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Abstract

Excitation-contraction (EC) coupling in skeletal muscle requires a physical coupling
between the dihydropyridine receptor (DHPR) Ca’* channel in the surface membrane
and the ryanodine receptor (RyR1) Ca’* release channel in the sarcoplasmic reticulum
(SR) Ca’* store. However, the exact molecular mechanism of this interaction remains
unresolved. Both the oy, and By, subunits of the DHPR are essential for the skeletal EC
coupling process and a central critical region of the oy II-I1T loop has been shown to be
important for this interaction. The P subunit plays an essential role in the targeting of
the pore-forming o subunit to the t-tubular membrane and in the modulation of the
DHPR Ca** channel. In addition the skeletal isoform, B, supports tetrad formation of
the DHPRs opposite the ryanodine receptors. B, has a modular structure consisting of
N, C termini and SH3/guanylate kinase (GK) domains separated by a Hook region. A
high affinity interaction between the o I-II loop and the B,,-GK domain is responsible
for the targeting function of the B subunit. However the functional significance of the

SH3 domain remains unclear.

SH3 domains are protein interaction domains that typically bind to proline rich motifs in
their interacting partners. The critical region of the oy II-1II loop contains at least two
such proline rich motifs. Therefore this study investigated the possibility of an
interaction between the B,,-SH3 domain and the o II-111 loop. The B, subunit and its
SH3 domain bound to the critical region of the o II-111 loop with an affinity of ~ 2 uM.
One of these interactions was narrowed down to the first proline-rich motif of the
critical region which encompasses four skeletal specific residues (A739, F741, P742
and D744) that have been previously shown to be important for skeletal type EC-
coupling in-vivo. Mutation of these residues to their cardiac counterparts showed
residues P742 and D744 to be important for the binding of the B;,-SH3 domain to the

critical region of the o H-111 loop.

The C-terminus of the By, subunit binds to RyR1 in vitro and the end 35 residues of the
Bia C-terminus is important for skeletal type EC coupling. This study investigated the
structure of a peptide corresponding to this region by NMR and identified a nascent
helical region extending from residues L** to G, Three hydrophobic residues (L**°,

L% and W) within this helical region form a hydrophobic surface which could be a



putative binding surface for the skeletal ryanodine receptor. Mutation of these residues
to alanines partially disrupts the helical surface and decreases the ability of the mutant

peptides to activate the ryanodine receptor.

In conclusion this study shows that the SH3 domain of the skeletal  subunit is able to
bind to the critical region of the oy II-III loop in-vitro. This study also identifies a
quasi-structured helical region in the C terminal tail of the 3, subunit that affects its
interaction with the skeletal ryanodine receptor. Based on these findings, a model is
proposed where the By, subunit acts as a conduit in the transformation of the EC

coupling signal from the skeletal DHPR to RyR1.
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Commonly used Abbreviations

AID Alpha Interaction Domain

ATP Adenosine triphosphate

C region Critical region of the oy II-1II loop (residues 720-765)

CD Circular Dichroism spectroscopy

CDCL Cardiac Dihydropyridine receptor Cytoplasmic Loop (ot -1
loop)

cDNA Complementary deoxyribonucleic acid

CICR Calcium Induced Calcium Release

CSQ Calsequestrin

C-terminus Carboxyl-terminus

DHPR Dihydropyridine Receptor

EC-coupling Excitation Contraction Coupling

FPLC Fast Performance Liquid Chromatography

FRET Fluorescence Resonance Energy Transfer

GK Guanylate kinase

GST Glutathione S-transferase

HVA High voltage activated

IMAC Immobilized metal affinity chromatography

LD Isothermal Calorimetry

SR Junctional Sarcoplasmic Reticulum

kDa Kilo Dalton

LVA Low voltage Activated

MAGUK Membrane Associated Guanylate Kinase

Vil



NMR Nuclear Magnetic Resonance

N-terminus Amino-terminus

RNA Ribonucleic acid

RyR Ryanodine Receptor

SDCL Skeletal Dihydropyridine receptor Cytoplasmic Loop (ot TI-111
loop)

SH3 Src Homology 3

SR Sarcoplasmic Reticulum

T-tubule Transverse Tubule

VDCC Voltage Dependant Calcium Channel

VGCC Voltage Gated Calcium Channel
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Chapter 1
substances through internal body channels. It has no striations, and like cardiac muscle,
it is not subject to voluntary control. Contractions of smooth muscle fibers are slow and

sustained.
The types of muscle are summarized in Table 1-1
1.1.2 Developmental aspects of muscle

With rare exceptions, all muscle tissues develop from embryonic mesoderm cells called
myoblasts. Multinucleate skeletal muscle fibers form by the fusion of several myoblasts
to form multinuclear myotubes, a process guided by the integrins (cell adhesion
proteins) forming part of the myoblast membranes. Functional sarcomeres are present,
and skeletal muscle fibers are contracting by week 7 when the human embryo is only
about 1 inch long. Myoblasts producing cardiac and smooth muscle cells do not fuse.

However, both develop gap junctions at a very early embryonic stage.

1.1.3 Macroscopic anatomy of skeletal muscle (Figure 1-1)

Each skeletal muscle is a discrete organ. In an intact muscle, the individual muscle
fibers are wrapped and held together by several different connective tissue sheaths.
Together these connective tissue sheaths support each cell and reinforce the muscle as a
whole, preventing the bulging muscles from bursting during exceptionally strong
contractions. The endomysium is the fine sheath of connective tissue that surrounds
each individual muscle fiber. Within each skeletal muscle, the endomysium-wrapped
muscle fibers are grouped into fascicles that resemble bundles of sticks. Surrounding
each fascicle is a layer of fibrous connective tissue called perimysium. Bundles of
fascicles are in turn covered by an “overcoat” of dense irregular connective tissue called
the epimysium that surrounds the whole muscle (Marieb, Human Anatomy and

Physiology, 7 ed.).
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Figure 1-1  Macroscopic anatomy skeletal muscle ( Marieb, Human Anatomy and Physiology, 7 ed. ).
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Figure 1-2 Microscopic anatomy of a skeletal muscle fiber. (a) Photomicrograph of
portions of two isolated muscle fibers (700x). (b)Diagram of part of a muscle fiber
showing the myofibrils. One myofibril extends from the cut end of the fiber. (¢c) A small
portion of one myofibril enlarged to show the myofilaments responsible for the striation
pattern. Each sarcomere extends from one Z disc to the next. (d) Enlargement of one
sarcomere (sectioned lengthwise). () Cross-sectional view of a sarcomere cut through
in different areas. (Marieb. Human Anatomy and Physiology. 7 ed.)

6






Chapter 1
tension and propel the thin filaments toward the center of the sarcomere. As this event

occurs simultaneously in sarcomeres throughout the fiber, the muscle fiber shortens.

Skeletal muscle fibers also contain two important sets of intracellular tubules that
participate in the initiation of muscle contraction: the sarcoplasmic reticulum (SR)
and the T (Transverse) tubules. The major role of the SR is to store Ca** and regulate
intracellular levels of ionic calcium. It stores calcium and releases it on demand when
the muscle fiber is stimulated to contract. The T-tubules provide the conduit for the
action potential to reach the fiber interior, and brings the outer membranes into close
proximity with the internal sarcoplasmic reticulum (SR) (Marieb, Human Anatomy and

Physiology, 7 ed.).

1.2 Role of ionic calcium in muscle contraction

In a resting muscle fiber, the SR actively maintains cytosolic Ca™ concentration at
sub-micromolar levels, typically 0.1 uM, by active transport mediated by Ca™*-ATPase
molecules present at high density along its length and circumference. Upon receiving a
stimulus from the T-tubule the SR rapidly releases Ca™* into the cytosol at rates
approaching 100 pM/ms to raise cytosolic Ca®™" concentration to micro molar levels
(typically 1-10 uM). Released Ca** ions diffuse and bind to troponin-C (TnC), the
regulatory subunit of troponin, thereby removing troponin's inhibitory effect on the
contractile proteins, actin and myosin, which shorten to generate force. Upon
repolarization, Ca’* release terminates and multiple mechanisms act in concert to return
cytosolic Ca** to resting levels. High-density Ca**-ATPase pumps on the SR membrane
rapidly pump Ca** back in to the SR where it is largely bound to the Ca®* binding
protein calsequestrin. Cytosolic Ca**-binding proteins with rapid kinetics buffer Ca**
transiently while the slower SR pumps return it to the SR. Force terminates when
cytosolic Ca** returns to resting levels. Thus, cytosolic Ca™ is the central link between
membrane excitation and activation of the contractile proteins. Contraction is inhibited
at low resting Ca** levels and proceeds when Ca** is elevated transiently in response to
membrane excitation (Cell Physiology Sourcebook: A Molecular Approach, third

edition).
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Figure 1-3  Sarcoplasmic reticulum and T-tubular network of skeletal muscle

(Marieb, Human Anatomy and Physiology. 7 ed.)

Figure 1-4 An electron micrograph of
a section through a triad junction of a
frog tonic fibre, showing a central t-
tubular element flanked on either side
by a terminal cisternae element of the
sarcoplasmic reticulum. The arrows
point to electron-dense junctional feet
spanning the junctional gap on either
side of the t-tubule between the t-tubule
and terminal cisternae. (From Franzini-
Armstrong et al. Ann N Y Acad Sci.
1998 Sep 16:853:20)
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Chapter 1

arrays, termed junctional tetrads (Block et al., 1988). The tetrads have been identified as
groups of four voltage sensors/DHPRs and are arranged in a pattern approximately
corresponding to the outer coners of the cytosolic spheres of the RyR tetramer
(Takekura et al., 1994). Tetrads are associated with RyRs in an alternate disposition

such that one tetrad is associated with every other RyR (Figure 1-5, Figure 1-6).

In cardiac muscles, DHPRs are also clustered in close proximity to RyRs but they do
not form tetrads and are not disposed in a detectable ordered arrangement (Figure 1-6).
The T-tubules in cardiac muscle have a much larger diameter than in skeletal muscle,
and the most common junctions are in the form of dyads formed by the close apposition
of a flat SR cisterna, which contacts the T-tubule over a wide area (Franzini-Armstrong

et al., 1998).

1.5 Excitation-Contraction Coupling

1.5.1 Overview

Excitation-contraction (EC) coupling is a term used to describe the events that link
plasma membrane depolarization to the release of Ca™" from the SR. which in turn
triggers muscle contraction. Central to this process is the functional interaction between
the ryanodine receptor and the surface voltage-activated L-type Ca™* channel, the

dihydropyridine receptor (DHPR).

Activation begins when an action potential from a motor neuron arrives at the
neuromuscular junction, resulting in the release of the neurotransmitter acetylcholine
(ACh) into the synaptic clefts. Binding of ACh to ACh receptors on the adjacent end
plate locally depolarizes the postsynaptic membrane to threshold and elicits an action
potential on the muscle sarcolemma. The action potential rapidly propagates the
depolarization to the entire sarcolemma and into the fiber interior via the T-tubular
network. At the triad junctions, the dihydropyridine receptors detect the depolarization
and transduce it into a signal for opening the ryanodine receptor Ca’* release channels
on the closely opposed SR membrane. This leads to a rapid Ca’* release from the SR
into the cytosol. The released Ca®* binds to troponin-C and leads to the cascade of

events that result in muscle contraction (Figure 1-7).

12



Chapter 1

Figure 1-5  Arrangement of RyR1 and DHPR in skeletal muscle. Model based on
freeze-fracture studies and 3D reconstructions of the two Ca®* channels, generated by
electron cryomicroscopy and single particle reconstruction. Two arrays of RyRs are
overlaid by arrays of DHPRs grouped into tetrads. Scale bar represents 100 A
(Serysheva et al.. 2002).

Figure 1-6  Freeze-fracture electron micrographs of the surface membrane of
developing mouse skeletal and cardiac muscle. DHPRs are clustered in both cardiac
and skeletal muscle but in a different manner. A. In skeletal muscle DHPRs form an
array of tetrads (arrows point to individual tetrads) B. In cardiac muscle DHPRs are
randomly disposed. Scale bar = 0.1 um (from Franzini-Armstrong et al. Ann N Y Acad
Sci. 1998 Sep 16:853:20-30)
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Figure 1-7  Schematic representation of a triad junction illustrating the major components involved in EC coupling (Cell Physiology
Sourcebook: A Molecular Approach, third edition).
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Figure 1-8  Models of skeletal and cardiac muscle EC coupling. EC coupling in cardiac muscle is dependent on extracellular Ca™, whereas
skeletal muscle EC coupling is not.
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1.6 Ryanodine receptor Ca™ release channel (RyR)

1.6.1 Overview

The RyR Ca™ release channel belongs to a superfamily of ligand-gated ion channels
(Franzini-Armstrong and Protasi, 1997). RyRs share significant sequence and structural
homology with the inositol 1,4,5- trisphosphate (IP 3) receptors that release Ca”* from
internal stores in other cell types (Berridge 1993). RyRs are larger molecules with a
significantly greater Ca** conductance than IP 3 receptors and are found in cells such as
muscle that generate large, fast changes in intracellular Ca™" concentration (Mackrill et

al., 1997).
1.6.2 History

RyRs were initially observed in skeletal muscle in the early 1970s, where they were
visualized in electron micrographs as large electron-dense masses situated along the
face of the sarcoplasmic reticulum (SR), spanning the junctional gap between SR and
the plasma membrane, and they were therefore termed junctional foot proteins (Saito et
al., 1984, Franzini-Armstrong, 1999). But at the time the molecular identity of this
structure was not known. The RyR was identified as the foot protein and gained its
present name in the late 1980s after it was found by Fleischer et al to be the protein that
binds ryanodine, a plant alkaloid that enabled purification and molecular

characterization of the protein (Fleischer et al.. 1985, Inui et al., 1987).
1.6.3 RyR isoforms and distribution

Mammalian tissues express three types of RyRs that are encoded by three different
genes. The three RyR isoforms are also known as the skeletal muscle (RyR1), cardiac
muscle (RyR2), and brain (RyR3) RyR because they were first identified and isolated
from skeletal muscle (Takeshima et al., 1989, Zorzato et al., 1990), cardiac muscle
(Otsu et al., 1990, Nakai et al., 1990), and brain (Hakamata et al., 1992), respectively.
Hence, the currently accepted terminology is based on the abundance and timing of
purification of the RyRs from various tissues. RyR1 and RyR2 are the predominant
isoforms in skeletal muscle and cardiac muscle, respectively; however, both isoforms
are also expressed in brain and other tissues at low levels. In turn, the brain RyR is

expressed as a minor component in skeletal and cardiac muscles. All three share a
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antibodies suggest that the N and C-termini of RyR 1 are cytoplasmically localized, with

the C-terminus being important for the expression of a functional RyR1 complex

b

cytoplasmic face

SR lumenal face

Figure 1-9 Negative-stain
electron micrograph of the
purified rabbit skeletal muscle
RyR. A selected panel of
particles displaying the
characteristic four-leaf clover
(quatrefoil) structure of the 30S
RyR complex. Dimensions of
the quatrefoils are 34 nm from
the tip of one leaf to the tip of
the opposite one, with each leaf
14 nm wide. The central
electron-dense region has a
diameter of 14 nm with the
central hole of a diameter of 1-2
nm (from Lai et al., Nature 331,
315-319. 1988)

Figure 1-10 3D Reconstruction of the RyR1 based on cryoelectron microscopy.
Regions of significant differences between open and closed state of the channel are
shown in red. (a) view from the cytoplasm. (b) side view (¢) view from the SR lumen.
The clamp shaped domains are indicated with dashed circles. The scale bar represents

100 A" (Serysheva, 2004)
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(Gao et al., 1997). The membrane-spanning region is highly conserved and has strong
similarity with the same region of the IP 3 receptor. The number of trans-membrane
helices in the C-terminal region has not been established. but is proposed to be between
4 and 12 (Figure 1-11) Experimental data obtained by Du et al indicate 8

trans-membrane helices (Du et al.. 2002).

