletal

muscle calcium channel o, subunit, wild type and mutant.

A Immunoprecipitated wild type and mutant 3-13(A) o,

subunits of the skeletal muscle L-type calcium channel expressed in tsA-201
cells are shown on the left and crude unprecipitated membranes are shown

on the right of the PAGE analysis and visualized with the same antibody

(CP15). A molecular mass of 212 kD and is seen for the wild type «, subunit

and a 190 kD band is seen for the truncated mutant o, subunit.
B Immunoprecipitated and in vitro phosphorylated wild

type and mutant o, subunits are visualized by autoradiography after

phosphorylation with y?P-ATP (see experimental procedures). A band is seen

at the 212 kD size in the wild type lane. No phosphorylation is seen in the

mutant lane.
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Figure 2.6

In vivo western blot and PKA phosphorylation of the rabbit skeletal
muscle calcium channel o, subunit, wild type and mutant.

A Figure 2.2 is repeated for comparison to B.

B The membrane used for antibody recognition of o,

subunits in A was exposed to autoradiography film to determine

orthophosphate **P incorporation in vivo. Bands can be seen in the wild type

a, lane at 212 kD while no band is seen in the mutant 3-13(A) o, lane. The

effect of stimulating PKA activity by 50 uM Sp-5,6-DCl-cBIMPS was a decrease

in *P incorporation (+ lanes). Quantification of the *P incorporation was

performed by cutting out the areas of the membrane corresponding to the
immunostaining for the a, subunit. Cerenkov counting gave the values

shown below the lanes after subtracting background as determined from the

control IgG lanes. Background was 33 cpm.
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Figure 2.7
In vivo western blot and PKA phosphorylation of the rabbit skeletal
muscle calcium channel B,, subunit.

A Figure 2.3 is repeated for comparison to B.

B The membrane used for antibody recognition of B,
subunits in A was exposed to autoradiography film to determine
orthophosphate **P incorporation in vivo. Doublet bands can be seen in the
wild type B,, lane at 75 kD and 55 kD while less intense bands can be seen in
the mutant lanes roughly corresponding to the decreased protein expression
seen in A. The effect of stimulating PKA activity by 50 uM Sp-5,6-DCl-cBIMPS

was a decrease in P incorporation (+ lanes). Quantification of the *P
incorporation was performed by cutting out the areas of the membrane
corresponding to the immunostaining. Cerenkov counting gave the values
shown below the lanes after subtracting background as determined from the

control IgG lanes. Background was 30 cpm.
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Phosphorylation Studies
In Vitro

The crude «cell lysates from transfected cells were

immunoprecipitated with CP11 and used for phosphorylation reactions.

Protein phosphorylation of the o, subunit, as measured by incorporation of

P in in vitro phosphorylation reactions, was seen for the wild type o,
subunit but not for the mutant as shown in Figure 2.5. Both the wild type
and mutant 3-13(A) «, subunits were expressed as seen in the CP11 Western

blot.  Dihydropyridine binding studies done in tandem with the
phosphorylation studies showed expression of both proteins as well. The Kd
of the mutant was lower than that of the wild type (data in Figure 2.2) and the
Bmax was also lower as stated in the Calcium Channel Expression section.
This correlates well with the published work showing that long term
stimulation of PKA activity, which phosphorylates the channel, causes an
increase in expression levels and a decrease in affinity (Schmidt, et al., 1985).
Thus, the mutant channel with no phosphorylation sites is expressed at lower

levels but with higher affinity.
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In Vivo

Channel proteins were immunoprecipitated from transfected

cells grown in the presence of P orthophosphate. Western blotting with
CP11, ECL labeling for «, subunit visualization, and autoradiography to detect
P incorporation were performed. [n vivo incorporation of **P was seen in
the CP11-labeled 212 kD band corrrelating to the size of the full length o,

subunit in the wild-type lanes with no stimulation of incorporation and with

bath application of DCl-cBIMPS. No incorporation of phosphate was seen in
the CP11 labeled 190 kD band correlating to the truncated mutant 3-13(A)

channel with no stimulated incorporation in the presence of DCl-cBIMPS as
shown in Figure 2.6. This data indicates that the mutant protein is expressed

but cannot be phosphorylated in vitro or in vivo.

In vivo protein phosphorylation as measured similarly to by
incorporation of *P was seen for f,, at the 55 and 75 kD sizes. Incorporation

correlated to protein expression as seen with antibody analysis and included

incorporation in doublet bands as shown in Figure 2.7.
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Figure 2.8

Electrophysiology analysis of wild-type calcium channels expressed in
tsA-201 cells

A Pulse current traces during a depolarization from a holding

potential of -80 mV to a test potential of +10 mV before and after a bath
application of 50 uM DCl-cBIMPs, final concentration. Tail currents are

shown upon repolarization to -80 mV.

B Tail current traces upon repolarization to -80 mV after a test pulse to
+60 mV before and after bath application of 50 uM DCl-cBIMPs, final

concentration.
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Functional Analysis of Wild-type and Mutant Calcium Channels

Bay K 8644 is a dihydropyridine agonist of L-type calcium
channels. Bath application of 10 uM of this drug increase tail currents 7-fold

and slows their decay 6-fold (Johnson et al., 1997).