<+—— Foot region
Cytoplasm

3533

Sarcoplasmic

: <+ Channel region
reticulum

Lumen

Figure 1-11 Schematic Diagram of the Ryanodine receptor showing the
secondary membrane topology. M 1. 2 etc. denotes the transmembrane domains which
are proposed to be between 4 and 12 ( Adapted from Gao et al., 1997 )

The structure of RyR has also been analysed under conditions that drive the channel
population predominantly to its “open” (conducting) and “closed” (non-conducting)
states. These studies of the RyR in different functional states suggest that channel
activation is associated with significant mass rearrangements in the channel complex,
implying a highly allosteric regulation of channel gating (Orlova et al., 1996, Serysheva

et al.. 1999, Samso et al., 2009).
1.6.5 Modulation by pharmacological agents

The isolation and structural determination of the SR Ca™* release channel has been
greatly facilitated by the identification of ryanodine as a channel-specific ligand.
Ryanodine is a neutral plant alkaloid that is obtained from the stems of the South
American shrub, Ryania speciosa. and is composed of two major compounds: ryanodine
and 9.21- didehydroryanodine. Ryanodine binds to the RyR with high affinity and
specificity, preferably in its open conformation, and thus, ryanodine binding is used as
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an index of channel activation. Ryanodine activates the channel at low (nanomolar)
concentrations, but inhibits the channel at high (micromolar) concentrations. Activation
is associated with prolonged channel opening to a reduced conductance level (Ehrlich et

al., 1994).

A plethora of exogenous compounds, including volatile and local anaesthetics, 4-chloro-
m-cresol, polylysine. doxorubicin, dantrolene, neomycin and peptide toxins, has also
been shown to modulate RyR channel activity (Zucchi and Ronca-Testoni, 1997). Of
special note is caffeine, which is the most commonly used drug to activate the RyR in

vitro and ruthenium red, which is the most commonly used channel blocker.
1.6.6 Modulation by endogenous effectors

RyR channel activity is regulated by a wide variety of endogenous molecules, with

Ca®™, Mg™* and ATP being the key regulators (Zucchi and Ronca-Testoni, 1997).

SR Ca** flux measurements, single channel recordings and ryanodine-binding assays
have demonstrated that cytosolic Ca™ has a biphasic effect on skeletal muscle RyR
channel activity (Meissner et al., 1997, Meissner et al., 1986). The threshold for channel
activation is approximately 100 nM with a maximum in the range of 10-100 uM,

whereas millimolar Ca”* strongly inhibits the channel.

Mg>* is a potent RyR channel inhibitor. SR Ca®* flux measurements, single channel
recordings and ryanodine-binding assays have demonstrated that Mg™" inhibits RyR1 in
a dose-dependent manner, with millimolar concentrations resulting in complete
inactivation (Laver et al., 1997, Meissner et al., 1986). This Mg** inhibition must be
relieved during EC coupling for Ca®* release (channel opening) to proceed (Laver et al.,

2004)

The adenine nucleotides ATP, ADP, AMP and cyclic-AMP. as well as adenine, activate
RyR channel activity (Meissner et al., 1986). SR Ca’* flux measurements, single
channel recordings and ryanodine-binding assays have demonstrated that ATP at
millimolar levels is a potent agonist of skeletal muscle RyR (Laver et al., 2001,
Meissner et al., 1986, Smith et al., 1986). RyR1 is stimulated by ATP even at very low
nanomolar Ca>* concentrations, whereas the combination of micromolar Ca** and

millimolar ATP elicits persistent channel activation.
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Figure 1-12  Model illustrating the many protein—protein interactions that contribute to the macromolecular complex that forms the calcium
release unit of skeletal muscle sarcoplasmic reticalum (SR). The core of the complex is the dihydropyridine receptor (DHPR)/ryanodine receptor
(RyR)/triadin/junctin/ calsequestrin (CSQ) interaction that provides continuity from the extracellular space (lumen of the t-tubule) to the lumen of the
SR. Interactions with other cytoplasmic components that also alter EC coupling are shown, including protein kinase A (PKA), FK506 binding protein
12 (FKBP12), chloride intracellular channel (CLIC), glutathione S-transterase (GST), calmodulin kinase II (CaMK II), Ca2+ binding sites, Mg2+
binding sites, protonation sites, ATP binding sites, phosphorylation and oxidation sites. phos, phosphorylation (Dulhunty 2006)
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In the 1980’s, the calcium channel protein was purified and shown to consist of several
subunits (Borsotto et al., 1985, Flockerzi et al., 1986, Takahashi et al., 1987, Leung et
al., 1988). The principal subunit of the voltage-gated calcium channel (VGCC) was
named oy, and auxiliary subunits were named . 0. 8. and y. Cloning of the genes
encoding individual subunits followed soon after. So far, ten genes for o subunits, four

for B subunits, four for the -6 complex and eight for y subunits have been identified.

The very first channel classification was based on basic electrophysiological and
pharmacological properties. An observation was made that some calcium channels need
only a small depolarization to be activated, while others require a relatively high step in
membrane voltage to open (Hagiwara et al., 1975, Llinas and Yarom, 1981). According
to this criterion, calcium channels were divided into low-voltage activated (LVA) and
high-voltage-activated (HVA). LVA calcium channels activate at a membrane voltage
positive to =70 mV. Because of the small amplitude of single channel conductance and
its fast decay. these channels were also called T-type calcium channels (T for tiny or
transient). HVA channels have an activation threshold at membrane voltages positive to
—20 mV. Because of its large-single channel conductance amplitude and slow kinetics
of current decay, it was named L-type calcium channel (L for large or long-lasting) in
contrast to the T-type. A pharmacological hallmark of all L-type channels is their
sensitivity to 1,4-dihydropyridines (DHPs) — which include a wide class of drugs with
either inhibitory (nifedipine, felodipine, amlodipine) or activatory (Bay K 8644) action

on the channel.

In the 1980°s, experiments with neuronal cells revealed novel calcium channels,
insensitive to DHPs and with single-channel conductances between those of T-type and
L-type channels (Nowycky et al., 1985, Fox et al., 1987). These channels were named
N-type calcium channels (N for neuronal). Later, it was shown that neuronal non-L-type
channels could be further classified into subtypes according to their sensitivity to
peptide toxins isolated from cone snails and spiders. The channel sensitive to -
conotoxin, kept the name N-type channel, while the channels sensitive to m-Agatoxin
was named P/Q-type calcium channel (P for Purkinje cells, where this channel was
characterized) (Llinas et al., 1989). The channels resistant to these toxins were named

R-type calcium channel (R for resistant).
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Table 1-2 Voltage gated Ca2+ Channel types based on their electrophysiological and pharmacological properties

Electrophysiological ol subunit Gene Specific Primary locations
nomenclature nomenclature name blockers
Old New
HVA I Olis Cay 1.1 CACNAIS Dihydropyridines Skeletal muscle
olic Cay 1.2 CACNAIC Dihydropyridines Cardiac muscle, smooth muscle, Endocrine cells,
Neurons
oip Cay 1.3 CACNAID Dihydropyridines Endocrine cells, Neurons
OlLiF Cay 1.4 CACNAIF Dihydropyridines Retina
P/Q oA Cay 2.1 CACNAITA - Agatoxin Nerve Terminals, Dendrites
N Ol Cay 2.2 CACNAIB ® - Conotoxin Nerve terminals, Dendrites
R Ol E Cay 2.3 CACNAIE None Nerve terminals, Dendrites
LVA T oG Cay 3.1 CACNAI1G None Cardiac muscle, smooth muscle, Neurons
Oy Cay 3.2 CACNAIH None Cardiac muscle, Neurons
Ol Cay3.3 CACNAII None Neurons

28



Chapter 1

Figure 1-13 A schematic structure of VGCC. The principal ¢ subunit is a transmembrane protein containin a conducting pore. The o subunit is
further regulated by auxiliary subunits; intracellular B subunit, transmembrane 7y subunit and a complex of extracellular o subunit and transmembrane
d subunit, connected by a disulfide bridge.
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1.8.1 3D structure

Structural studies of DHPR have been hampered by difficulties in isolation, purification,
and expression of this large channel protein complex. However a number of groups
have been pursuing structural studies of the DHPR by various types of electron
microscopy. A 30 A resolution 3D structure of the skeletal muscle DHPR determined by
Serysheva et al. show an asymmetrical channel structure measuring about
130x115x120 A (Serysheva et al., 2002). This structure consists of two major regions: a
heart-shaped region connected at its widest end with a handle-shaped region

(Figure 1-14)

Due to the low resolution of these structural studies, the molecular boundaries of
individual subunits were not determined and electron densities were assigned primarily
based on molecular mass and proposed topological arrangement of the channel subunits
in the t-tubule membrane. Thus, in the model by Serysheva et al. the heart-shaped
region accounts for the main pore-forming o; subunit associated with the y and B
subunits, and the handle-shaped region comprises the 0,0 complex. Therefore, the
heart-shaped region spans the membrane with its narrow part exposed to the cytoplasm,
while the major protein density comprising the handle-shaped region and the upper
lobes of the heart-shaped structure is located on the extracellular side. This topology is
consistent with the model proposed by Murata and coworkers based on antibody
labeling (Murata et al., 2001). In contrast, the DHPR model reported by Wolf et al.
suggests that the major protein densities comprising the o, v, 8, and B subunits are
embedded within the membrane, placing the extracellular o, subunit within the smaller

“leg” region. But this topology has not been verified by any other studies.

A more recent 3D reconstruction and immuno-electron microscopic analysis performed
on the purified skeletal DHPR has demonstrated that the o, 8 complex was located in
the large globular portion of the DHPR, and the N-terminal region of the B subunit was
extended to the leg-shaped protrusion of the DHPR, which includes the 08 subunits
(Murata et al., 2010).
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Figure 1-14 30 A resolution 3D structure of DHPR obtained by electron cryomicroscopy and single particle reconstruction. The structure is
shown in four different views: (a) top view: (b) front view obtained by 90° rotation along the horizontal axis of the top view in (a); (¢) and (d) are
views obtained by stepwise rotation of the view in (b) along the vertical axis by 90°. The handle-shaped structure and the upper lobes of the heart-
shaped region were proposed to account for the extracellular channel region and to include the 0.8 subunit. Thus, the heart-shaped region includes the
voltage-sensitive transmembrane region of the L-type Ca’* channel and the cytoplasmically located B subunit. The scale bar represents 100 A
(Serysheva et al., 2002).
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I I n IV
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Figure 1-15  Schematic representation of the DHPR o, subunit. It consists of four homologous domains I -1V, each containing six
transmembrane segments S1-S6 and a pore region between segments S5 and S6. Putative a-helices are shown as cylinders. The fourth
trans-membrane segment S4 in each domain bears a net positive charge.
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Myoplasmic Ca™ release in dysgenic myotubes expressing DHPRs carrying the
R1086H mutation was found to be somewhat more sensitive to both pharmacological
(caffeine) and physiological (membrane depolarization) stimuli, suggestive of a
negative allosteric contribution of the oy III-IV loop in coupling with RyR1 (Weiss et
al., 2004). The observation that a peptide encompassing RyR1 residues 922-1112
bound specifically to a column with an immobilized o, HI-IV loop peptide is also
consistent with the possibility that the oy, III-IV loop is involved in the basic

mechanism of EC coupling (Leong and MacLennan. 1998b).

The amino-terminus of o (residues 1-51) appears not to play a significant role in EC
coupling. The ability of the DHPR to support evoked contractions or myoplasmic Ca®™*
transients was not hindered by substitution of o amino-terminus for that of o
(Tanabe et al., 1990). Likewise, junctional targeting of DHPRs was shown to be
unaffected by replacement of the oy amino-terminus with the amino-terminus of the
less-conserved neuronal o, subunit (Flucher et al., 2000). The conclusions from these
studies have been strengthened by the demonstration that deletion of the bulk of the o
amino-terminus (residues 2-37) has essentially no effect on either L-type currents or

myoplasmic Ca™ transients (Bannister and Beam, 2005).

The carboxyl terminus of 0 contains a PDZ domain (0 residues 1543—1647) that is
essential for targeting of oy, to the triad junction (Proenza et al., 2000, Flucher et al.,
2000). But incorporation of this domain in to a T-type channel background (Wilkens
and Beam, 2003) or an o5 I- II hemichannel (residues 1-670) (Flucher et al., 2002) is
insufficient to deliver the chimera to the triad junction. Hence, attempts to demonstrate

the singular importance of this region in DHPR trafficking have been unsuccessful.

Many in vitro studies have identified a direct interaction between RyR1 and the o
carboxyl-terminus. Peptides corresponding to segments of the o, carboxyl-terminus
inhibit the binding of [RH] ryanodine to RyR1 or bind directly to RyR1 (Slavik et al.,
1997, Sencer et al., 2001). Fluorescence resonance energy transfer (FRET) experiments
have also shown that the oy carboxyl-terminus and RyR1 may make such a liaison
further supporting the idea that EC coupling may be influenced by a functional
interaction between the C-terminus of oy, and RyR1 (Lorenzon et al., 2004,

Papadopoulos et al., 2004).
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loop by nuclear magnetic resonance (NMR) have shown it to be an intrinsically
unstructured protein (IUP) with a short helical region towards the N-terminus (Cui et
al., 2009, Casarotto et al., 2004). As such it belongs to a burgeoning structural class of
functionally important proteins. The unstructured nature of the II-III loop may allow it

to rapidly change its conformation in response to a signal from the voltage sensor.
A region of the II-11I loop

Although there has been general agreement among investigators that the II-I1I loop of
the o, subunit plays a key role in transmitting the EC coupling signal to RYRI, the
precise portion of the loop that is involved in this process has been a topic of contention
due to differing results obtained in in vitro and in vivo studies (Dulhunty, 2006, Beam
and Bannister, 2010, Bannister, 2007). In 1995 El-Hayek et al, synthesized several
peptides (A, B, C, Cl, C2 and D) corresponding to different regions of the o II-111
loop (Figure 1-16). In these experiments a peptide corresponding to residues 671-690
in the o-helical peptide A region was shown to activate RyR1 in reconstituted lipid
bilayers and to increase [H’] ryanodine binding in SR vesicles (el-Hayek et al., 1995).
However, the physiological implications of this interaction are unclear because several
studies have shown that EC coupling can be restored in dysgenic myotubes expressing
0.5 constructs in which the peptide A domain has been disrupted or even deleted (Ahern

et al., 2001a, Ahern et al., 2001b, Bannister et al., 2009, Wilkens et al.. 2001).
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A : I TSAQKAKAEERKRRKMSRGL690

B : 94REEEKSVMAKKLEQKPKGEGIPTTAKLK V722

C : 4EFESNVNEVKDPYPSADFPGDDEEDEPEIPVSPRPRP760
C1: 2SFESNVNEVKDPYPSADFPG743

C2: 740DFPGDDEEDEPEIPVSPRPRP760

D : 70PLAELQLKEKAVPIPEASSFFIFSPTNK VR V7%

Figure 1-16  Different regions of the II-III loop of the o subunit of the rabbit
skeletal muscle dihydropyridine receptor as depicted by El-Hayek et al. (El-Hayek
R et al. J. Biol. Chem. 1995:270:22116-22118).
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Critical region (C region) of the I1-11I loop

Following on from the A region. chimeric studies in dysgenic (o, null) myotubes
identified a 46 amino acid sequence within the o H=I1I loop (o, residues 720-765)
that was necessary to produce myoplasmic Ca’* release in response (0 membrane
depolarization in intact cells (*‘orthograde coupling:™ (Nakai et al., 1998b)). Likewise.
the integrity of this region was also found to be necessary for the RyRI1-dependent
potentiation of L-type Ca™* current (*‘retrograde coupling;’* (Nakai et al., 1996, Nakai
et al., 1998a. Avila and Dirksen, 2000) as retrograde coupling cannot be supported by a
chimera in which the cardiac o II- Il loop was substituted for the corresponding
region of o, (chimera SKLC: (Grabner et al., 1999). However, retrograde coupling was
restored by re-introduction of o, residues 720-765 into the cardiac oy =111 loop of
this construct (chimera SKLCS46: (Grabner et al., 1999)). The necessity of this domain
for both orthograde and retrograde coupling between RyR1 and the DHPR precipitated

the term “‘critical domain’’.
Critical residues of the C region of the II-1II loop

Within this critical region, four skeletal-specific residues (A739. F741, P742 and D744)
have been shown to be important for skeletal type EC coupling (Kugler et al., 2004)
(Figure 1-17). In this study it was proposed that o residues 744-751 within the critical
domain adopt a random coil conformation that enables oy to interact with other
junctional proteins (e.g.. RyR1). whereas the corresponding region of oy forms a
putative o-helix that inhibits any such interactions. The four residues unique to o were
postulated to deter formation of the a-helix. However. substituting the skeletal residues
( A739, F741, P742) to the equivalent cardiac counterparts did not significantly alter the
NMR-based secondary structure of the o II-111 loop or the skeletal C region (Dulhunty
et al., 2005). This study also showed that residue A739 is critical for the functional
consequences of interactions between the skeletal DHPR and RyR1 (Dulhunty et al.,
2005).

Oljs 734- DPYPSADFPGDDEEDEPEIPVSPRPRPLAEL -764
dkk | o ke okokhkhk kk kkkkkk hk

O, %65~ SPYPNPETTGEEDEEEPEMPVGPRPRPLSEL -9

Figure 1-17 The critical residues shown to be essential for skeletal type EC
coupling are highlighted and compared with their cardiac counterparts. (Adapted
from Kugler G et al. J. Biol. Chem. 2004;279:4721-4728).
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Critical region not alone ?

Examinations of modified o subunits expressed in dysgenic myotubes have indicated
that the critical domain is not necessary to produce a component of skeletal-type EC
coupling. A construct that lacked both the C and the A region (Ahern et al., 2001b)
regained about 15% of the orthograde signal compared with 0% after the deletion of
only the critical region. It was also observed that a component of voltage-dependent
Ca”* release was lost in a chimera composed of the skeletal oy II-III loop in the context
of a cardiac o backbone in comparison to an 0,/0.. chimera that contained all five

intracellular domains of oy (Carbonneau et al., 2005).

The presence of the critical domain is also not absolutely required for tetrad formation
because the SKLM chimera, which is composed of the fairly divergent (~ 75 %
dissimilarity) Musca domesticus II-III loop in an o background, is able to support
tetrad formation (Takekura et al., 2004, Beam and Bannister, 2010). This chimera is the
one notable exception to the tetrad-EC coupling correlate because SKLM is the only
engineered o -based II-1I1 loop chimera that forms tetrads but is incapable of

supporting skeletal-type EC coupling (Wilkens et al.. 2001, Kugler et al., 2004).

Simultaneous substitution of the critical domain and the putative triad targeting region
of the o carboxyl-terminus (residues 1543-1620:; (Proenza et al., 2000, Flucher et al.,
2000) for the corresponding regions of oy , a relatively non-conserved T-type Ca**
channel, proved to be insufficient to support triad targeting and to reconstitute EC
coupling when this chimera was expressed in dysgenic myotubes (Wilkens and Beam,

2003).

These results indicate that the presence of the critical domain alone is insufficient to
support skeletal-type EC coupling in the absence of other elements conserved amongst

L-type Ca** channels.

In addition to the A and C regions, a recent study has indicated that the conserved
C-terminal portion of the oy II-III loop, downstream of the critical domain, plays an
important role in bidirectional coupling either by conveying conformational changes to
the critical domain from other regions of the DHPR or by serving as a site of interaction

with other junctional proteins such as RyR1 (Bannister et al., 2009).
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The o, subunit is a highly glycosylated extracellular protein that interacts with the o
subunit (Gurnett et al., 1997). Topological analysis of the 0,0 subunit supports a model
for the protein in which oy is entirely extracellular and 6 has a single transmembrane
region with a very short intracellular portion, which serves to anchor the protein in the
plasma membrane (Gurnett et al., 1996). Recent biochemical, immunohistochemical
and electrophysiological — studies have shown that 0,0 subunits are

glycosylphosphatidylinositol (GPI)-anchored (Davies et al., 2010).

The 125 kD, DHPR 0,0-1 subunit is the major 0,0 isoform of skeletal muscle. But it
has a wide tissue distribution and is also part of calcium channels in the cardiovascular
and nervous systems. Therefore, unlike the skeletal muscle oy, and By, null mutants
which develop fairly normally up to birth, attempts to generate knock-outs of the DHPR
00-1 subunit have been problematic, indicating that this auxiliary channel subunit
serves vital functions in tissues other than skeletal muscle (Obermair et al.. 2008a). A
viable 0,8-1 knockout has recently been published. with a cardiac phenotype, showing

reduced cardiac calcium currents and decreased myocardial contractility (Fuller-Bicer et

al., 2009).

Coexpression of oy subunits with 0,8 in various heterologous cell systems increased
membrane expression of the channels and altered their L-type Ca’* current properties
(Shistik et al., 1995, Felix et al., 1997, Sipos et al., 2000, Canti et al., 2005). In dysgenic
(Cayl.1-null) skeletal myotubes 0,81 is expressed diffusely throughout the plasma
membrane in the absence of oy, (Flucher et al.. 1991, Obermair et al., 2005).
Reconstitution of dysgenic myotubes with GFP-tagged Cay1.1 and also Cay 1.2 caused a
redistribution of 00-1 together with the o subunit into triads (Obermair et al.. 2005.
Tuluc et al., 2007). Conversely, short hairpin RNA (shRNA) knockdown of o,8-1 did
not affect the correct triad targeting and membrane expression of Cayl.1. Hence. in
skeletal muscle, membrane trafficking of 0,8-1 and o subunits occur independently of
each other and both subunits can exist in the plasma membrane separately. Moreover,
correct triad targeting of o is independent of 06-1. However, the 0,8-1 needs the

interaction with o, for its own targeting into the triad (Obermair et al., 2005).

Whereas knockdown of 0,0-1 in the dysgenic muscle expression system had no effect

on functional membrane expression, it significantly accelerated activation and
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hyperpolarizing shift in the voltage-dependence of inactivation and significantly reduces
HVA calcium current density (Arikkath et al., 2003, Freise et al., 2000, Held et al.,
2002). Studies have also shown that the 7y, subunit of the DHPR functions as an
endogenous Ca®* antagonist and it has been proposed that its task may be to minimize
Ca®* entry and Ca™* release under stress-induced conditions favoring plasmalemmal
depolarization (Andronache et al., 2007). Thus, the role of the y; subunit in skeletal
muscle EC-coupling is to increase the voltage-sensitivity of inactivation and
consequently to limit both calcium influx and, more importantly, calcium release in

EC-coupling.

1.9 B subunit

1.9.1 History and nomenclature

The B subunit was first identified in 1987 and was classified as a 54 kD auxiliary
subunit of the DHPR because of its association with the purified skeletal
dihydropyridine receptor (Takahashi et al., 1987). The protein was partially sequenced
and the gene encoding the skeletal muscle isoform of this subunit, subsequently termed
B, was cloned (Ruth et al., 1989). Three subsequent B subunit genes, Ca,,. B3 and B,
were identified by homology and cloned (Perez-Reyes et al., 1992, Castellano et al.,
1993a, Castellano et al., 1993b, Hullin et al., 1992). According to the HUGO/GDB
nomenclature, the genes encoding the B subunits are referred to as CACNB1—4 and
numerous splice variants for each gene are known (Table 1-3). Notably, all four
isoforms are expressed in the brain. In addition, each B subunit is differentially
expressed in other tissue types. By, is a distinct 3, variant that is uniquely associated

with the skeletal muscle voltage-gated L-type calcium channel.

Among the auxiliary subunits, B is unique in that it is located entirely in the cytoplasm

where it acts as the most potent regulator of channel function and expression.
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N SH3 GK _

Figure 1-18 Schematic Domain modules of Ca®* Channel B subunits. The SH3 and
guanylate kinase (GK) domains are conserved in all B subunits with the greatest
sequence variability observed in the N and C termini and the Hook region.

AID Binding site

Guanylate kinase ‘ SH3 domain
(GK) domain

Figure 1-19  Crystal structure of the B3 core protein (Chen et al, 2004). The
molecule is made up of a guanylate kinase (GK) and SH3 domain. An «, binding
partner AID has been located on the GK domain. The loop highlighted in bold
represents a potential SH3 binding site which is predicted to be occluded by helix 2.
The Hook region is not visible due to poor electron density.
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1.9.3 The SH3 Domain of the 3 subunit

Although the GK domain of the B, subunit is responsible for the high affinity binding
to the AID, the functional significance of the other structural motif, the SH3 domain,

remains unclear.

SH3 domains were first described as a polypeptide fragment conserved between the
N-terminus of a Src family tyrosine kinase and blocks of sequences in the adaptor
protein Crk (Mayer et al., 1988). Hence it was named Src homology 3 (SH3) domain.
The human genome encodes approximately 300 such domains and it is one of the most
prevalent families of protein modules found in nature (Karkkainen et al., 2006). SH3
domains are involved in a plethora of important cellular processes including
intracellular ~ signalling and  cell-environment ~ communication,  cytoskeletal
rearrangements and cell movement, cell growth and differentiation, protein trafficking

and degradation, and immune responses (Mayer et al.. 1988, Zarrinpar et al.. 2003).

SH3 domains contain approximately 60 residues and share significant sequence identity
and a common structure featuring a five-stranded ant-parallel beta-sheet. The majority
of SH3 domains characterized to date bind proline-rich sequences containing a core
element, PxxP, where x denotes any amino acid, through a set of conserved residues
(Yu et al., 1994, Musacchio et al., 1992). Chen et al, employed combinatorial peptide
libraries to identify SH3-binding motifs and found that proline-rich peptides selected by
SH3 domains could be classified into two related. yet distinct groups named classes |
and II , respectively (Chen et al., 1993). The consensus sequences for these two classes
of motifs are represented as the following : [R/K]xXPxXP (class 1 ) and XPxXPx[R/K]
(class 1I), where the capital ‘X’ signifies a non-glycine, hydrophobic residue while the
lower ‘x’ denotes any naturally occurring amino acid. These peptides bind with an

affinity of between 1- 100 uM.

Crystallographic studies have shown that the arrangement of the first four B-strands of
the B subunit SH3 are similar to canonical SH3 domains. However the fifth B-strand is
separated by an unstructured central Hook region which gives the SH3 domain of the B
subunit a ‘split architecture’. In addition, two long helices that are absent in canonical
SH3 domains are appended to the SH3 domains of the B subunit (Figure 1-19)(Chen et
al., 2004, Van Petegem et al., 2004).
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B3 60 VAFAVRTNVSYCGVLDEEC
P4 92 VAFAVKTNVSYCGALDEDV
p2a : 60 VAFAVRTNVRYSAAQEDDV
Bia 101 VAFAVRTNVGYNPSPGDEV
B3 PVQGSGVNFEAKDFLHIKEKYSNDWWIGRLVKEGGDIAFIPS 120..ioumiminemsissmimimmssins
B4 PVPSTAISFDAKDFLHIKEKYNNDWWIGRLVKEGCEIGFIPS 152

B2a PVPGMAISFEAKDFLHVKEKFNNDWWIGRLVKEGCEIGFIPS 120

B1a PVQGVAITFEPKDFLHIKEKYNNDWWIGRLVKEGCEVGFIPS 161

35 o 170 PYDVVR 176 -

Ba RIS ) AT Y e

pawiame 2 219 PYDVVP 228

RPN e 267 IR DNYP 27 3 e

Figure 1-20  Amino acid sequence alignment of SH3 domains within Ca™* channel
B subunit isoforms. Regions with the highest greatest sequence homology are shown
with red denoting conserved residues for all isoforms.

....56EAESLTSAQKAKAEERKRRKMSRGLPDKTEEEKSVM

AKKLEQKPKGEGIPTTAKLKVDEFESNVNEVKDPYPS,

DFPG

IDDEEDEPEIPVSPRPRPLAELQLKEKAVPIPEASSFFIFSPTN

KVRVE2Y: .

Figure 1-21 Sequence of the DHPR oy, II-1I1 loop. The critical C region is
highlighted in blue and the proline residues in the putative SH3 binding sites are shown
in red.
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1.9.5 Gene knockout studies and disease

The significance of the B subunit is emphasised by diseases associated with its
knockout and through mutations. Knock-out of the B1 isoform (CACNBI1), present in
skeletal muscle as By, and in heart and brain as [, results in a lethal phenotype.
Homozygous Pl -/- mice show reduced skeletal muscle mass with structural
abnormalities and die at birth from respiratory failure. Interestingly heterozygotes are
asymptomatic, indicating that there is normally a sufficient excess of B1 subunit, such

that loss of 50% has no effect (Strube et al., 1996).

Deletion of the CavP2 gene (CACNB2) gives rise to an embryonic lethal
phenotype, underlining the essential role of B, in cardiac contraction (Ball et al., 2002).
In contrast, knock-out of the B; isoform (CACNB3) does not result in a major
phenotype, indicating that other B subunits are able to substitute for its function. The
lethargic mouse is a spontaneous mutation in the gene encoding the B4 subunit
(CACNB4). This causes a premature stop codon resulting in no detectable protein as it
is a null mutation. Lethargic mice exhibit ataxia. lethargic behavior and spontaneous
focal motor seizures. (Burgess et al., 1999) Mutations in the Cavp4 subunit gene have
been found in patients with idiopathic generalized epilepsy and episodic ataxia (Escayg
et al., 2000). In cardiac myopathy associated with failed cardiac myografts. there was a
large reduction in B subunit mRNA and protein by up to 80%, and the major species
detected was By, (Hullin et al., 1999). There was also an increase in the amount of
truncated relative to full-length B3 transcript in human left ventricular tissue showing

ischaemic cardiomyopathy, compared to non-failing tissue (Hullin et al., 2003).
1.9.6 Ca,f3 subunit in skeletal muscle

The B, isoform is specific to skeletal muscle. It is a 58 kD protein consisting of 524
amino acid residues (Figure 1-22). Similar to other isoforms, it has five domains
including the conserved SH3 and GK domains and has also been shown to perform a
dual role as a chaperone and modulator of the o, subunit (Bichet et al., 2000. Gerster et
al.. 1999). Consistent with its role in membrane expression of the o, subunit,
patch-clamp analyses of Bj,-null myotubes show that their L-type calcium currents are

strongly decreased (Strube et al., 1996). Although these observations indicate a failure
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1 MVQKSGMSRGPYPPSQEIPMEVFDPSPQGKYSKRKGRFKRSDGSTSSDTT
51 SNSFVRQGSAESYTSRPS DSDVSLE EDREALRKEAE RQALAQLEKAKTKP
101 VAFAVRT NVGYN PSPGDEVPVOGVAITFEPKDFLHI KEKYNNDWW IGRLV

151 K EGCEVGF | PS VKLDSLRL LQEQTLRQNRLSS
201 NEMTNFAFELDPLE LEEEEAELGE H \KTS!
251 PH | PY DVVPSMRPI I LVGPSLKGYEVTDM MOKALFDF

301 LKH RFDGRIS I TRVTAD | SLAKRSVLN NPSKH | I | ERSNT RSSLAEVQSE
351 | E R | E LARTLQLVALDADT I NH PAQ LSKTS LAP Il VY | K| TSPKV LQRL
401 | KSRGKSQSKH LNVQ | AASEKLAQCPPEMFD | | LDENQLEDACEH LAEYL
451 EAYWKATH PPSSTPPN PLLN RTMATAALAASPAPVSN LQVQVLTSLRRNL
501 SFWGGLEASPRGGDAVAQPQEHAM

Figure 1-22 The amino acid sequence of the skeletal isoform of beta subunit. The SH3 domain is shown in purple, GK domain in green and the
Hook region in orange. Amino acids of the heptad repeat are denoted in red. The 35- residue C-terminal tail shown to be important for skeletal EC-
coupling is highlighted in yellow.
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1.10 This thesis

The first objective of this study is to investigate the interaction between the DHPR B,
subunit and the o II-1IT loop and to identify regions involved in this interaction. The
second objective is to investigate the structure of the 35-residue C-terminal tail of the

Bia subunit and to identify residues important for the modulation of RyR1.

The second chapter of this thesis describes the general materials and methods used in
this study whereas methods specific to a given experiment will be detailed in the
relevant chapter. Chapter three of this thesis describes the development of the protocol
for cloning, expression and purification of the full length recombinant B, subunit for
the use of downstream experiments. Chapter four details the investigation of the
interaction between the 1,-SH3 domain and the o, II-111 loop and the identification of
regions involved in this interaction. Chapter five looks into the structure of the
35-residue C terminal tail of the B, subunit and chapter six investigates the functional
effects of mutating a predicted binding site in the C terminal tail on RyR1. Chapter 7

presents a general summary and discussion of the results obtained in this study.
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Chapter 2 General Materials and Methods

These materials and methods are those used in general sample and solution preparation
in the course of experimental procedures. Materials and methods specific to a technique

are detailed in the relevant chapters.

2.1 Materials

All chemicals and reagents used in this study were of analytical grade unless otherwise
stated. Buffer recipes and stock solutions used for each method are given in Appendix

Table A.1. All reagents are listed in Appendix Table A.2.

All primers for PCR amplification and mutagenesis were obtained from GeneWorks

(Australia).

2.2 Methods
All general methods used in this project are detailed below:
2.2.1 Peptide synthesis

Peptides used in this study were synthesized by the ACRF Biomolecular Resource
Facility (BRF), JCSMR, ANU on a CEM Liberty Microwave peptide synthesizer.
Synthesis was performed using Fmoc chemistry and solid phase peptide synthesis
(SPPS) techniques. Peptides were purified using HPLC (SHIMADZU, Japan) and the
homogeneity of the synthetic peptides was checked by mass spectroscopy (MALDI
TOF/TOF™ Model 4800, Applied Biosystems, USA).