DCI-cBIMPs is a membrane permeant, non-hydrolysable
analogue of cAMP that activates PKA. When DCI-cBIMPS is bath applied to
tsA-201 cells, expressed calcium channel currents and tail currents increase
and tail current decay is slowed (Johnson et al., 1997). The addition of the

peptide inhibitor of PKA, PKI, blocks this increase.

TsA-201 cells expressing L-type calcium currents from skeletal
muscle show the following current parameters. Upon depolarization from a
holding of -80 mV to a test potential of +10 mV, an average peak current of
24 +/-5 pA (+/- SE) is seen in the presence of Bay K 8644 for 35% of the cells
tested. Tail currents, averaging 722 +/- 176 pA (+/- SE) are seen upon
repolarization of the cell to the holding potential of -80 mV in 95% of the cells
tested. This tail current is seen due to the increased driving force on ions at
this potential as they pass through the deactivating channel. Figure 2.8 shows
the pulse current and tail current from a typical recording with wild type
calcium channel transfected cells, both currents are increased by application of

the PKA stimulating agent DCl-cBIMPS. This current flow may provide the
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calcium replenishment necessary in prolonged and repeated muscle
contraction and modification of this current by B adrenergic stimulation

through PKA may enhance this process.

More evidence for the involvement of PKA is shown in Figure
2.9 where in panel A there is a block of the increase in wild type tail current
amplitude during DCIl-cBIMPs application when PKI is pre-applied through
the pipette. The tail current parameter was chosen for the analysis of the
effect of mutations in the channel since tail currents could be recorded in
most transfected cells. Tail current amplitude increase is seen in the
phosphorylation-deficient mutant-transfected tsA-201 cells as shown in
Figure 2.9, panel B. Tail current amplitude increases recorded from wild type
and mutant calcium channel transfected cells are shown in Figure 2.9, panel
C. The percentage increases after DCl-cBimps application are show for wild
type, two phosphorylation-deficient mutants (3,5-13 and 3-13), and the
control PKI block. There is no significant difference between the wild type

and the mutant transfected cells.
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Figure 2.9

Tail currents in wild type and mutant calcium channel expressing tsA-

201cells

A Tail current traces from wild type calcium channels expressed in
tsA-201 cells upon repolarization to -80 mV from a test potential of +10 m V

before and after perfusion of the PKA peptide inhibitor PKI from the pipette.
B Tail current traces from mutant 3-13 (A), which is not

phosphorylated in vitro or in vivo, uon repolarization to -80 mV from a test

potential of +10 mV before and after bath application of 50 uM DCl-cBIMPs,

final concentration.
C Percentage increase and standard error in tail currents upon

repolarization to -80 mV after a test potential of +60 mV after a bath
application of 50 uM DCI-cBIMPs, final concentration. Data is shown for wild
type, mutant 3,5-13, 3-13 (A), and wild type after perfusion of the peptide

inhibitor of PKA, PKI, via the pipette.
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PKA stimulation increased current recordings in tsA-201 cells
expressing the wild type calcium channel subunits by 127 +/- 55% (n=10).
Shown in Table 2.2 , wild type tail currents increased in response to PKA
stimulation by 3.37 +/- 0.71 fold (n= 13).  Mutant tail currents in the 1,3-9
mutant increased 3.29 +/- 0.4 fold (n = 4) and in the 1,3-10 mutant 4.34 +/- 0.48
fold (n = 3). These data do not vary significantly. Data for the other mutants
produced and analysed are also given in Table 2.2. Mutations removing any
number of phosphorylation sites, up to 17 serines and threonines, all failed to

prevent tail current increases upon PKA stimulation.
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Table 2.2 Wild-type and Mutant Calcium Channel Tail Current

Increases

Fold increase was measured for calcium channel tail
current before and after application of 50 uM DCI-cBIMPS. Tail currents were

measured at -80 mV after a 100 ms voltage step to +60 mV. Designations on
the left correspond to sites numbered in Table 1.1. Fold increase and the
standard error of the mean are shown in the center. Number of cells analysed

is shown on the right



Fold increase (+ SEM) | number
WT 3.37+0.71 13
WT with PKI 1.45£0.32 4
3 (S687A) 2.45+0.17 2
6 2.46 £ 0.58 2
8 470+1.32 4
4 2.33+0.31 2
1 3.58 1
57,9 2.2510.20 4
10,11,13 244 +£0.33 2
5-13 5.75 1
3,5-13 3.29+£0.39 4
3-13 4.34 +0.48 3
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DISCUSSION:

The hypothesis that direct phosphorylation of the a, subunit of

the L-type calcium channel from rabbit skeletal muscle is responsible for the
increase in current seen with the activation of PKA by cAMP analogues has
been examined by expressing the cloned cDNA in human embryonic kidney
tsA-201 cells. This system allowed the determination of protein expression,
phosphate incorporation and channel function. These parameters were
compared for wild type and phosphorylation-deficient mutant calcium

channels. The results of these studies indicate that even though the
phosphate incorporation into the o, subunit has been eliminated, the channel

is still regulated by PKA. The in vitro and in vivo phosphorylation data,
compared with protein expression data show that the channel protein is
expressed but no phosphate is incorporated in the mutant channel 1,3-9 and
the increase is still seen in current profiles upon PKA stimulation. That PKA
is involved is evidenced by the blocking of this effect by PKI in wild type

transfected cells.