I mM stock solutions of the peptides were prepared ( in distilled water or relevant
buffer depending on the downstream application) by weighing out the equivalent
amount based on the calculated molecular weight ( Prot Param- Gasteiger et al., 2005).
The precise concentration of the peptide solutions were confirmed by a modified BCA

assay method (Kapoor et al., 2009).
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2.2.2 Plasmid Construction

All proteins used in this study were cloned in an in-house histidine ubiquitin expression

vector pHUE (Catanzariti et al., 2004, Baker et al.. 2005) unless otherwise specified.

The Histidine-tagged Ubiquitin Expression vector, pHUE, (Fig. 2-1) was constructed by
modifying the pET15b vector (Novagen) containing an ampicillin resistance marker and
a T7 RNA polymerase promoter. This is an efficient Escherichia coli-based expression
system where the protein of interest is expressed as a fusion to a 8 kDa. poly-
histidine-tagged ubiquitin, enabling a simple one-step purification of the fusion protein
by immobilized metal affinity chromatography (IMAC). A poly-histidine-tagged
catalytic core of a mouse deubiquitylating enzyme. Usp2cc, is then used to cleave the
ubiquitin tag from the desired protein. This allows the selective removal of the protease
from the cleavage reaction, along with the cleaved ubiquitin, any uncleaved fusion
protein, and any copurified contaminants using a second IMAC, leaving the desired

protein as the only soluble product.

This system has the added advantage that deubiquitylating enzymes (DUBs) do not
cleave non-specific sequences and do not leave additional amino acids at the N-terminus
of the protein of interest. Cleavage occurs precisely after the final glycine residue at the
carboxyl terminal of ubiquitin irrespective of the amino acid immediately following,

with the sole exception of proline.
2.2.3 Polymerase Chain Reaction (PCR)

Amplification of genes for the purpose of constructing protein expression vectors was
carried out using Phusion®High Fidelity PCR kit (NEB) according to the
manufacturers’ instructions. All other PCR reagents were obtained from Promega,
USA. Molecular biology-grade water (DNase, RNase, and nucleic acid free) was used

in all steps and solutions.

Routine PCR amplification was carried out as follows: The PCR mix (20pl) was made
up of 1x PCR buffer, 1.75 mM MgCl,, 0.2 mM dNTPs, 2U Tag DNA polymerase, Sng
template DNA and 0.3 pmole oligonucleotide primers. The mixture was cycled 33 times

in a PTC-200 DNA Engine (MJ Research, USA). The following general cycling
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Figure 2-1  (A) Plasmid map of pHUE showing the ubiquitin (Ub) coding region (black box), the T7 polymerase promoter (black triangle). and
other regions (shaded boxes). Arrows indicate the direction of transcription. Restriction enzyme recognition sites within the multiple cloning site
(MCS) are listed and other useful recognition sites in the vector backbone are also shown (unique, except Bglll); locations are given relative to the start
codon upstream of the his-tag, ATG = 1. (His)6. poly histidine tag; Amp", B-lactamase gene; ori, colE1 origin of replication; lacl, lacl repressor gene.
(B) DNA and encoded protein sequence of the 5" and 3" end of the ubiquitin coding region showing the engineered Sacll site (underlined) within
codons Leu 73, Arg 74, and Gly 75, and the 3’ polylinker. Restriction sites and protein translation are given above and under the DNA sequence,

respectively (Baker et al., 2005).
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parameters were used and the annealing temperature and extension time was adjusted

according to the primer composition and template length, respectively.

Time (s ) Temperature ( £ C)
Initialization 120 95
Denaturation 20 95
Annealing 18 Primer dependant
Extension 60/ kb product sequence 72
Final extension 300 72

5 — 10 ul of PCR reaction was then electrophoresed on an appropriate percent agarose
gel containing SYBR®Green nucleic acid stain (molecular probes) for visualization.
Following electrophoresis, the product was excised from the gel, purified with a

Qiaquick Gel Extraction kit (Qiagen, Germany) and used for downstream applications.
2.2.4 DNA extraction

5 ml of LB/amp (A.1.1) was inoculated with the cells of interest and incubated
overnight with agitation at 37°C. Plasmid DNA was extracted from the overnight
culture using the QIAprep miniprep kit (Qiagen, Germany) as per manufacturers’
instructions and quantified using a Nanodrop ND-1000 (Thermo scientific)

spectrophotometer.
2.2.5 Site directed mutagenesis

Mutagenesis was carried out using a PCR based Phusion™ site-directed mutagenesis kit
(Finnzymes, Finland). The 25 ul PCR mix consisted of 1x High Fidelity (HF) buffer,
0.2 mM dNTPs. 1U Phusion DNA Polymerase, 0.5 pmol primers (forward and reverse)
and 0.4 ng/ul DNA template. Reactions were carried out according to the
manufacturer’s instructions in a PTC-200 DNA Engine (MJ Research, USA). The
mutated plasmid was digested with 1U Dpnl (New England BioLabs) at 37°C for
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induced by the addition of 0.1 — 0.4 mM IPTG (A.2.26) and incubation was continued
for another 3 — 4 hours. The exact concentration of IPTG and the temperature and time
of protein expression were optimized for each protein individually. Following protein
expression, the cells were harvested in 500 ml-Drypin bottles (Du Pont Instruments,
USA) by centrifuging at 5000 rpm ( 4400g) for 20min at 4°C in a SLA3000 rotor
(Sorval RC-5B Refrigerated Superspeed Centrifuge, Du Pont Instruments, USA). The

cell pellets were stored at -20°C.

2.2.9 Protein purification by IMAC (Immobilized metal affinity
chromatography )

Initial purification of proteins used in this study was carried out by immobilized metal
affinity chromatography using a Ni-NTA agarose resin produced in-house according to

(Hochuli, 1990).
2.2.9.1 Non-denaturing purification (Native)
All steps were carried out at 4’C unless otherwise noted.

The E.coli cell pellet was thawed on ice and re-suspended in lysis Buffer A (A.1.4) at
5 ml per gram wet weight. Cells were lysed by sonication on ice using six 30s bursts at
300W with a 30s cooling period between each burst (Branson Sonifier, USA). The cell
lysate was spun down in 50 ml-polycarbonate tubes (DuPont Instruments, USA) in a
SS34 rotor (Sorval RC-5B Refrigerated Superspeed Centrifuge, Du Pont Instruments,
USA) at 15000 rpm ( 10 000 g) for 30min.

The supernatant was added to a 50% slurry of Ni-NTA agarose resin pre-equilibrated in
wash buffer A (A.1.5). Based on the binding capacity of the resin, Ni-NTA agarose was
used at 0.5 ml bed volume per 400 ml of original culture (Hochuli, 1990). The mix was
incubated on a slow-rotating wheel for 1 hour. Following incubation, the resin was spun
down at 1500 rpm (453 g) in a benchtop centrifuge (Eppendorf Centrifuge Model
5810R, Eppendorf, USA) for 5 min. The supernatant was discarded and the resin was
washed by centrifugation with 10 bed volumes of wash buffer A (A.1.5). After the final
wash, the resin was transferred to a 10 ml polypropylene column and the fusion protein

was eluted using elution buffer A (A.1.6). The eluate was collected in 2 ml fractions and

10 ul samples of the fractions were resolved on a 12% SDS-polyacrylamide gel
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The pooled fractions were diluted 3 fold with buffer A (A.1.3) in order to bring down
the concentration of urea to 2.6 M. The urea concentration was lowered in order to
preserve the activity of the ubiquitin protease. Usp2cc was added to the fusion protein at
a ratio of 1:200 (v:v) and digestion was carried out overnight at 30°C in the presence of
ImM DTT. The digested sample was concentrated down to approximately 2 ml using a
10 kDa cutoff AMICON® Ultra filter concentrator (Millipore, USA) according to the
manufacturer’s instructions. The concentrated sample was then diluted ten fold with
buffer B (A.1.7) to bring the imidazole concentration down to 50 mM. The excised
6xhis-ubiquitin tag was removed by incubating the cleaved recombinant protein with a
50% slurry of Ni-NTA resin for 1h on a slow-rotating wheel. The resin was spun down
at 1500rpm (453 g) for 5 min in a benchtop centrifuge (Eppendorf Centrifuge Model
S810R, Eppendorf, USA). The supernatant containing the denatured recombinant

protein was stored at -4"C.
2.2.10 Denaturing ( SDS ) Polyacrylamide Gel Electrophoresis ( PAGE)

One-dimensional SDS-PAGE was used to analyse and visualise the proteins used in this
study. | mM thick Tris-Glycine ( A.1-9,10,11) gels varying from 7% - 12% were used
according to the molecular weight of the analysed protein. Samples were mixed with
sample loading buffer (A.1.12) at a ratio of 1:3 and boiled for 5 min. Electrophoresis
was carried out using a Bio-Rad Mini PROTEAN 3 cell ( Bio-Rad Laboratories, USA)
attached to a Bio-Rad 100/500 power supply (Bio-rad Laboratories, USA) at 200V

constant voltage.

BenchMark™ Pre-stained markers (Invitrogen) were used as protein standards unless

otherwise noted.

The resolved proteins were visualised by Coomassic Blue R-250 staining. The gels were
removed from the electrophoresis apparatus, placed in a container with the staining
solution and gently agitated on a platform shaker for approximately 20 min. The
staining solution was decanted and the gels briefly rinsed with deionized water to
remove excess stain. Ten gel volumes of destaining solution (A.1.13) were added and
the gels were destained by slow agitation on a platform shaker until the background was
clear and the protein bands visible. The gels were documented by digital imaging on a

flat bed scanner.
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spectra were corrected for buffer contributions and an average of three scans was
subjected to a smoothing function using the proprietary software of the manufacturer.
Deconvolution calculations on the resulting spectrum were computed by the secondary

structure prediction software, K2D2 (Perez-Iratxeta and Andrade-Navarro. 2008).
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Table 3-1 — Summary of existing crystallographic studies on the B subunit. SH3 — Src Homology 3 domain, GK Guanylate kinase-like domain,

AID - alpha interaction domain

jﬂﬂ

=

B subunit Crystallised region Summary Reference
isoform
Full length B subunit
GK
W] e |
B (Rat) | SH3, Hook and GK domain B-SH3 - has 5 beta strands similar to canonical SH3 | Chen er al 2004
domains, but its 4th and 5th b strands are separated by
:( i) H[ = ) the Hook region. The loop between Ist and 2nd b strands
SH3, Hook and Gk domain in complex with (RT-Src¢ loop) is much longer and shields the putative
AID PXXP- motif binding residues.
SR Hook region - 13 amino-terminal residues form an
j 8H3 h [ o } o-helix (02), but the remaining residues are disordered.
B-GK - overall structure is similar to canonical GK
domains, but catalytically inative.
AID binding — AID binds to the “AlID-binding pocket™ in
the GK domain.Binding does not cause significant
structural changes of the B-subunit core
Bs(Rat) | SH3, Hook and GK domain Similar to B3

Table 3-1 continued on next page
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B2, (Rat) | SH3 and GK domain. No Hook region. SH3 and GK domains have been co-crystallized together. | Van Petegem et al. 2004

(‘.‘m ][—;‘-j The Hook region is absent. Structure of the B,,-SH3 and

GK domains similar to By and B4 core domains.

SH3 and Gk domain in complex with AID

— )

==

. p a1 7 o

Ba2a SH3 ‘l'"d GE domain, NG HOOK SCE100: SH3 and GK domains have been co-crystallized together. | Opatowsky er al. 2004
(Rabbit) [W ll GX l The Hook region is absent. Structure of the 3,,-SH3 and

SH3 and GK domain in complex with AID

GK domains similar to 5 and Bs core domains.
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of the rabbit B,, isoform was crystallised alone and together with the AID region of the
o subunit. In the third study the core regions of the B3 and B4 isoforms were crystallised
alone and together in complex with AID. So far no crystallographic data are available of
the full length protein of any of the B isoforms. Also no crystallographic structures are
available of the core region or the full length B, isoform which has been implicated in

skeletal type EC-coupling.

3.2 Aim

The aim of the work presented in this chapter was to generate the full length
recombinant [, subunit for the investigation of its interactions with the oy II-1IT loop
and the RyRI1. An additional aim was to enable crystallographic studies of the

recombinant protein.

3.3 Materials and Methods

3.3.1 Plasmid Construction

The By, subunit isoform is encoded by 1890 nucleotide base pairs and consists of 524
amino acids. It has a calculated (ProtParam - (Gasteiger et al. 2005)) molecular weight

of 57817.4 Daltons.

A GST-B,,-His vector generated by inserting six histidines in tandem into a pGEX-2T
vector (Amersham Pharmacia) containing a full-length B,, (GenBank accession
no. NM_031173) was kindly provided by Cheng et al (University of Wisconsin School
of Medicine, Madison, USA). The B, insert was amplified (Ch.2.2.3) and sequenced
(Ch 2.2.6) to check its integrity. Sequencing results of the original clone showed a “gc¢”
to “cg” mutation which changed an arginine to a proline residue at position 78. This
mutation was corrected by site-directed mutagenesis (Ch. 2.2.5). The insert was then
amplified from the original construct and inserted into the in-house vector pHUE
(Ch.2.2.2) as detailed below. This enabled the generation of a recombinant protein with
a minimum of additional residues at either end. The presence of the ubiquitin tag was

also expected to assist in the solubilisation and folding of the recombinant protein.
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P1a Hindlll
restriction site
l o
I 3’ TC GGA GTC CTC GTG CGG TAC ATT CGA ACG 5’ ] Bla'R
TCC ATG GTC CAG AAG AGC GGC ATG -=-=mmmmmemmnemmaeee --GAG CAC GCC ATG TAA
SMVQKSGM E H A M Swp
AGG TAC CAG GTC TTC TCG CCG TAC--——---——-——- CTC GTG CGG TAC ATT

Bi-F [ 5 GA GGA TCC ATG GTC CAG AAG AGC GGC ATG |

e ]
BamHI
restriction site

Figure 3-1 6Xhis-ubiquitin-f, construct. The protein sequence was amplified with 3,,-F and ,-R primers and inserted into the pHUE vector using

BamHI and HindlIII restriction sites (Adapted from Baker et al. 2005).
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and fraction
collector
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Cooling core

Flution collection
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Lower electraphoresis
bufler

Gol tube

Protein bands

Flution chamber

Figure 3-2 Schematic diagram illustrating the major components of the apparatus
used for preparatory electrophoresis (Bio-Rad Prep Cell 491 Manual. Bio-Rad

laboratories).

scouting runs on analytical mini-gels (ch 2.2.1). A 10 ¢m, 7% Tris-glycine resolving gel
and a 2 cm, 6 % stacking gel gave the maximum resolution. These gels were poured on
to the 2.8 cm diameter gel assembly tube of the Prep cell apparatus according to the

manufacturers’ instructions.

The partially purified By, protein was concentrated down to approximately 2 ml
(10mg/ml) using a 10 kDa cut off AMICON® Ultra filter concentrator (Millipore.
USA). The concentrated sample was mixed with 1 ml of denaturing sample loading dye,
(A.1.12) boiled for S min and loaded on to the preparative gel. The Prep Cell apparatus
was assembled according to the manufactures’ instructions and electrophoresis was
carried out at 4°C at a constant current of 40mA. A Tris-glycine buffer containing 0.1%
SDS (A.1.11) was used both as the running and elution buffers. Fractions of 4 ml were

collected after the dye front eluted (Gilson Model 201 Fraction collector. Gilson Inc.).
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membrane was washed again as before and treated with ECL detection reagent (GE
Healthcare, UK) for Imin. The treated membrane was later exposed to X-ray film (FUJI
Medical X-Ray Film, Fuji Photo Film, Japan) for 1min. Exposed film was later
developed on an automated film developer (Kodak X-OMAT 1000 Processor, KODAK,
Japan).

3.3.5 Circular Dichroism (CD) spectroscopy

The purified B, sample was dialysed into 10mM sodium phosphate buffer, pH 8.0 and
CD was performed as described in Ch.2.2.12.

3.3.6 Mass spectrometry

The band of interest was excised from a SDS-PAGE gel and subjected to tryptic
digestion. The resulting fragments were analysed on a MALDI TOF/TOF™ model 4800
mass spectrometer( Applied Biosystems) at the ACRF Biomolecular Resource Facility
(BRF), JCSMR, ANU. The masses of peptides generated by enzymatic cleavage were
then matched with peptides generated by theoretical cleavage of the protein using the

search program MASCOT (Matrix Science).

3.4 Results

3.4.1 Protein Expression

During the process of expression and purification of the full length B, subunit,
problems were encountered due to auto-cleaving of the histidine-ubiquitin tag and
protein degradation. Therefore, many different conditions and experimental protocols

were tried in a bid to optimise the expression and purification of this protein.

In order to reduce auto-cleaving of the fusion protein, expression was trialed at room
temperature (24°C) for different time intervals and at 4°C overnight. Expression was
also attempted by auto induction using the Studier method (Studier 2005). Maximum
yield of recombinant protein was obtained by expressing the protein for 2 hours at 37°C

following induction with 0.1 mM IPTG.
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3.4.2 Purification

Purification of the B, subunit was initially tried out by IMAC (immobilized Metal
Affinity Chromatography) under native conditions (Ch.2.2.9.1). However, a higher
yield of recombinant protein was obtained by purifying under denaturing conditions
(Ch.2.2.9.2). Due to the persistent presence of contaminants and degradation products
after IMAC. further purification of the protein was necessary (Figure 3-3). This was
initially tried out using an anion-exchange column (Mono Q HR 5/5) on the AKTA™
(GE life sciences) FPLC (fast performance liquid chromatography) system. FPLC was
carried out under varying buffer conditions, but the results were only partially
successful. Although over 95% of contaminants were dispelled. two bands (denoted
Bis-upper and PBy,-lower) corresponding to the expected molecular weight were
inseparable using FPLC. These bands were successfully separated by preparatory
electrophoresis (Figure 3-4) where a purity of over 95% and a yield of approximately

2 mg per purification were achieved (Figure 3-5).

A B C Figure 3-3 IMAC purified (chapter
2.29.2) Recombinant B, protein
analysed on a 12 % SDS-PAGE gel

60 kD followed by staining with coomassie
blue.

A). 6Xhis-ub-B;,. The fusion protein

eluted from the Ni-NTA resin

B) Cleaved B, protein. The 6Xhis-Ub
tag has been cleaved with ubiquitin
protease and removed by re-binding to

the Ni-NTA resin.

C) BenchMark™ prestained protein

ladder (Invitrogen)
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A B c
| |
[Po—— ]
60 kD —i PSSR e
=

Figure 3-4 Further purification of the f;, protein by preparatory electrophoresis
using the Bio-Rad Prep Cell 491. (7 % SDS-PAGE gel coomassie stained) A)

BenchMark™ prestained protein ladder (Invitrogen) B) IMAC purified By, input sample

C) Eluted fractions containing the separated protein bands.

60 kD
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Figure 3-5 Recombinant f,, protein
further  purified by  preparatory
electrophoresis and analysed on a 12%
SDS-PAGE gel followed by staining with
coomassie blue.

A) Full length By, protein separated by
preparatory electrophoresis

B) Truncated B, protein separated by
preparatory electrphoresis

C) IMAC purified input sample used for
preparatory electrophoresis

D) BenchMark™ prestained protein ladder

(Invitrogen)



3.4.3 Western blotting

Chapter 3

Both B,-upper and By,-lower bands migrated at the expected molecular weight of ~58

kD on a 10% SDS-PAGE gel and were recognized by the anti-B;, monoclonal antibody.

VD2(1)B12, indicating that the B,,-lower band was most likely a truncated product of

the full length B, subunit ( Figure 3-6).

3.4.4 Mass spectrometry

Figure 3-6 Western blot of the bands
separated by preparatory electrophoresis
and probed with anti-B;, monoclonal
antibody. Both bands are positively
identified by the antibody indicating the
presence of the epitope in both proteins.
(proteins analysed on a 12 % SDS-PAGE
gel)

A). B1s lower band

B) BenchMark™ prestained protein ladder
(Invitrogen)

C) B1a upper band

Mass spectrometry was performed on the By,-upper and B,-lower bands in order to

estimate the integrity of the proteins (Figure 3-7). Peptide finger print mass mapping

(MASCOT by Matrix Science) gave a coverage of 39% for the upper band and 60% for

the lower band. A nine residue peptide was not matched from the N-terminal end of

both bands. At the C terminal end of the lower band. no peptides were matched to the

last 53 residues. Considering that the sequence coverage is 60% for this band, the

absence of the peptides are most likely due to truncation of this region. However, in the

upper band peptides was matched up to residue 511 indicating the integrity of this

region. The inability to match the N-terminal 9 residue peptide and the C-terminal 13

residue peptide of the upper band could be due truncation of the residues or more likely

it could be due to an artifact of the method. This needs to be investigated further.
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A

1 MVQKSGMSRGPYPPSQEIPMEVFDPSPQGKYSKRKGRFKRSDGSTSSDTT
51 SNSFVRQGSAESYTSRPSDSDVSLEEDREALRKEAE RQALAQLEKAKTKP
101 VAFAVRT NVGYN PSPGDEVPVQGVAITFEPKDFLHI KEKYNNDWW IGRLV
151 K EGCEVGF | PSPVKLDSLRL LQEQTLRQNRLSSSKSGDNSSSSLGDVVTG
201 TR RPTP PASGNEMTNFAFELDPLE LEEEEAELGE HGGSAKTSVSSVTTPP
251 PHGKRIPF FKKTEHVP PY DVVPSMRPI | LVGPSLKGYEVTDM MQKALFDF
301 LKH RFDGRIS | TRVTAD | SLAKRSVLN NPSKH | | | ERSNT RSSLAEVQSE
351 | E R | E LARTLQLVALDADT | NH PAQ LSKTS LAP 11 VY | K1 TSPKVLQRL
401 | KSRGKSQSKH LNVQ | AASEKLAQCPPEMFD || LDENQLEDACEHLAEYL
451 EAYWKATH PPSSTPPN PLLN RTMATAALAASPAPVSNLQVQVLTSLRRNL
501 SFWGGLEASPRGGDAVAQPQEHAM

1 MVQKSGMSRGPYPPSQEIPMEVFDPSPQGKYSKRKGRFKRSDGSTSSDTT
51 SNSFVRQGSAESYTSRPSDSDVSLEEDREALRKEAE RQALAQLEKAKTKP
101 VAFAVRT NVGYN PSPGDEVPVQGVAITFEPKDFLHI KEKYNNDWW IGRLV
151 K EGCEVGF | PSPVKLDSLRL LQEQTLRQNRLSSSKSGDNSSSSLGDVVTG
201 TR RPTP PASGNEMTNFAFELDPLE LEEEEAELGE HGGSAKTSVSSVTTPP
251 PHGKRIPF FKKTEHVP PY DVVPSMRPI | LVGPSLKGYEVTDM MQKALFDF
301 LKH RFDGRIS | TRVTAD | SLAKRSVLN NPSKH | 11 ERSNT RSSLAEVQSE
351 1E RI E LARTLQLVALDADT I NH PAQ LSKTS LAP 11 VY I K| TSPKVLQRL
401 | KSRGKSQSKH LNVQ | AASEKLAQCPPEMFD | | LDENQLEDACEHLAEYL
451 EAYWKATH PPSSTPPN PLLN RTMATAALAASPAPVSNLQVQVLTSLRRNL
501 SFWGGLEASPRGGDAVAQPQEHAM

Figure 3-7 Mass spectrometry results of the By,-upper (A) and B,,-lower bands (B). The
masses of peptides generated by enzymatic cleavage matched with peptides generated
by theoretical cleavage of the protein using the search program MASCOT (Matrix
Science). The matched peptides are highlighted in red. A) Upper band - sequence

coverage — 39 % B) Lower band - sequence coverage — 60%
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Although the peptide coverage for the upper band is only 39%, the protein migrates at
the expected molecular weight of 60 kD in a 12% SDS PAGE gel (Figure 3-8)
indicating that the protein is full length or close to that. Therefore, the Bj,-upper band

will be referred to as the recombinant full length By, protein.
3.4.5 Circular Dichroism (CD) spectroscopy

CD spectroscopy of the purified and refolded (3.3.3) full length By, (B),-upper) subunit
(Figure 3-8) was carried out in order to verify the presence of secondary structure. The
resulting spectrum contained a maximum at 191 nm followed by minima at 209 and 226

nm (Figure 3-9). Deconvolution calculations on the resulting spectrum were computed

A B Figure 3-8 Recombinantly expressed and
purified full length B, protein analysed
— il on a 12 % SDS-PAGE gel followed by

coomassie staining.
A) 10 pg of purified full length B, protein

B) BenchMark™ prestained protein ladder

(Invitrogen)

by the secondary structure prediction software, K2D2 (Perez-Iratxeta and Andrade-
Navarro, 2008).software predicted 17.94 % helical content and 26.38 % B-strand. These
results are consistant with published data for full length B, and B3 (~35% B-sheet, ~15%
o helix) which have over 90% similarity with By, in the SH3 and GK domains
(Figure 3-9). The full length B, CD spectrum indicates a protein of mixed secondary
structure as evidenced by crystallographic studies of the core region of other B isoforms
(Opatowsky et al. 2003; Chen et al. 2004; Van Petegem et al. 2004). Sequence analysis
and proteolytic studies (Opatowsky et al. 2003) indicate that the relatively long N, C

termini and the Hook region of all B isoforms have a random coil formation.
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Chapter 3
The By, subunit is a 57817.4 dalton protein consisting of 524 amino acid residues. By
sequence homology mapping to the published structural studies (Chen et al. 2004:
Opatowsky et al. 2004; Van Petegem et al. 2004) using other 3 isoforms (B2, B3 and B4).
Bia is also predicted to contain two, well ordered, structural domains ( SH3 and GK).
The Hook region within the SH3 domain and the N and C termini of this protein are
predicted to have a random coil structure. The exposed nature of these random coil
clements most likely predisposes this protein to proteolysis. Previous structural studies
expressing other isoforms of this protein have indeed alluded to this fact (Opatowsky et
al. 2003: Van Petegem et al. 2004). Hence the challenges faced during the expression

and purification of this protein were not entirely unexpected.

The purified B, protein was used to examine its interactions with the o II-I1I loop and
the RyR1. Future directions will be to further optimise the purification protocol to

obtain a sufficient yield to perform crystallographic studies.
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Chapter 4  Interactions between the DHPR-3;, subunit and
the oy II-111 loop

4.1 Introduction

Unlike cardiac-type EC coupling, skeletal-type EC coupling does not require an influx
of Ca** through the DHPR L-type-Ca™* channel. For this reason, it is thought that
transmission of the EC coupling signal from the voltage sensing skeletal DHPR to the
RyR1 depends on conformational coupling between these two multimeric complexes
(Ch.1.5.2). This idea is supported by a number of studies, the most significant of which
was provided by ultrastructural studies of Franzini-Armstrong and colleagues who
revealed that DHPRs are arranged into groups of four (“tetrads™) and that these tetrads
were arranged in register with the four subunits of every other RyR1 (Franzini-
Armstrong et al., 1998)(Figure 1-6). Subsequent work showed that the distance
between DHPRs within tetrads is decreased by exposure to concentrations of ryanodine
sufficient to lock RyR1 in a non-conducting state, hence demonstrating that skeletal

DHPRs are linked (directly or indirectly) to RyR1s (Paolini et al., 2004).

The absence of either the o or the B, subunit of the DHPRs produce an EC
coupling-dead phenotype in which mice deficient in either subunit die perinatally as a
consequence of respiratory paralysis. The almost identical phenotype of B,-null and
dysgenic mice (o, null) have been explained by the inability of oy to be trafficked to
triad junctions in the absence of B, (Coronado et al., 2004). However, studies on
Bia-null zebrafish (relaxed) mutants indicate that the lack of B, does not prevent triad
targeting of the oy subunit but precludes the skeletal muscle-specific arrangement of
DHPR particles opposite the RyR1 (Schredelseker et al., 2009). This suggests that
trafficking of the o5 subunit to triad junctions is not the only role of B, and that the
links between DHPRs and RyR1 that result in tetrad formation and skeletal type EC

coupling require the presence of the 3, subunit.

The B subunit has a modular structure consisting of 5 regions — an N-terminus,
C-terminus, SH3 and guanylate kinase (GK) domains connected by a Hook region

(Figure 1-18). The existence of an SH3-Hook-GK module places the B subunit in a
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A Glu38 B

a2 helix of the »
RT-Src |
hook region \ '-—, Al
Argl36 3\, \ '?" \
HOOK "~ > i r

His167

Fyn TX SK3 /

Figure 4-1  Crystallographic structure of the B3 core showing the o; helix of the Hook region and the RT-Sre loop. A) The Hook region is in
purple. The arrow points to the o helix. The SH3 domain is depicted in orange. B) The B3-SH3 domain ( orange ) is superimposed on the Fyn TK SH3
domain ( blue ). The arrow points to the RT-Src loop between the 1% and 2™ B strands of the B3 SH3 domain, which is predicted to occlude the
potential polyproline-motif binding site in B3 ( P119,W103,Y70, V68 and F117). Adapted from (Chen et al., 2004)
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A)

....WEAESLTSAQKAKAEERKRRKMSRGLPDKTEEE%(SVM

AKKLEQKPKGEGIPTTAKLKVDEFESNVNEVKDPYPSADFPG I
B

DDEEDEPEIPVSPRPRPLAELQLKEKAVPIPEASSFFIFSPTN

KVRVL™1, . ...
B)
666 _
SDCL EAESLTSAQKAKAEERKRRKMSR-GLPDKTEEEK==-~-- SVMAKKLEQK-PKGEG-IPT
cDCL 787 1 A ESLTSAQKEEEEEKERKKL ARTASPEKKQEVVGKPALEE AKEEKTELKS ITADGESPP
' C region
T ]

SDCL TAKLEVDEFESNVNEVKDPYPSADFPGDDEEDEPE IPVSPRPRPLAELOLKEKAVPIPEA
CDCL TTKINMDDLQPNESEDKSPYPNPETTGEEDEEEPEMPVGPRPRPLSELHLKEKAVPMPEA

iy 791
SDCL SSFFIFSPTNKVRVL
coCL SAFF IFSPNNRFRLQYZ

Figured4-2  A) 1,23 - Potential SH3 binding motifs in the oy, II-111 loop as
identified by ELM ( Eukaryotic Linear Motif search tool - http://elm.eu.org ) The C
region of the II-1II loop is enclosed in blue and the proline residues are highlighted in
red.

B) Alignment of the o, H-IIT loop (SDCL) with the oy, II-111 loop
(CDCL). Exact matches are in red, highly similar residues in green and dissimilar
residues in blue. Very different or non-aligning residues are in black. * * - residues
critical for skeletal type EC-coupling. The C region is enclosed.
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Table 4-1

Peptides used in this study (see figure 1-4b for full sequence of SDCL and its alignment with CDCL)

Name

Description

Sequence

Peptides derived from oyg I1-1

II loop ( SDCL)

SDCL Peptide A

A region of the oy II-11I loop

*"TSAQKAKAEERKRRKMSRGL""

SDCL Peptide C

Proline rich C region of the o II-1II loop

""LKVDEFESNVNEVKDPY PSADFPGDDEEDEPEI
PVSPRPRPLAELQ'*

SDCL Peptide C P-A mutant

C region of the o II-1II loop with all prolines mutated

to alanine residues

"LKVDEFESNVNEVKDAYASADFAGDDEEDEAE
IAVSARARALAELQ'®

SDCL Scrambled Peptide C

Scrambled sequence of o II-I1I loop C region

IPEQNEDPEKSANDPSYLVVEPLRGFEPSEFDPVLD
EKPVDEDRPA

SDCL Peptide C1

N-terminus of o II-IIT loop C region

""LKVDEFESNVNEVKDPYPSADFPGD ™"

SDCL Peptide C2

Middle of o II-1II loop C region

'NEVKDPYPSADFPGDDEEDEPEI"!

SDCL Peptide C3

C-terminus of o II-1II loop C region

"’ DFPGDDEEDEPEIPVSPRPRPLAEL ™

SDCL Peptide C3 short

Short peptide derived from the C region (SDCL peptide
C) of the oy II-III loop containing the canonical SH3
binding motif, PXXP.