The results of this study indicate that other proteins may

mediate the effect of PKA on this system. Other channel subunits may be
phosphorylated and mediate this effect. The B subunit, which is a PKA

substrate, is one candidate. The evidence against this is channel modulation
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seen in the absence of expression of the B subunit for cardiac calcium

channels (Yoshida, et al., 1992; Sculptoreanu, et al., 1993). Also, another
protein such as a cytoskeletal anchor or cytoskeletal structural protein could
be phosphorylated and alter calcium current. This idea is supported by the
requirement for an anchoring protein shown by the work of Johnson et al.
(Johnson, et al., 1997) where the peptide Ht-31 blocked the current increase by
cAMP analogues. Cytoskeletal disrupting and stabilizing agents also altered
the calcium current increases seen with PKA stimulation (Johnson et al.,

unpublished results).

Another, less likely, explanation that should be discussed is the
idea that PKA interacts with the channel directly in a protein - protein

modification. This type of interaction and effect on current is seen cardiac

and brain calcium channels for the B and « ,/d subunits (Stea, et al., 1993;
Chien, et al., 1995; Strube, et al., 1996). In these systems, coexpression of the f8
and 0o,/8 subunits increased whole cell current and shifted voltage
dependence of inactivation, coexpression of the f§ subunit increased surface

expression, and lack of the B subunit decreased current.

The alteration of the consensus sequences for phosphorylation

by PKA to that of the regulatory subunit does not prevent the interaction of
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the kinase with the channel, it only prevents the transfer of phosphate. The
protein - protein modification may still persist and effect current parameters.
The alteration to amino acids that block PKA binding may be required. One
other way to test this idea is to alter the PKA catalytic subunit to be unable to
bind to its sustrate, possibly the mutation of lysine 72 in the catalytic domain

would allow this analysis.

Protein - protein interactions with components of the excitation-

contraction pathway will be addressed again in Chapter Three.



VI. CHAPTER 3: PROTEIN - PROTEIN INTERACTIONS THAT MAY

REGULATE CALCIUM CHANNEL EXPRESSION AND FUNCTION

INTRODUCTION:

The skeletal muscle dihydropyridine receptor interacts with

several known proteins. Purification of the channel coprecipitates other
proteins including the B. o,/9, and y subunits (Curtis, et al., 1984) and AKAPs

(Gray, et al, 1997). The dihydropyridine receptor interacts with the
ryanodine receptor (RyR) (Schneider, et al., 1973; Lai, et al., 1988; Takeshima,
et al., 1989; Takekura, et al., 1995) and there are both orthograde and
retrograde signals with this molecule (Suda, et al., 1997; Nakai, et al., 1998).
The nature of these interactions alter calcium current parameters and

protein expression levels.

The interaction with the ryanodine receptor in excitation-
contraction coupling is the basis for skeletal muscle contraction, so the
interaction with this protein is of special interest. There are regions of the
skeletal muscle dihydropyridine receptor that interact with the ryanodine
receptor (Lu, et al., 1994; Lu,et al., 1995; El-Hayek, et al., 1995) and regions of

the ryanodine receptor that interact with the dihydropyridine receptor
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(Leong, et al., 1998). These data led to the idea to coexpress the ryanodine
receptor with the calcium channel subunits in the heterologous tsA-201 cell
system. The expectation was increased calcium currents as the dyspedic
mouse system showed a requirement for the ryanodine receptor for calcium
currents (Nakai, et al., 1996). The analysis of calcium currents during the
depolarization pulse may reveal an effect of the phosphorylation-deficient
mutants if the mechanism by which phosphorylation affects calcium

channel function is by modifying its interaction with the ryanodine receptor.

Another protein-protein interaction that may modify calcium
channel activity is the A-Kinase Anchoring Protein (AKAP), AKAP-15. This
protein binds to the regulatory subunit of PKA and through an amphipathic
helix, anchors PKA to the calcium channel (Gray, et al., 1997; Gray, et al,,
1998). Voltage-dependent potentiation in skeletal muscle cells is disrupted by
the addition, via the recording pipette, of a peptide that blocks this
interaction (Johnson,et al., 1994, Gray, et al., 1998). The AKAP 15 protein was
cotransfected with the calcium channel subunits in tsA-201 cells. Stable cell

lines expressing the AKAP 15 protein were also created.
RESULTS:

Binding studies using tsA-201 cells cotransfected with calcium

channel subunits and the ryanodine receptor gave dihydropyrine binding
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levels of 125 to 1355 fmol/mg protein and ryanodine binding levels of 48 to
152 fmol/mg protein. Expressing ryanodine receptors alone gave higher

binding levels of 219 fmol/mg protein.

In physiological studies a total of 21 cells were analysed that had
been transfected with the dihydropyridine receptor subunits and the
ryanodine receptor in 6 separate transfections. There were 14 cells with no
calcium channel currents and 6 cells with currents which were not larger

than currents seen in transfections without the ryanodine receptor.

In control transfections with the calcium channel subunits
average tail currents were 2614 +/- 725 pA (=/- SE) (n = 11). In transfections
using the ryanodine receptor and the calcium channel subunits average tail
currents were 1737 +/- 1365 pA (+/- SE) (n = 6). These data were recorded
after a test pulse of 100 ms at +80 mV and are not significantly different.
Current amplitude was increased approximately 2 fold with DCl ¢cBIMPS

application in cells cotransfected with the ryanodine receptor.