"SDEPEIPVSPRPRPLAEL™

SDCL Peptide C3 short P-A

mutant

SDCL peptide C3 with all prolines mutated to alanines

" DEAEIAVSARARALAEL™
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Table 4-1 continued from previous page
SDCL Peptide C4 Short peptide derived from the C region ( SDCL peptide = 2KDPYPSADE_I_’GQD744
C) of the oy II-1II loop containing the critical residues
shown to be essential for skeletal type EC coupling..
SDCL Peptide C4 A to P SDCL peptide C4 A739 mutated to its cardiac residue | ~"KDPYPSPDFPGDD'*
SDCL Peptide C4 Fto T SDCL peptide C4 F741 mutated to its cardiac residue KDPYPSADTPGDD "
SDCL Peptide C4 Pto T SDCL peptide C4 P742 mutated to its cardiac residue "’ KDPYPSADFTGDD"™"
SDCL Peptide C4 D to E SDCL peptide C4 P742 mutated to its cardiac residue KDPYPSADFPGED ™"

Peptides derived from o ¢ II-111 loop ( CDCL)

CDCL Peptide C

Cardiac equivalent of the o II-11I loop

STINMDDLQPNESEDKSPYPNPETTGEEDEEEPEM
PVGPRPRPLSEL™”

CDCL Peptide C3

Cardiac equivalent of SDCL peptide C3

SPEEPEMPVGPRPRPLSEL™

CDCL Peptide C4

Cardiac equivalent of SDCL peptide C4

""KSPYPNPETTGEE""

Peptides derived from o5 I-1I loop

AID

Alpha Interaction Domain of the o I-1I loop

STQQLEEDLRGYMSWITQGE™ "

Peptides derived from B;, subunit

Short SH3

Bi. SH3 domain minus the Hook region and 5 th

[3-strand.

PTKPVAFAVRTNVGYNPSPGDEVPVQGV AITFEP
KDFLHIKEKYNNDWWIGRLVKEGCEVGFIPS '

91













Chapter 4
an‘l = Foh.\ = Fudd

The fluorescence values were then corrected for the dilution effect arising from the

quencher:
Fcnn'l = Fmrrl (V() +dV)/ V()

Here, Feoqi is the fluorescence observed prior to correction for dilution effects (and after
correction for the fluorescence contribution of quencher) V is the total volume of
protein in the cuvette at the beginning of the experiment. and dV is the total volume of

quencher solution added during titration.

Feom2 was expressed as relative fluorescence intensity ( Fzy ) and a non-linear regression
plot with the relative Fsy as a function of quencher concentration (uM) was generated
using GraphPad PRISM® (GraphPad Software, USA). The dissociation constant (Kd)

was derived from Equation 4-1.
Equation 4- 1
ty=F

Y =F, —%2—‘(50 +X+K,-E,+X+K,) —4E,)X)

=)

Where;
Fy is the initial fluorescence of protein without quencher
F; is the final fluorescence of protein
Ey is the concentration of protein to be quenched
Ky is the dissociation constant
Stoichiometry is 1:1

Statistical analysis — Dissociation constant ( Ky ) is presented as mean + SEM. The
significance of differences was tested using Student’s t-test for paired data. A P value of

< (0.05 was considered significant.
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44 Results

44.1 B,, subunit

The recombinant B, subunit was purified and its integrity was confirmed as described

in chapter 3 (Figure 4-3).
4.4.2 oy, 11111 loop

The recombinant o II-11I loop was expressed and purified (Figure 4-3) and the 126
residue protein showed the same migratory pattern on a 12% SDS-PAGE gel as
previously published results (Lu et al., 1994, Dulhunty et al.. 2005). This is higher than

its predicted molecular mass of 14.13 kD (Gasteiger et al., 2005).
4.4.3 SH3 domain
4.4.3.1 Protein Expression and purification

The SH3 domain was purified and a yield of approximately 2 mg per purification was
obtained from a 2.4 litre culture. The purified protein migrated at the expected
molecular weight of ~20 kD on a 12% SDS-PAGE gel (Figure 4-3).

A B Cc

— 60kd 26 kd

20 kd

Figure 4-3  Purified recombinant proteins used for binding experiments. 12%
SDS-PAGE coomassie stained gel. A) — Full length B,, subunit, B) - B;,-SH3 domain.
C) - oy, HI-1IT loop. Right hand lane of each gel is a protein marker ( BenchMark™
prestained- Invitrogen). Pink band corresponds to the molecular weight noted.
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Circular dichroism ( CD ) spectrum of the recombinant 3;,-SH3 domain. A) The spectrum shows a maximum at 193 nm followed

by minima at 213 and 221 nm. The shift of the first minimum to the right ( >210 nm) and the second minimum to the left (<225) is indicative of a more
B sheet conformation. This would be expected from a domain largely consisting of B-strand and a Hook region consisting mostly of random coil. B)
reference spectrum of poly-L-lysine in 1- 100%0-helical, 2-100% B sheet and 3 -100 % random coil conformations (Greenfield, 2006).
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1.0
0.9 ® P,a+a,sAlD peptide - K= 15.2% 1.8 nM
0.84 (n=3)

0.7 -
0.6+
0.5+
044
0.3+
0.2+
0.1

00 ] T Ll Ll 1
0 10 20 30 40 50

Relative florescence
intensity F.y,

Peptide concentration (nM)

Figure 4-5  The By, subunit binds to the Alpha Interaction Domain (AID) peptide of the o, I-11 loop . Non-linear regression curve with the

relative Fiyo as a function of the concentration of the titrant. The full length B, bound to the a, I-1I loop AID peptide with an affinity (Kd) of 15.2 =
1.8 nM. The K, was calculated from equation 4-1. The K value is the Mean = SEM (n=3)
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1200 A

1000 -

800 -

400 -

Fluorescence Intensity (AU)

T L) L ¥ L4 e | R I T ) | o L) L) | Je= L) 1 L= | =% 1 1 L) L4 L3 L] L}

290 300 310 320 330 340 350 360 370 380 390 400 410 420 430 440 450
Wavelength (nm)

Figure 4-6  Quenching of the tryptophan emission spectrum of B, subunit upon binding of the o, II-1II loop. 0.5 uM of f,, subunit was
titrated with an increasing concentration of oy II-IIl loop. The florescence intensity at 340 nm was quenched from ~1000 AU to ~450 AU
(Au-arbitrary units). The dashed line indicates the fluorescence intensity at 340 nm.
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1 .o . A A—EHD-A A A
8 091 Ne . s Control - BSA + a,s Il-lll loop
: .
3 3 ® ® B,a+a,sli-lilloop-K 4= 246 + 0.37
® u” 0.8 2 8 (n=3)
s 2 N
2 g 07 e, ® SH3+a,sli-lilloop - K 4= 2.57 £ 0.15
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Figure 4-7  The By, subunit and the isolated SH3 domain binds to the a, II-11I loop. Non-linear regression curve with the relative Fiy as a
function of the concentration of the titrant. The full length B;, bound to the a, II-I11 loop with an affinity (Kd) of 2.46 + 0.37. The SH3 domain bound
to the a; II-11T loop with an affinity (Kd) of 2.57 = 0.15. The K, was calculated from equation 4-1. The Ky value is the Mean + SEM (n=3)
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o

g > <+ Control - SH3 + peptide C P-A mutant

Q

9 Lg Control - scrambled peptide C

£ 2

=0 3 $eo * 9 ® SH3 + SDCL peptide A - K, = 24.42 + 1.56 (n=3)

e S [5]

© 0 °

e 0.7 .3 *3% 3 2 o ®  SH3 + Skeletal peptide C - K, =3.57 £ 0.59

o » (n=3) *

& #  SH3 + cardiac peptide C - K = 2.47 £ 0.27
(n=3) *

0. 982 35485 & 708 0
Peptide concentration (uM)

Figure4-8  The By, SH3 domain binds to the C region of the oy, II-III loop with higher affinity. Non-linear regression curve with the relative
Fi40as a function of the concentration of the titrant. The SH3 domain bound to the oy 1I-111 loop C-region with an affinity ( Ky) of 3.57 + 0.59, to the
0 H-TT Toop C-region with an affinity ( Kg) of 2.47 £ 0.27 and to the oy, II-1II loop A region with an affinity ( Ky) of 24.42 + 1.56. The K4 was
calculated from equation 4-1. The Ky value is the Mean + SEM. * compared to SDCL peptide A. P < 0.007
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The binding of the C region of the cardiac (o) II-11T loop (CDCL peptide C, Table 4-3)
to the B, and SH3 domain was also investigated. This interaction showed a similar

binding affinity to the C region of the skeletal () II-1IT loop (Figure 4-8, Table 4-3).

Table 4-3
Dissociation Constant
Kq (uM)
Peptide/Protein Sequence aal SED ]
length domain
Bla
subunit
SDCL peptide A | “"TSAQKAKAEERKRRKMSRGL®" 2733 +[2442 =
2.31 1.56
SDCL peptide C | “"LKVDEFESNVNEVKDPYPSADFPG |486 +[3.57 =
DDEEDEPEIPVSPRPRPLAELQ® o8 [
CDCL peptide C | ' INMDDLQPNESEDKSPYPNPETT 353 (247 =
GEEDEEEPEMPVGPRPRPLSEL™ 0.43 0.20
SDCL scrambled | IPEQNEDPEKSANDPSYLVVEPLRGFE | No fit No fit
pepigerc EPSEFDPVLDEKPVDEDRPA
SDCL peptide C, | ""LKVDEFESNVNEVKDAYASADFA | No fit No fit
P-A mutant GDDEEDEAEIAVSARARALAELQ’®

* compared to SDCL peptide A. P <0.007,n=3

4.4.44 Proline rich sequence within the critical residues of the oy, II-III loop

C region bind with higher affinity to the B, subunit and its SH3 domain

Since the C region of the II-III loop exhibits low uM binding to the SH3 domain of B,
this region was divided into segments and examined. These peptides which had been
previously synthesized in our laboratory (Tae er al — unpublished data) correspond
approximately to the N-terminus, middle and C-terminus of the skeletal II-111 loop
C region (SDCL peptides C1, C2 and C3, Table 4-4). Not surprisingly all three peptides
bound to B, and its SH3 domain with similar affinity (table 4-4) as all three peptides

contained predicted SH3-binding proline-rich motifs.
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Based on these results four peptides were synthesized corresponding to two proline rich

sequences (Figure 4-9) of the o and oy 1I-11T loop C regions — SDCL peptide C3short.
SDCL peptide C4, CDCL peptide C3 and CDCL peptide C4 (Table 4-4). Binding of

these peptides to the By, subunit and the SH3 domain was carried out as described in

section 4.3.2. The cardiac and skeletal peptides containing the second proline rich

sequence (SDCL peptide C3 short and CDCL peptide C3 ) bound to By, and the SH3

domain with similar affinity compared to each other (Figure 4-9, Table 4-4). But the

binding affinity of the cardiac version containing the first proline rich sequence (SDCL

peptide C4 and CDCL peptide C4 ) to By, (P = 0.005) and the SH3 (P = 0.009) domain

was weaker (Figure 4-10, Table 4-4) than its skeletal counterpart (which contain the

critical residues for skeletal type EC-coupling — Chap 1.8.2.1).

Table 4-4
Dissociation Constant K
. ) (uM)
Peptide/Protein Sequence
Full  length | SH3
B subunit domain
SDCL peptide C1 | ""LKVDEFESNVNEVKDPYPSAD | 4.63+0.12 [4.53+0.27
SDCL peptide C2 | ""NEVKDPYPSADFPGDDEED 5.00+0.80 |2.05+0.55
EPEI 751
SDCL peptide C3 | "’DFPGDDEEDEPEIPVSPRPRPL |5.16 +0.29 [ 6.22+0.37
AEL764
SDCL peptide C3 | "*DEPEIPVSPRPRPLAEL 539+087 |3.75+0.15
Short
CDCL peptide C3 | "’ EEPEMPVGPRPRPLSEL™ 455+0.25 [3.60+0.32
SDCL peptide C4 | "°’KDPYPSADEPGDD™" 3.63 £0.24*% |2.60 +
0.36%
CDCL peptide C4 | “KSPYPNPETTGEE"" 1407 +1.87 [1943 =
3.60

* compared to CDCL peptide C4. P <0.01,n=3
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First proline rich motif Second proline rich motif
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Figure 4-9  The B, SH3 domain binds with similar affinity to the second proline rich motif of both o, and oy II-III loop C-regions. Non-
linear regression curve with the relative Fiy as a function of the concentration of the titrant. The SH3 domain bound to the second proline rich motif of
the oy, II-1IT loop C-region (SDCL peptide C3 short) with an affinity ( Ky) of 3.75 = 0.15 and to its cardiac counterpart (CDCL peptide C3) with an
affinity ( Ky) of 3.60 £ 0.32. The K4 was calculated from equation 4-1. The Ky value is the Mean = SEM.
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Figure 4-10  The B;, SH3 domain binds with higher affinity to the first proline rich sequence adjacent to the critical residues of skeletal type
EC-coupling. Non-linear regression curve with the relative Fiy as a function of the concentration of the titrant. The SH3 domain bound to the first
proline rich motif of the oy II-1IT loop C-region (SDCL peptide C4) with an affinity ( Ky) of 2.60 + 0.36 and to its cardiac counterpart (CDCL peptide
C4) with an affinity ( Kg) of 19.43 = 3.60. The K4 was calculated from equation 4-1. The Ky value is the Mean = SEM. P = 0.009 (n=3)
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4.4.4.5 Residues P742 and D744 of the oy II-III loop C region are important for
binding to the B, and SH3 domain

Studies by Kugler et al (Kugler et al., 2004) showed that four skeletal specific “critical”
residues (A739, F741, P742 and D744) were important for skeletal type EC-coupling
(Chap.1.8.2.1). Based on these studies, four peptides were synthesized from SDCL
peptide C4 (first proline rich sequence) containing mutations of the critical residues of
the C region to its cardiac counterparts (SDCL Peptide C4 A-P mutant, F-T mutant, P-T
mutant, D-E mutant — Table 4-5). The binding affinity of these peptides to the By,
subunit and its SH3 domain was investigated as described in section 4.3.2. The first two
mutants (A-P and F-T) bound to the B;, and its SH3 domain with a similar affinity as
the wild type SDCL peptide C4 (Figure 4-11, Table 4-5) The binding of the other two
mutants (P-T and D-E) to the B, and its SH3 domain were approximately five times

weaker (P = 0.001) compared to its wild type counterpart (Figure 4-11, Table 4-5).

Table 4-5
Dissociation Constant K
. : (uM)
Peptide/Protein Sequence
Full length | SH3 domain
B1a subunit
SDCL peptide C4 WT *KDPYPSADFPGDD'" | 3.63 +0.24 | 2.60 +0.36

SDCL peptide C4 A-P|“KDPYPSPDFPGDD'™ [ 4.80 +0.20 |2.27 +0.23

mutant

SDCL peptide C4 F-T | "*KDPYPSADTPGDD™™ |4.57 +0.37 |4.63 +0.33

mutant

SDCL peptide C4 P-T | "*KDPYPSADFIGDD* | 19.80+ 19.37 -
mutant 1.40* 2.06*
SDCL peptide C4 D-E | "KDPYPSADFPGED™™ | 13.85+ 15.77 -
mutant 15750 1208

* compared to wild type SDCL peptide C4. P <0.002,n =3
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Figure 4-11 Residues P742 and D744 of the oy, I1-1II loop C region are important for binding to the B,,-SH3 domain. Non-lincar regression
curve with the relative Fayas a function of the concentration of the titrant. Mutation of P742 and D744 (o its cardiac counter parts rcduucl the binding
affinity by approximately 5 fold compared to wild type. The Ky was calculated from equation 4-1. The Ky value is the Mean £ SEM. * compared to
wild type SDCL peptide C4. P<0.002,n =3
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4.4.4.6 The B1,-SH3 domain minus the Hook region (short SH3) binds to the
05 II-I1I loop C region

Attempts to produce a recombinant SH3 lacking the intervening Hook region and the
fifth B-strand of the domain were as yet unsuccessful. Hence, a peptide encompassing
this region was synthesized as described in chapter 2.2.1. The binding affinities of this
peptide to the C region of the o II-IIT loop (SDCL peptide C) and skeletal and cardiac
peptides containing the first proline rich sequence (SDCL peptide C4 and CDCL
peptide C4) were investigated as described in section 4.3.2. The SH3 short domain
bound to these peptides with a similar affinity to that of the full length SH3 domain
(Table 4-7).