Cotransfection of the AKAP 15 protein with calcium channel
subunits in tsa-201 cells failed to provide calcium currents in any cells

examined. Co-immunoprecitation experiments using the antibody directed

against the o, subunit, CP11, were performed. Material was precipitated that

was shown by western blot analysis with CP11 to contain the o, subunit and
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by RII overlay analysis to contain AKAP 15, indicating that both these

proteins were expressed.

DISCUSSION:

The results of cotransfection of the ryanodine receptor with the
dihydropyridine receptor in this heterologous system were negative. The
dihydropyridine receptor, although expressed in internal compartments , is
not processed completely to the cell surface for complete physiological effects.
Evidence in tsA-201 cells and primary muscle cell cultures with

immunostaining for surface expression of the dihydropyridine receptor

shows very low expression at the suface of the cells without 8 subunits and

only limited surface expression with B subunits (Chien, et al., 1995; Gregg, et

al.,, 1996). The concept is that protein processing and trafficking of the
dihydropyridine receptor complex requires cotranslation of the multiple
subunits and the insertion into the membrane requires proteins found in
skeletal muscle such as ryanodine receptors and triadin (Dulhunty, et al.,
1996; Guo, et al., 1996). The complex membrane architecture found in the
triads of skeletal muscle where dihydropyridine and ryanodine receptors
interact and the surface membrane depolarization activates the sarcoplasmic
reticulum calcium release cannot be created in transiently transfected cells
using methods employed to date. Attempts to create this architecture by

coexpressing AKAP’s were not successful, as stated in the results section,
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transient coexpression of AKAP’s and calcium channel subunits failed to
provide cells with any calcium current. Future experiments in selected cell
lines may allow this architecture to occur (Suda, et al., 1997) but preliminary
reports at meetings indicate that this approach also is not successful.
Evidently, unknown proteins present in the muscle cell are needed for

successful formation of triad junctions.



VHI. CHAPTER 4: SUMMARY

The hypothesis examined in this research work is that the direct
PKA phosphorylation of the a, subunit of the skeletal muscle L-type calcium
channel is the molecular mechanism by which current parameters are
altered and calcium current is increased by B-adrenergic regulation or during
prolonged and repeated muscle contraction. Phosphorylation-deficient
mutant o, subunits were constructed and tested in an expresion system that

allowed analysis of current increases and phosphorylation events.

Multiple mammilian cell lines were examined for the ability to
express calcium currents, and the tsA-201 human embryonic kidney cell line
was found to express calcium channel subunits with current parameters
altered by PKA activation. Tail currents increased in channels in response to
application of DCI cBIMPS and this effect was blocked by PKI. This cell line
also produced levels of protein that could be analysed biochemically. Protein

immunopurification methods allowed the analysis of in vitro and in vivo

phosphorylation events in the channel o, subunit.
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Oligonucleotide-directed mutagenesis produced «,; subunits

with serines and threonines altered to alanines. These mutants were shown
to be deficient in phosphate incorporation and the tail currents, analysed

electrophysiologically, were shown to still be regulated by PKA stimulation.
Thus, the o, subunit of the skeletal muscle calcium channel was shown to

not be the target of phosphate transfer modification for the PKA-mediated
alteration in current parameters. The idea that interaction with ryanodine
receptors or AKAP’s may be necessary for regulation was explored. New
directions of research towards other subunits and PKA substrates has been
initiated and should lead to eventual identification of the site(s) of

regulation of the skeletal muscle calcium channel by PKA.



IX.  CHAPTER 5: EXPERIMENTAL PROCEDURES

Plasmids and Cells. The bacteriophage, M13mp19, was obtained from
Gibco/BRL. cDNAs encoding the o; and a,/8 Ca** channel subunits cloned

from rabbit skeletal muscle (Ellis, et al., 1988) were provided by Drs. Steven B.
Ellis, Michael M. Harpold (Salk Institute Biotechnology/Industrial

Associates, Inc.) and Arnold Schwartz (University of Cincinnati College of
Medicine). Two overlapping fragments of a; cDNA (pSKMCaCHal.7 and

1.8) were assembled, and the entire 5’-noncoding region was excised to yield
the construct inserted into the expression plasmid ZEM RVSP6 (West, et al.,

1992) derived from the ZEM 228 (Dr. Eileen Mulvihill, Zymogenetics Corp)
to yeild the ZEM RVSP6 o; CaCH expression vector. The o/8 cDNA was
subcloned into the BamHI1 site of ZEM RVSP6 to create the expression
vector, ZEM RVSP6 ;6 CaCH. The cDNA for By, (Pragnell, et al., 1991) in the
pMT-2 expression vector (Genetics Institute, Cambridge, MA) was provided
by Dr. Terry P. Snutch (University of British Colombia,Vancouver, B.C.). B,

was cloned by Dr. Peter Gallombardo into the BamH1 site of pRc-CMV

(Invitrogen, San Diego, CA). E. coli strains JM103, CJ236, and pEBO-pCD-
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leu2, a vector expressing the CD8 antigen, were obtained from American
Type Culture Collection (Rockville, MD). The expression plasmid for the
cDNA of the ryanodine receptor and truncated pieces of the cDNA
(Takeshima, et al., 1989) were obtained from Dr. David H. MacLennan. The
cDNA for the cardiac L-type calcium channel in the expression vector
pCCAR was obtained from Dr. Masami Takahashi. E. coli strain XL1-Blue
was obtained from Statagene (La Jolla, CA). Anti-CD8 antibody coated
microspheres (Dynabeads M-450 CD8) were from Dynal (Great Neck, NY).
The cell line tsA-201 was obtained from Bob Durbridge (Cell Genesis, Foster

City, CA).

Antibodies. The peptides, Cp1, CB2, CB5, CP11 and CP15, used in producing

antibodies, were synthesized by the Molecular Pharmacology Facility,
Pharmacology Department, University of Washington. The peptides were
purified on reverse phase HPLC, injected into rabbits and the anti-sera
collected. IgG antibodies from uninjected rabbits (pre-immune) or from
rabbits injected with the peptides were purified from the antisera by protein-
A Sepharose chromotography. The anti-peptide antibodies were further
purified by affinity chromotography using the immobilized cognate peptide.
These antibodies were used for immunoprecipitation and western blot

analysis.
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Antibody information:

Designation Sequence Residues

----- Subunit---Tissue

CBr B rab skm KYRPTPPASGNENRITNLAFE 203-219

cB2 8 rab skm KSNTRSSLAEVQSEIER 338-353

CB5 B  ratbrain  KHEYPGELGQPPGLYPS 466-481

CP11 ¢ rab skm KTGGLFGQVDTFLERTNSL 1601-1618

CP15 a, rabskm KDNFDYLTRDWSILGPHHLD  1382-1400

Materials. Radionucleotides were obtained from DuPont New England
Nuclear (Boston, MA). The catalytic subunit of cAMP dependent protein
kinase was prepared by Dr. B. Murphy according to the procedure of

Kaczmarek et al. (1980). Sp-5,6-DCI-cBIMPS was obtained from BioLog Life
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Sciences Institute. Cyclic AMP-dependent protein kinase inhibitor 5-24 was
obtained from LC Laboratories. Enzymes were purchased from New England
Biolabs (Beverly, MA)Promega Inc. (Madison, WI), Gibco/BRL
(Gaithersburg, MD) Boehringer Mannheim Biochemica (Indianapolis, IN), or

USB (Cleveland, OH).

Construction of bacteriophage vectors for mutagenesis protocols. M13BS and
MI13EX were prepared by digestion of 2mg of M13mp19 bacteriophage vector
with BamH1 and Sall or EcoR1 and Xhol restriction enzymes in the
appropriate buffers in 20mL volumes. The reaction was electrophoretically
separated on a 1% agorose gel to obtain the 7250bp fragments of fhe vector.
These fragments were cut from the gel and separated from the agarose by
spin column (Spin-X, Fisher, Pittsburgh, PA) according to the manufacturer’s

specifications.  Similarly, 5mg of the expression plasmid ZEMRVSP6
containing the a;, cDNA was digested with BamH1 and Sall or EcoR1 and

Xhol resriction enzymes and the 1805bp BS (site 4283 to site 6088) and 1647bp
EX (site 1006 to site 2653) fragments were purified. These framents and
vectors were combined at eqimolar ratios and a vector amount of 200ng in

20mM TrisHCl (pH 7.5), 5mM MgCl,, 10mM DTT, 5mM ATP, and 1 unit T4

DNA ligase and incubated one hour at room temperature. Five pl of the

ligation reaction was used to transform E. coli XL1Blue cells. Briefly, 100 ul
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of competent cells are incubated with the ligation reaction for 30 minutes on

ice. The cells are then heat shocked for 90 seconds at 42° C and plated on agar
plates. Clones are picked and grown up and the replicative form of the
bacteriophage DNA is analysed by resriction enzyme digest to determine
insertion of the calcium channel cDNA fragment. Uracil-containing single

stranded DNA templates were prepared as descibed by Kunkle et al. (1985).
One hundred mL YT broth, containing 50 pg/mL uridine, was innoculated
with E. coli CJ236 and bacteriophage at a multiplicity of infection of 1. After

6 hours of growth at 37° C, bacterial cells were pelleted by centrifugation.
Supernatant was used to determine the titer of bacteriophage for infection of
CJ236 and XL1Blue cells and thereby determine the efficiency of uridine

substitution. Single-stranded template DNA was prepared from

bacteriophage solutions with CJ236/XL1Blue titer ratios greater than 10°
Single-stranded template DNA was prepared from polyethylene glycol
precipitated bacteriophage according to Ausuble, et al. (1989). Uridine-
containing single-stranded DNA was quantified by absorbance at 260 nm and

used in subsequent mutagenesis reactions.

Oligonucleotide-directed mutagenesis. Site-directed mutagenesis was

carried out using a modification of the Kunkel protocol (Ausubel, et al.,

1987). The mutagenic oligonucleotide was phosphorylated in a 20 pL
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volume containing 2 pL of 10X polynucleotide kinase buffer (700mM TrisHCI
(pH 7.6), 100mM MgCl,, and 50mM DTT), 2 mL of 10mM ATP (pH 7.0), 10

pmol of mutagenic oligonucleotide, 0.5 uL T4 polynucleotide kinase (5 units,

New England Biolabs), and sterile distilled water. This was incubated at 37°C

for 15 minutes then the enzyme inactivated by 10 minutes at 65°C.