Table 4-7
Dissociation Constant
Kq (uM)
Peptide/Protein Sequence Short- SH3
SH3 domain
domain

SDCL peptide C | "LKVDEFESNVNEVKDPYPSADFPG | 6.0 +0.20 | 3.57 = 0.59

DDEEDEPEIPVSPRPRPLAELQ’®

SDCL  peptide | “"KDPYPSADFPGDD'* 45+0.10 | 2.60 +0.36
C4
CDCL  peptide | " KSPYPNPETTGEE""® 17.9+1.40 | 19.43%3.60
C4

4.4.4.7 The B1,-SH3 does not bind or binds very weakly to the oy, II-II1 loop

C-region at higher concentrations

The interaction between the recombinant B;,-SH3 domain and the oy, II-1II loop
C region peptide was investigated using ITC (Isothermal calorimetry) by Dr.N. Norris
(Biomolecular = structure group, JCSMR, ANU). In order to carry out these

measurements, the C region peptide was titrated into B1,-SH3 domain which was used a
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109

® 50 uM SH3 + Skeletal peptide C - K, >4 mM
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Figure 4-11 At higher concentrations (50 uM), the B,,-SH3 domain shows negligible binding to the ay, II-III loop C region. Non-linear
regression curve with the relative Fiy as a function of the concentration of the titrant. At 50 uM, B, SH3 domain bound to the o II-II loop C region

with an affinity (Kd) of >4 mM. The Ky was calculated from equation 4-1. The K, value is the Mean + SEM (n=3)
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three pre-existing peptides corresponding to the N-terminus, middle and the C-terminus
of the C-region. Not surprisingly all three peptides bound to the B, subunit and its SH3
domain with similar affinity as all three peptides contained elements of the predicted

poly-proline binding motifs.

First p’OU;O rich regon second DIOU‘\Q nch regon

| | | I
..... 720 KVDEFESNVNEVKDPYPSADFPGDDEEDEPEIPVSPRPRPLAELQ®S. ...

Figure 4-12  Two proline-rich sequences in the C-region of the oy, II-III loop.
Proline residues are in red. Residues shown to be important for skeletal type
EC-coupling are highlighted in pink. (The second proline rich region consists of the
second and third predicted proline-rich motifs - Figure 4-2)

Therefore, binding to the SH3 domain (and ;,) was investigated using both cardiac and
skeletal versions of peptides corresponding to two separate proline rich sequences of the
C region - SDCL C3 short. CDCL C3, corresponding to the second and third predicted
motifs and SDCL C4 and CDCL C4, corresponding to the first predicted polyproline
motif (Figure 4-2 and Figure 4-12) The second and third predicted polyproline motifs
were considerd as one as there are minimal differences in this region between the
skeletal and cardiac isoforms. Both cardiac and the skeletal versions of the second
proline rich sequence (Figure 4-12) bound with similar affinity to the SH3 domain and
the full length By, subunit. But the skeletal version of the first proline rich sequence
(encompassing the skeletal specific critical residues, Figure 4-12) bound with
approximately five times greater affinity than its cardiac counterpart. It is known that
although the proline residues are generally essential for SH3 domain binding, the
specificity of the interaction is governed by the surrounding residues (Kaneko T et al..
2008). In this case the skeletal specific residues located within the proline rich sequence

appear to confer the increased affinity to the skeletal version of the peptide.

Next, experiments were conducted to clarify which of these skeletal specific residues
(A739, F741, P742 and D744), if any, were responsible for the increase in affinity.
Mutant peptides were synthesized where each residue in turn was mutated to its cardiac
counterpart. Mutating A739 or F741 did not alter the binding affinity of the peptide
compared to the wild type (SDCL C4). But mutating P742 or D744 reduced its binding
affinity approximately five times compared to the wild type. Hence these two residues

appear to be important for the skeletal specific binding of the first proline rich motif of

114






Chapter 4

remains unclear. Lately studies have emerged using a B, null zebra fish mutant system,
where the SH3 domain of the B, subunit has been shown to be important for skeletal
type EC-coupling (Dayal et al — unpublished data, Gordan Research Conference on EC-
Coupling 2009). Therefore the in vitro data on the interaction between the B,-SH3

domain and the o, II-1II loop presented here represent a starting point for further

investigations in vivo.
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R*") within this region. These findings indicate that B, is able to interact with the
RyR1 and that the end 35 residues of its carboxyl terminus are important for skeletal
type EC-coupling. This region may be responsible for the DHPR tetrad formation
opposite the RyR1 or it may be a component of the trigger mechanism for SR Ca™

release in skeletal muscle.

Although the crystal structures of the core region (GK/SH3). of three B isoforms (B2, B3
and P4) have been published (Chen et al.. 2004, Van Petegem et al., 2004, Opatowsky et
al., 2004), no structural data exist on its variable regions — the C-terminus. N-terminus
and the Hook region. This is presumably due to the disordered nature of these regions.
Hence an alternative approach of investigating their structure is by examining specific
regions and this study represents a starting point in gaining an insight into the function

of these variable fragments, in particular, the B;, C-terminus.
5.2 Aim

Investigate the structure of the 35-residue C-terminal tail of the DHPR B, subunit and

identify structural elements that may facilitate its interaction with RyR1.

5.3 Materials and Methods
5.3.1 Peptide synthesis

A peptide corresponding to the 35-residue C-terminal tail of the B,, subunit
(Figure 5-1), hereafter referred to as B,,-C35, and its mutants were synthesized and

purified as described in Chapter 2.2.1.
~490VQVLTSLRRNLSFWGGLEASPRGGDAVAQPQEHAMS524

Figure 5-1  B,,-C35 peptide. Sequence of C-terminal 35 residues of B1s which has
been shown to be important for skeletal type EC-coupling (Beurg et al.. 1999).

5.3.2 Solution State Nuclear Magnetic Resonance (NMR) Spectroscopy
5.3.2.1 Introduction

The NMR phenomenon is based on the fact that nuclei of atoms have magnetic

properties that can be utilized to yield chemical information. Each atom has distinct
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nucleus in a protein and are thus a function of the secondary and tertiary folded

structures (Wurthrich, 1986).
5.3.2.2 Types of '"H NMR experiments

Two types of NMR experiments were used to determine the structure of the P;,-C35
peptide - '"H TOCSY and "H NOESY. Total correlation spectroscopy (TOCSY) spectra
provide information regarding connections of 'H atoms through chemical bonds. In a
TOCSY experiment, magnetization is dispersed over a complete spin system of an
amino acid by successive scalar coupling (coupling between two nuclear spins mediated
by electrons participating in the bond (s) connecting the nuclei). The TOCSY
experiment correlates all connected protons of a spin system. Thus a characteristic
pattern of signals results for each amino acid from which it can be identified based on

known chemical shift values for hydrogen atoms located in the side chains.

While TOCSY experiments provide information relating to 'H atoms connected through
chemical bonds. Nuclear Overhauser Effect Spectroscopy (NOESY) spectra provide
information relating to the relative closeness in space of 'H atoms. The NOESY
experiment is crucial for the determination of protein structure. It uses the dipolar
interaction of spins (the Nuclear Overhauser effect, NOE) for the correlation of protons.
The correlation between two protons depends on the distance between them, but
normally a signal is only observed if their distance is smaller than 5 A. The strength of
the NOE signal is proportional to the inverse sixth power of the distance between the
atoms, 1/r°, with r being the distance between the protons. The NOESY experiment
correlates all protons which are close enough, including protons which are distant in the
amino acid sequence but close in space due to tertiary structure (Martin and Zekter,

1988, Wurthrich, 1986).

Apart from NOE effects, additional NMR parameters including coupling constants,
temperature co-efficients and chemical shift indexes (CSI) can be used to aid in the

structural elucidation of a protein molecule.
5.3.2.3 Coupling Constants

INHon coupling constants are measurements relating to the polypeptide backbone

dihedral angle (® — torsion angle around the N-0C bond) and can provide local
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structural information. In homonuclear 'H experiments 3JN“.(,J.. coupling constants can
be derived from splitting patterns observed in 1 or 2-dimensional experiments. The
measurement itself is a frequency difference (Hz). Generally, residues that are involved
in alpha helical secondary structure have been found to contain coupling constants of
<6 Hz, while residues involved in beta sheet secondary structure have coupling
constants > 8 Hz. Coupling constants between 6 and 8 Hz are typically from

unstructured proteins or peptides.
5.3.2.4 Temperature Co-efficient

It has been known since the early years of peptide NMR that the chemical shifts of
amide proton resonances are temperature dependant (Ohnishi and Orry, 1969). In
general, they shift upfield as the temperature increases and this is conventionally
described as a negative temperature coefficient. If a residue is involved in some form of
secondary structure, backbone hydrogen bonding will be present. This hydrogen
bonding contributes an extra level of stability to the structure of the peptide and will be
affected by the additional energy imparted by an increase in temperature. The value of
the amide proton temperature coefficient has therefore been used widely as an indicator
that the amide proton is involved in intra-molecular hydrogen bonding (Andersen et al.,
1992, Skalicky et al., 1994, Dyson et al., 1988). For this study, a value greater than -5
ppb/K is taken to indicate the presence of secondary structure. The temperature
coefficient of each residue can be determined by quantifying the difference in amide
chemical shift values obtained over a set temperature range. This information is then
presented as a difference in parts per billion per degree of temperature change (ppb/K).
For this study, the temperature co-efficient of each residue was obtained over a range of

280 - 291 ‘K.
5.3.2.5 Alpha Hydrogen Chemical shift index

Pioneering studies by Wishart et al. have demonstrated that 'H NMR chemical shifts are
strongly dependent on the character and nature of protein secondary structure (Wishart
et al., 1991). In particular, it has been found that the 'H NMR chemical shift of the
alpha-CH proton of all 20 naturally occurring amino acids experiences an upfield shift
(with respect to the random coil value) when in a helical configuration and a
comparable downfield shift when in a beta-strand extended configuration. Proteins
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containing alpha helical secondary structure exhibited a mean 'H upfield shift of
0.39 ppm. from the random coil value, while the 'H chemical shift was found to move
downfield by an average of 0.37 ppm when the residue is contained in a beta-strand or
extended configuration. On the basis of these observations, the identity, extent, and
location of secondary structural elements in proteins can be determined based on the
alpha-CH 'H resonance assignments (Wishart et al., 1992). In this study 'H CSI
(Chemical Shift Index) were measured and are presented as shifts +1 or -1 respectively.
An "H CSI of -1 refers to a shift of more than 0.1 ppm downfield, while +1 refers to a
shift of more than 0.1 ppm upfield, from the assignments determined for random coil
structures (Wishart and Nip, 1998). Values of <-1 are suggestive of alpha helical
secondary structures, whereas values of >+1 will most likely represent residues

participating in beta sheet secondary structure.
5.3.2.6 Methodology

NMR samples were prepared to a concentration of ~ 2 mM in an H,O solution
consisting of 10% D->0O and 90% H;O. The peptides were adjusted to a pH of ~ 5.8
using small amounts of  dilute hydrochloric acid. DSS (5.5-
dimethylsilapentanesulfonate) was added to a final concentration of 0.2 mM as an

internal reference.

The NMR spectral data was acquired by Dr. Marco Casarotto and Dr.Yanfang Cui of
the Biomolecular structure group. Spectra were acquired on a Avance 600 ( Bruker
BioSpin ) spectrometer with a spectral width of 6000 Hz. Spectra were obtained using a
pulse width of 7 — 10 us (90”) and acquisition time of 0.130 s, collecting 4096 data
points and 512 increments of 32 transients. NOESY spectra (mixing time of 200-500
ms) and TOCSY spectra (mixing time of 70 ms) were acquired at 280 K, 285 K or 291
K and used for the assignment of the 'H-NMR resonances. Suppression of the H,O
resonance for the NOESY spectra was achieved using pulse field gradients while a pre-
saturation pulse was employed for the TOCSY experiments. Two-dimensional data
were acquired, processed and analysed using Topspin™ (Bruker BioSpin) software. The
graphical NMR assignment and intergration program “Sparky” was also used for
analysis (Goddard and Kneller). Data sets were zero-filled to 4096 by 2048 and

multiplied by a phase-shifted gaussian function in both dimensions prior to
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proton of residue i and the amide proton of residues i+3 and to a lesser extent i+4 and

i+2. These i+2. i+3. and i+4 NOEs are collectively referred to as medium range NOEs
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Figure 5-2  Finger print region of the TOCSY spectrum for Bia-C35 peptide.
Arrows point to Hy, Hg, and Hy protons of Valine®'® as an example of a characteristic

spin system of an amino acid residue.

124



Chapter 5

14 -1

24 -
- (o
£ &
a
& O _
_I 34 ' - 3
s a3 > ©
= o

o
4 OQ -
QDO&OhHa Y

88 86 8.4 8.2 80
®,- "H {(ppm)

Figure 5-3  Finger print region of the NOESY spectrum for B,,-C35 peptide. Red

51

arrows point to NOEs from the Hy of A*'7 to Hg, Hg, and Hy protons of Valine*'® as an

example of NOE connectivities.
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Figure 5-4  Schematic representation of proton assignment using TOCSY and
NOESY spectra. A) Inter- and intraresidual coupling. B) NOE connectivities between
adjacent residues (Adapted from (Wurthrich, 1986).
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Residue | NH Ho Hp Other Temp.Co.(ppb/K)
v 8,58 .[4.12 1.69 Hy 0.95 -9.04
Q™ 882 [446 [20 Hy 2.34 -10.81
Ve 862 |466 [1.88 Hy 0.94 9.66
e 8.63 |4.47 1.64 Hy 1.64, HS 0.86 -6.01
i 826 433 [4.24 Hy 1.22 -5.03
S 839 |43 3,87 5.1
L 8.3 4.35 1.62 Hy 1.62. H5 0.93/0.86 -5.36
g 835 |4.27 1.82/1.75 | Hy 1.63/1.58. H§ 3.16, | -4.32
HH11 7.01
R™® 843 4.8 1.75 Hy 1.57, H3 3.1, HHI1 | -4.37
7.0
N*™? 858 464 [2.86/2.78 | H87.23 -4.29
B 837 [435 1.64 Hy 1.57. H5 0.92/0.85 -5.78
5 833 |43 3.78 -6.63
F0 856 |444 [3.21/3.12[H87.01 -5.02
w>% 8.16 [4.63 |3.32/3.18 | H8 7.23, He 10.23/7.5 -4.53
G 8.04 |38l -6.25
G 843 [3.96 -7.37
= 859 [4.37 1.87/1.75 | Hy 1.64, H8 0.94 -8.87
B 8.61 429 |20 Hy 2.24 8.57
A 853 |4.25 1.39 9.12
S 842 |4.45 3.95 571
p' 434 [228 Hy 2.03
R 8.8 4.3 2327 |Hy20,H83.2 147
G 853 .4 397 -8.31
& 8.66 |3.96 -8.07
D> 832 |4.67 |2.682.61 -8.93
A 832 429 1.36 -8.66
Ve 8.18 4.06 2.06 Hy 0.94 B
A 847 429 1.37 -10.69
@i 867|428 1.95/2.06 | Hy 2.38 9.29
p°r 4.4 2.07/2.00 | Hy 1.9
Q™ 848 |4.38 [2.10/2.07 | Hy2.27 -9.08
E> 857 |424 |2.06 Hy 2.24 9.15
H>> 8.60 4.57 3.2/3.13 -10.65
A 847 |4.29 1.37 -11.96
M 856 |4.44 |2.55/2.65 | Hy2.02/2.12 -9.24
Table 5-1  Proton assignment (p.p.m.) for the B,-C35 peptide at pH 5.8 and 280 'K

and temperature coefficients (p.p.b./ 'K ).
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while NOEs connecting residues separated by more than 5 residues are referred to as
long range. Extended conformations (e.g., beta strands) on the other hand., are
characterized by short sequential, doN, distances. The formation of sheets also result in

short distances between protons on adjacent strands. This information is summarised in

Figure 5-5.
Distance B.Bp  &-Helix 310 Turn | Turn = Turn | Tuen  Half
Helix | l 11 I’ " Turn |

dy i iv) e i

daﬂ( i,ie3) —— _— ‘

dﬂ"( i,i+3) — e — —— i s

dyy (i, 142) ol e — -

daﬂ (i,1+2) e pa— J— — — ——

|

%" — — - — - ™

du" - | . —_— | e — o — | —

JJH (Hz) 999999 4444494 444194 19 45 75 79 19
Residue 8 123456 1234567 123456 1234 | 1234 1234 | 1234 1234

Figure 5-5  Survey of the sequential and medium range proton-proton NOE's
and the spin-spin coupling constants 3JHNa in some common secondary
structures. The numbers at the bottom represent the amino acid residues in the given
secondary structure and the values of the 3JHNa coupling constant. Short proton-proton
distances are indicated by lines linking the residues that contain the hydrogen atoms
involved. The thickness of the line is proportional to the intensity of the NOE
(Wurthrich, 1986).