Annealing the oligonucleotide to the single-stranded, uracil

containing template DNA was accomplished with 4 pL of the
phosphorylation reaction, 0.2 pmol of template, 1.25 pL of 20X SSC (3M
NaCl/ 0.3M sodium citrate, pH 7.0) in a volume of 10 uL. This reaction was

heated to 95°C for 5 minutes and slowly cooled to 30°C.

Extension of the mutagenic oligonucleotide and ligation of the
extended product to form a plasmid was performed by adding 4 uL sterile,

distilled water and 5X T4 DNA polymerase mix (100mM TrisHCI (pH 8.8), 10

mM DTT, 50 mM MgCl,, 25 mM each of dATP, dTTP, dCTP, dGTP
(Pharmacia), and 5 mM ATP), and 1 pL each of T4 DNA polymerase (3 units)

and T4 DNA ligase (10 units, New England Biolabs). The reaction was

incubated for 5 minutes each on ice and at room temperature and for 2 hours
at 37°C. The reaction (7 uL) was used to transform 100 pL of competetent

XL1Blue cells, which were combined with a plating culture of XL1Blue cells
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(200 uL, log phase) and 5 mL of 45°C 0.6% agarose in Luria Broth, and plated

onto a Luria Broth agar plate for overnight incubation at 37°C. DNA was
prepared from the resulting bacteriophage plaques and the mutations
confirmed by sequencing. This process was repeated for several rounds to

obtain multiple mutation-containing clones.

Mutagenesis of the serine 1928 to alanine in pCCAR was
performed by Sculptor mutagenesis using a kit from Promega as per the

manufacturer’s directions.

Identification of mutations. Sequencing was performed using a dideoxy

terminator sequencing kit (Sequenase 2.0, US Biochemicals). Double-

stranded DNA from M13 bacteriophage (4-5 ug) was denatured by heating to

95°C for 5 minutes. The denatured DNA was sequenced with *°S-ATP as the
radioactive label according to the manufacturer’s specifications. Reactions
were separated on a 0.5 mm 6% acrylamide-urea sequencing gel, fixed and

dried, and exposed to XAR-5 X-ray film (Kodak).

Construction of the mutant ZEM RVSP6 CaCH expression plasmid. Double
stranded DNA from clones containing the appropriate mutation reactions
were restriction endonuclease-digested (BamH1 and Sall or EcoR1 and Xhol)
and the fragments purified by agarose gel electrophoresis. These fragments

were ligated into the expression vector (saved from previous digests and
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purifications) and the the reactions transformed into XL1Blue cells. Cells
were plated on agar plates containing ampicillin and kanamycin and the
resulting colonies were restriction endonuclease mapped to ascertain
plasmid integrity. Sequence analysis was performed again on all clones used

for expression of mutants in electrophysiology and protein experiments.

Cell culture. Human embrionic kidney cells transformed with the large T
antigen (tsA-201 cells) were maintained in RPMI 1640 (Gibco/BRL,

Gaithersburg, MD) containing 10% fetal bovine serum (Hyclone Laboratories,
Inc., Logan, UT), 20 pg/mL penicillin, 10 ug/mL steptomycin, and 200 ug/mL

G418 (Geneticin, Gibco/BRL). Cells were subcultured weekly by treatment

with 0.05% (w/v) trypsin, resuspension and reseeding at desired densities.

Cells were maintained at 37°C in a 10% CO, incubator.

Transient transfection of tsA-201 cells for calcium channel expression.
Expression of calcium channels for dihydropyridine binding assays was
performed by plating 150 mm tissue culture plates the day before transfection
at 50% confluency. The cells were fed with fresh medium the morning of

transfection and placed in a 3% CO, incubator. A calcium phosphate/ DNA

precipitate was made by combining 55 ug of an equimolar mixture of ZEM
RVSP6 o, CaCH (wild type or mutant), ZEM RVSP6 o,/ CaCH, and pMT2

By CaCH with a 250 mM CaCl, (final) solution in 1.125 mL. This was added
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dropwise to 1.125 mL of 2X Hepes-buffered saline (274 mM NaCl, 40 mM
Hepes, 17 mM dextrose, 10 mM KCl, 1.4 mM Na,HPO, adjusted to pH 7.125
prior to filtering). This solution was added to the cell media after 2 minutes
and the plates returned to the 3% CO, incubator for 8 hours. Fresh medium
was added and the cells were allowed to grow in a 5% CO, incubator for 36 to

48 hours before harvesting membranes.

Calcium channels were similarly transiently transfected for **P
incorporation experiments in a 100 mm plate using 20 ug of an equimolar

mixture of the channel subunits and 1 mL final precipitate volume. The
cells were treated as described below at 36 to 48 hours with radioactive

phosphate.

Transient expression for  electrophysiological analysis of

calcium channels was done in a 35 mm plate using 4 ug of DNA mixture
supplemented with 0.8 ug of the CD8 expression plasmid, pEBO-pCD-leu2.

This was done in a final precipitate volume of 166 uL. These cells were

removed from the transfection plate at 24 hours by washing once with
phosphate-buffered saline and once with phosphate-buffered saline
containing 2 mM EGTA to disrupt cell attachment but not digest calcium
channels. These cells were plated at a 1:1000 dilution on additional 35 m m

plates and incubated at 5% CO, for recordings during the following 24 to 48
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hours. Cells expressing the CD8 antigen were identified by incubation with
polystyrene microspheres precoated with anti-CD8 antibodies (Jurman, et al.,
1994) and used for recordings. Expression of the ryanodine receptor cDNA
was performed similarly with molar ratios maintained by addition of the

vector without the cDNA insert.

Membrane Preparation. All extract incubations and manipulations were
carried out at 4°C or on ice to prevent proteolysis. Also, the following

protease inhibitors were included in all buffers: 1 mM pepstatin A, 2ug/mL

leupeptin, aprotinin (4 pug/mL), 0.2 mM phenylmethanesulfonyl fluoride

(PMSF), 0.1 mg/mL benzamidine. Membranes were prepared from 150 m m
plates by washing the cells 2X with ice cold PBS (50 mM Na,HPO,, pH 7.4, 150
mM NaCl), addition of lysis buffer (50 mM TrisHCI, pH 8.0, 1 mM CaCl, and
protease inhibitors) at a volume of 6 mL, and incubation on ice for 5
minutes. The lysate was scraped from the plate with a cell harvester and
glass pipetted into a glass/teflon homogenizer (10 strokes at approximately
1000 RPM). The homogenate was separated at 2000 RPM for 5 minutes in
2059 tubes (Falcon) in a Beckman J-6B centrifuge. The membranes in the
supernatant were pelleted by centrifugation in a Ti-70 rotor in a Beckman L8-
70M ultracentrifuge at 45K RPM for 30 minutes. The pellet was resuspended

in lysis buffer by glass/teflon homogenization (10 strokes at 1000 RPM) in a
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volume so that the protein concentration as determined by the Peterson

assay (Peterson, 1983) was approximately 1 mg/mL.

Radioligand binding assays. Equilibrium binding assays were performed in

50 mM TrisHCl (pH 8.0) and 1 mM CaCl, and protease inhibitors using 50 -

100 pug of membrane protein and 0.1 - 20 nM (+)-"HJPN200-110 (isradipine) at

22°C for 90 minutes. Non-specific binding was determined in the presence of
1 uM (+/-)-PN200-110, and bound ligand was separated by vacuum filtration
over GF/C glass fiber filters (Whatman). Filters were washed using ice-cold
wash buffer (10 mM TrisHCI (pH 8.0), 1% polyethylene glycol 8000, and 0.1%
bovine serum albumin), and bound radioactivity was detected by liquid
scintillation counting. Dissociation constants (Kp) were determined using

the program LIGAND (Munson, et al., 1980).

Immunoprecipitation of calcium channels. All procedures were performed
on ice or at 4°C and in the presence of protease inhibitors. Calcium channels
were concentratated from the crude membrane preparations using 10 ug
anti-peptide affinity-purified antibody or control rabbit IgG for 2 hours on a
rotating mixer. Protein A-Sepharose beads, 2.5 mg, prewashed in PBS with
0.5% BSA were added and incubated an additional 2 hours. These calcium

channels on beads could then be used for phosphorylation studies or western

blot analysis (see below).
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Incorporation of *’P phosphate ( in vitro and in vivo). Calcium channels as
prepared above were washed 2X in 1 mL of radioimmunoassay buffer (RIA,
25 mM TrisHCI, pH 7.4, 150 mM NaCl, 5 mM EDTA, 1 mg/mL BSA, 0.05%
sodium azide, 50 mM NaF, 1 mM EGTA) containing 1% Triton TX-100 with
protease inhibitors (see above) and phosphatase inhibitors (20 mM f-
glycerophosphate, 50 mM sodium pyrophosphate, 1 mM p -
nitrophenylphosphate, and 1 mM sodium vanadate), 3X in 1 mL of
phosphorylation buffer (50 mM TrisHCl, pH 7.5, 10 mM MgCl,) with 0.1%
Triton TX-100 with protease inhibitors and phosphatase inhibitors.

Exogenous PKA (type II) prepared from bovine heart at a concentration of 1

mg/mL (using 2 ug) was added to the reaction in the presence of 0.2 uM Y 2P-

ATP. This was incubated at 37°C for 5 minutes, and the reaction was
terminated by addition of 1 mL phosphorylation buffer with 0.1% Triton TX-
100. Two additional washes in this buffer were performed and then one
wash in 10 mM TrisHCl, pH 7.4 before loading on polyacrylamide gel (see

below).

Labelling in vivo or metabolic labelling was performed as
follows: All protocols were appropriately shielded. Cells transfected as above

were used 48 hours post transfection. The medium was changed using

phosphate- and serum-free medium including 2 washes. **P-Orthophosphate
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(3.125 mCi) was added dropwise around plate. After 4 hours incubation at
37°C at 5% CO,, PKA-activating agents were added directly to the media
(50uM Sp-5,6-DCI1-cBIMPS, final) and incubated for 30 minutes. Cells were

harvested for membranes by aspirating the media off carefully, washing the
cells 2X in 10 mL PBS, and adding 2 mL lysis buffer. The lysed cells were then
hand-homogenized 10 strokes with gentle turning to prevent aspiration.
The membranes were then centrifuged for 30 minutes at 16 K RPM in an SS-
34 rotor in a Beckman J2-21 centrifuge. The pellet was resuspended in 1 mL

lysis buffer and the membranes immunoprecipitated as above.

Western immunoblot analysis. Protein A-sepharose beads containing
immunoprecipitated proteins, were washed 3X in RIA with 1% Triton TX-
100, 2X in RIA with 0.1% Triton TX-100 and 1X in 10mM TrisHCl, pH 7.4.
Samples were extracted from the beads in sample buffer (125 mM Tris HCI,
pH 6.8, 2% sodium dodecyl sulfate (SDS), 2 mM EDTA, 10% sucrose, 20 m M
DTT, 1 uM pepstatin A, 2 ug/mL leupeptin, 4 pg/mL aprotonin, 1 uM p -
nitrophenylphosphate) for 30 minutes at 55-60°C with mixing. Samples were
loaded onto a 6% SDS polyacrylamide gel for a subunits or a 10% gel for f
subunits with a 3% stacking layer (Laemmli, 1970) and electrophoresed at 50

mA/gel for 2 - 3 hours. The separated proteins were transfered

electrophoretically to nitrocellulose filters and blocked for 1 hour in buffer
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consisting of 10% nonfat milk in TBS (10 mM TrisHCI, pH 7.4, 150 mM NaCl)

with 0.1% tween. Filters were then incubated with affinity purified antibody
(50 ug/mL in blocking buffer) for 1 hour. Filters were then washed 3X for 10

minutes each, incubated 1 hour with protein A-horseradish peroxidase,
diluted 1:1000 in blocking buffer. Washing continued in TBS 6X for 10
minutes and then 4X for 30 minutes. The were labeled with ECL reagents

and examined with autoradiogram film for a few minutes at room
temperature for antibody data or for hours to days at -80°C with intensifying

screens for >2P data.

Electrophysiology. Barium currents through skeletal muscle calcium
channels were recorded using the whole cell patch-clamp technique. Patch

electrodes were pulled from VanWaters and Rogers micropipettes and fire
polished to produce an inner tip diameter of 4-6 um. Currents were recorded

using a List EPC-7 patch-clamp amplifier and filtered at 2kHz (8-pole Bessel
filter, -3dB). Data were acquired using Fastlab software (Indec Systems).
Voltage-dependent currents have been corrected for leak using an on-line
P/4 subtraction paradigm. The extracellular (bath) saline contained 150 mM
TrisHCl, 2 mM MgCl, 10 mM BaCl,, pH was adjusted to 7.3 with
methanesulfonic acid. The intracellular (patch electrode) saline contained

130 mM N -methyl-D-glucamine, 10 mM EGTA, 60 mM HEPES, 2 mM
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MgATP, 1 mM MgCl,; pH was adjusted to 7.3 with methanesulfonic acid. All
experiments were performed at room temperature (20-23°C). No nonlinear

outward currents were detected under these conditions.

Calcium activated chloride currents are a potential concern in
measurements of tail current in skeletal muscle cells and possibly in tsA-201
cells. Contamination of calcium channel tail current measurements by
calcium activated chloride currents was prevented by using low chloride
intracellular salines yielding a calculated chloride reversal potential (zero-
current potential) of -63 mV, near the potential (-80 mV) at which calcium
channel currents were measured. The reversal potential of barium tail
currents was more than +30 mV, consistent with relatively pure barium
permeation, and identical tail currents were observed when sodium carried
current through the channel or when the calcium buffer EGTA (10 mM) in

the intracellular was replaced with 10 mM BAPTA.

Sp-5,6-DCl1-cBIMPS was stored frozen in a 100 mM DMSO stock.
The appropriate amount of this stock was either added directly to the
recording chamber or first diluted to 6X its final concentration in
extracellular saline before addition. Ht-31 peptide (Carr, etal., 1992) was
synthesized and purified by HPLC in the University of Washington
Molecular Pharmacology Facility with the following sequence: Asp-Leu-Ile-

Glu-Glu-Ala-Ala-Ser-Arg-Ile-Val-Asp-Ala-Ala-Val-Ile-Glu-GIn-Val-Lys-Ala-
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Ala-Gly-Ala-Tyr. Ht-31P peptide containing proline residues substituted for
the isoleucine residues at positions 10 and 16 was synthesized and purified
using the same methods. Ht-31 peptides and PKI (5-24) amide were stored
frozen in 1 mM stocks made from intracellular saline without MgATP and
diluted to final concentrations (100 or 500 m, respectively) in intracellular

saline containing MgATP.
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XI. APPENDIX A: CARDIAC CALCIUM CHANNEL

The plasmid pCCAR (Yoshida, et al., 1992) containing the cDNA

for the cardiac L-type calcium channel was mutated at serine 1928, a site of
PKA phosphorylation, and coexpressed with the B,, and a,/8 subunits of the

brain and skeletal muscle calcium channel in the tsA-201 expression system.
This channel has been shown to be regulated by PKA and membrane
targeting (Gao, et al, 1997). The expression in this system showed no
alteration of regulation in the mutant channel. We were unable to
reproduce the results seen in other laboratories. Average current amplitude
upon depolarization from a holding potential of -80 mV to a test potential of
+10 mV was 401 +/- 139 pA (+/- SE) (n = 10) for wild type cardiac channel.
Average current amplitude under the same conditionswas 356 +/- 224 pA
(+/- SE) (n = 10) for the mutant cardiac channel. This is not a significant
difference. Current amplitude increased approximately 2 fold with DCl

cBIMPS application.
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