Examination of the Hx-Hy region of the NOESY spectrum of B,-C35 revealed a stretch
of sequential short range NOEs from residues L*"* to G** (Figure 5-6) indicating the
presence of a helical secondary structure within this portion of the peptide. Other short
and medium range NOEs were also detected which supported a helical element within
this region of B,,-C35. They are: 1) medium strength NOEs between the alpha proton of
residue i and the beta proton of residues i43 (d op( 143 ) stretching from residues L*** to
L** and N*”to L™ 2) weak NOE:s between the alpha proton of residue i and the amide
proton of residues i+3 (d a ij+3 ) Stretching from residues L*** to L® and 3) weak
NOEs between the alpha proton of residue i and the amide proton of residues i+2
(danciis2 ) stretching from residues R™ to G*™. These results are summarised in figure
5-7.
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Figure 5-6  Amide-amide (HN-Hy) region of the NOESY spectrum of B,,-C35

peptide. Strong and continuous cross peaks are shown and labelled.
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Figure 5-7  Summary of sequential and medium range proton-proton NOEs and
'"H CSI (chemical shift index) for Bi1,-C35. NOE connectivities are classified as
strong, medium, weak or absent and are represented by the thickness (or absence) of a
bar connecting the residues in question. A CSI value of +1 or -1 has been assigned for
residues whose oH chemical shift deviates from tabulated random coil values by more
than 0.1 ppm, downfield or upfield respectively. Values of <-1 are suggestive of alpha

helical secondary structures (Wishart et al., 1991, ch - 5.3.2.5).

Next, in order to confirm the presence of an o helix, other indicators of secondary
i 3 ’
structure characteristics such as “Jnu.qu coupling constants, temperature coefficients and

chemical shift indexes (CSI) were examined.
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Figure 5-8  Circular dichroism studies of B1,-C35 peptide. A) CD spectrum of the B;,-C35 peptide in water at 25 °C and pH ~5.8. The spectrum

shows a minimum at 198 nm and a mostly random coil structure B) reference spectrum of poly-L-lysine in 1- 100%a-helical, 2-100% [ sheet and 3 -

100 % random coil conformations (Greenfield, 2006)
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5.4.3 Structure of the B,,-C35 peptide and design of mutant peptides

The structural information obtained from NMR studies showed that the B14-C35 peptide
contains a helical region extending from approximately L*** through to L**®. Based on
these results a model structure of the B;,-C35 peptide was generated by Dr. Marco
Casarotto (Biomolecular Structure Group) using a molecular modeling software (Insight
I = Molecular Simulations, MSL.). This model structure revealed four hydrophobic

residues, L** L, L*and W™, forming one face of the helical region (Figure 5-9).

Figure 5-9  Model structure of B,,-C35 peptide. The backbone structure is
presented as a ribbon diagram and the residues forming a hydrophobic surface in the
helical region are shown as stick models (Dr.Marco Casarotto — Biomolecular Structure
group, JCSMR).

It is possible that the hydrophobic surface formed by these residues are involved in the
interactions with neighbouring molecules such as the RyRI. Therefore, in order to
investigate the role, if any. of these hydrophobic residues in the structure and function
of the C-terminal tail of the By, subunit, L**, L’ and W*"* were mutated to alanines.
Residue L*** was not selected for mutation as it is oo close to the N-terminus of the
peptide. Four peptides were synthesized where the first three consisted of individual
mutations in L™, L’ and W (B,,-C35 L496A, Bi,-C35 LS00A and B,,-C35
WS503A). The fourth peptide consisted of simultaneous mutations of all three residues to
alanines ( B1,-C35 L497/L500/W503 A ). In order to characterize the structure of these
peptides. solutions were prepared as described in ¢h-5.3.2.6 and their NOESY spectra

were obtained at 280 "K and compared to the wild type.
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5.4.4 Comparison of the Hy-Hy region of the B;,-C35 mutant peptides

For a peptide or protein with a o helical secondary structure, a significant amount of the
secondary structural information (short range sequential NOEs) is contained in the Hn-
Hx region of the NOESY spectrum. Hence, a quick but reliable method of determining
whether the o helix has been maintained is by monitoring the Hy-Hyx NOE pattern in the
NOESY spectrum. Therefore the Hy-Hy region of the mutant peptides were compared

to that of the wild type and examined for any changes in NOE connectivities.

Compared to the wild type, the Hx-Hy region of the B1,-C35 L496A peptide had lost
almost all of its HN-Hy NOEs (Figure 5-10). This indicates that by mutating 1496 to
alanine. the helical region of B;,-C35 has been disrupted. But the Hn-Hy region of the
B1.-C35 L500A peptide still contained some short range sequential NOEs, except for the
connectivities that directly link L500 to its neighbouring residues (Figure 5-11). This
indicates that the mutation of L500 to alanine has not completely disrupted the helical
region of PB1,-C35. The B1,-C35 WS03A peptide also preserved some short range
sequential NOEs except for the connectivities that directly link W503 to its
neighbouring residues (Figure 5-12). The absence of the side chain Hy of tryptophan
(~10 ppm) confirms the deletion of this residue (Figure 5-12). However, the mutation

of W503 to alanine, has also not completely disrupted the helical region of 3,,-C35.

Interestingly, the Hn-Hy region of the triple mutant peptide, B;,-C35
L496/1L.500/W503A, still contain some short range sequential NOEs (Figure 5-13) This
indicates that despite the mutation of three residues to alanines, a significant proportion

of the helical structure of this region ( L* to G ) of B1,-C35 is maintained.
5.5 Discussion

Previous studies have shown that the 3, subunit is able to bind to the RyR1 and that the
end 35 residues of its carboxyl terminus was important for skeletal type EC-coupling
(Beurg et al., 1999). More recent studies by affinity chromatography has shown that a
peptide corresponding to this C-terminal region is able to bind to RyR1 (Rebbeck et
al..2011). But the currently available crystal structure studies (Chen et al., 2004.
Opatowsky et al., 2004, Van Petegem et al., 2004) of the B subunit do not contain any

data on its variable regions, which includes the C-terminus. This study investigated the
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Figure 5-10  Structural changes of B,-C35 L496A peptide. A) Scquence of peptide.
1496 to A mutation is in red. The helical region is highlighted in yellow. B) The Hy-Hy
region (enclosed) has lost most NOE connectivities indicating disruption of the helical
region. C) The Hy-Hy region of wild type B,,-C35 (enclosed) showing sequential short
range NOE:s indicative of a helical region. Arrow points to the side chain Hy of W503.
Both spectra are presented at a comparable contour level.
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Figure 5-11  Structural changes of 1,-C35 L500A peptide. A) Sequence of peptide.
L500 to A mutation is in red. The helical region is highlighted in yellow. B) The Hy-Hy
region (enclosed) has retained some NOE connectivities indicating that the helical
region is not completely disrupted. C) The Hy-Hy region of wild type B1,-C35
(enclosed) showing sequential short range NOE:s indicative of a helical region. Arrow
points to the side chain HN of W503. Both spectra are presented at a comparable
contour level.
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Figure 5-12  Structural changes of B;,-C35 WS03A peptide. A) Sequence of
peptide. W503 to A mutation is in red. The helical region is highlighted in yellow. B)
The Hx-Hy region (enclosed) has retained some NOE connectivities indicating that the
helical region is not completely disrupted. Note the absence of side chain Hy of W503.
¢) The Hx-Hy region of wild type B,,-C35 (enclosed) showing sequential short range
NOEs indicative of a helical region. Arrow points to the side chain HN of W503. Both
spectra are presented at a comparable contour level.
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Figure 5-13  Structural changes of [,-C35 L496/L500/W503A peptide. A)
Sequence of peptide. Mutated residues are in red. The helical region is highlighted in
yellow. B) Despite the triple mutation, the Hy-Hy region (enclosed) has retained some
NOE connectivities indicating that the helical region is still somewhat intact. Note the
absence of side chain Hy of W503. ¢) The Hn-Hy region of wild type Bia-C35
(enclosed) showing sequential short range NOEs indicative of a helical region. Arrow
points to the side chain HN of W503. Both spectra are presented at a comparable
contour level.
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Chapter 6

the cardiac/neuronal f,, or housefly By subunits restored triad targeting of the DHPR,
but not physical coupling (Schredelseker et al., 2009). These results could be explained
by a direct contribution of B, to EC coupling or by an allosteric influence of 1, on the
precise geometry (tetrad formation) of the DHPR opposite RyR1 in the surface/SR
junction that reduced the efficacy of EC coupling (Schredelseker et al., 2009).

Although a combination of electrophysiological. morphological and biochemical
approaches provide a solid foundation for the notion that protein-protein interactions
link the skeletal DHPR and RyR1 in vivo, the exact mechanism of this coupling process
at a molecular level remains unresolved. Studies carried out in the previous chapter
examined the structure of a peptide corresponding to the end 35 residues of the B,
C-terminus and investigated the structural consequences of mutating three hydrophobic
residues which were capable of forming a binding surface with RyR1. This study
explores the ability of the full length B;, subunit as well as its C-terminal tail peptide
and its mutants to interact with the gating mechanism of a RyR1 channel embedded in

an artificial lipid bilayer.

6.2 Aim

Examine the functional interactions between the isolated RyR1 channel and the full
length By, subunit and its 35 residue C-terminal tail (B,,-C35). It is also the aim of this
study to explore the functional effects on RyR1 of mutating three hydrophobic residues

in the helical region of the C-terminal peptide.

6.3 Materials and Methods

6.3.1 Expression and purification of full length recombinant 3,, subunit
The recombinant 3, subunit was prepared as described in Chapter 3.3.3.
6.3.2 Peptide synthesis

Peptides used in this study (Table 6-1) were synthesized as described in the general

methods section (Ch. 2.2.1).
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Table 6-1 Peptides used in this study. Mutated residues are in bold and underlined

Peptide Sequence

B1-C35 (wild type ) | “""VQVLTSLRRNLSFWGGLEASPRGGDAVAQPQEHAM™!

B1-C35 LA96A *VQVLTSARRNLSFWGGLEASPRGGDAVAQPQEHAM’*
B14-C35 L500A VQVLTSLRRNASFWGGLEASPRGGDAVAQPQEHAM’*
B1.-C35 W503A *"VQVLTSLRRNLSFAGGLEASPRGGDAVAQPQEHAM ™
B1-C35 VQVLTSARRNASFAGGLEASPRGGDAVAQPQEHAM™

L496/L.500/W503 A

6.3.3 Peptide and protein quantitation

The precise concentration of peptides and proteins used in this study was determined as

described in chapter 2.2.1 and 2.2.11 respectively.
6.3.4 Planar bilayer recordings of ryanodine receptor channels

6.3.4.1 Introduction

In ion channel reconstitution studies using planar bilayers, a lipid membrane is formed
across a small aperture that interconnects two chambers that are filled with aqueous
solutions. A ryanodine receptor channel is embedded in this artificial lipid bilayer and

its activity is recorded.
6.3.4.2 Preparation of samples

All stock solutions of proteins and peptides were prepared in cis solution. Full length
recombinant B, protein was buffer exchanged to cis solution using Zeba™ desalting

column (Thermo Scientific, USA) as per manufactures instructions.
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electrodes D?“ P
Artificial lipid
@ bilayer
_,.-/ headstage %

c_,_,..-—-——"""
> < Trans
i 2 chamber
Cis
chamber

] £
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Figure 6-1  Bilayer setup. The deldrin cup fits into one well of the cup holder with the aperture facing the adjacent well. An artificial lipid bilayer is
painted across this aperture. A brass block holds the cup holder in place. The gold pins of the electrodes are connected to the headstage as shown. The
other ends of the electrodes, encased in agar bridges, rest within the cup or the cup holder. The electrode that rests in the cup is usually connected to the
ground of the headstage and is called the trans electrode, while the electrode that rests in the unoccupied well of the cup holder is connected to the
input of the headstage and is referred to as the cis electrode. A patch clamp amplifier receives input from and sends output to the head stage. The whole
set up is encased in a faraday cage to reduce electrical noise.
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open probability (P,), Fractional mean current (/’f), mean open time (7,; ms) and mean

closed time (7.:ms), open frequency (F,) which are defined by the following equations:

Open probability (Po) = Topen/ Trotal time
Fractional Mean Current (I'f) = e
Mean open time (7,; ms) = Topen ! n
Mean closed time (7; ms) = Lol m
Open frequency (F,) = n ! Trime

Where T, is the total channel open time: T..q is the total channel closed time, n is
the total number of channel openings, Ty ime 1 the total duration of the analysed
record; /’, mean current, an average of the current from all data points obtained during a

recording period and /,,,,, maximal current of the analysed record.

RyR1 activity was quantified by calculating either or both: the probability that the
channel would be open at any one time, i.e. open probability (P,), or the average current

as a function of the maximum current ( I’f).

I'’f is approximately equal to P, and it has been shown that P, and I’f values obtained
from a record of a single channel with a high open probability are very similar (Beard et
al., 2008). P, most accurately quantifies RyR1 channel activity when only one channel
is active in a bilayer, but /’f is the most accurate measure of RyR1 activity when more
than one channel is active. Since I'f is approximately equal to P,, all channel activity
(measured as I'f or P,) is included in the average P, presented in this thesis. To measure
P,, a threshold was set outside the noise at ~20% of the maximum open conductance,
Inay, and currents exceeding the threshold were detected as channel openings. The
closed threshold was placed above baseline noise. All analyses were corrected for

baseline variation using an in-house program Baseline (developed by Dr. D. R. Laver).
6.3.4.9 Statistical analysis
Average data are given as mean = SEM. Statistical significance was evaluated

using paired or unpaired Student’s t-test as appropriate or ANOVA. Numbers of
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observations (n) are given in Tables and Figure legends. If there were separate sets of
control data for each concentration of protein, ANOVA and the Mahalanobis test was
used. To reduce effects of variability in control open probability (P.c), and to evaluate
lest parameters after protein addition (Pyt)., data were expressed as the difference
between the logiy Poc and logy Pt for each channel (e.g. log)y Poc - logiy Pot). The
difference from control was assessed with a paired t-test applied to log;y Poc and log;g
Pot. The difference between each concentration was assessed using ANOVA on
logig Poc - logio Pyt at each concentration with the multidimensional Mahalanobis test.
The difference between logyy - Poc - logjo Pot at +40 mV and at -40 mV at each
concentration was assessed using the Student’s t-test. A P value of <0.05 was

considered significant for all tests.

6.4 Results

6.4.1 The effect of full length B, subunit on RyR1 channel activity

The effect of adding the full length B, subunit to a RyRI1 channel embedded in an
artificial lipid bilayer was investigated by Dr. Esther Gallant (Muscle research Group,

JCSMR).

The recombinant (Ch.3.3.1) B, subunit (expressed and purified by the author of this
thesis) was added to the cytoplasmic (cis) side of a single RyR1 channel in a lipid
bilayer. Each RyR1 channel was exposed to one concentration of B, for 15 to 20 min
and the protein was then removed by perfusion. The cytoplasmic (cis) [Ca2+] in this

experiment was 10uM, and the luminal (rrans) [Ca“] was lmM.

A strong increase in activity was apparent within Imin of addition of only 10nM of the
protein and this was maintained until the cis chamber was perfused to remove the By,
subunit. Activity fell towards control levels following perfusion (Figure 6-2). However

the effect of B, was not always reversible within the lifetime of the bilayer (10 to 20min

149



Chapter 6

A control

lOpA 1' A
f\ W\\ f\mL« WL

|
|
L,/‘w-m pongr ittt Lo

l “V‘J‘?‘.‘i‘ig"‘ﬂ"‘="q";,1'.""l """ ey E

500ms 100ms

Figure 6-2 Effect of full length B, on RyR1 channel activity A) control recording before the addition of B;, B) addition of 50 nM B, — channel
activity increases C) washout - channel activity decreases but does not completely return to control levels. The left panel shows 3 s recordings of
representative channel activity at +40 mV and the right panel shows expansions of data underlined by thick black lines in the 3 s records to illustrate
the changes in open duration. “0” — maximum open current indicated by broken lines. “c” — zero current ( closed state of channel ) indicated by

continuous lines. Channel records obtained from Dr. Esther Gallant (Muscle research Group. JCSMR).
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Figure 6-3

Changes in RyR1 channel activity parameters upon the addition of

full length By,. A) Relative Po (log rel Po) is the average of differences between the
logo of Py in the presence of the 1, subunit (logPog) and log;o of the control P
(logPoc) for each channel, with Po measured over 180 s. B) The relative mean open
time (log rel To) is logTog-logToc. C) The relative mean closed time (log rel Tc) is
logTep-logTee. N = 5-8 experiments for each bin in A-C. Asterisks indicate significant
changes from control induced by the B, protein. The broken lines indicate significant
differences between each bin under the horizontal bracket and data at the far end of the
line. A P value of <0.05 was considered significant. Data obtained from Dr. Esther
Gallant ( Muscle research Group. JCSMR).
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Figure 6-4  Effect of B1,-C35 peptide on RyR1 channel activity A) control recording before the addition of B;,-C35 peptide B) addition of 10 nM
B1.-C35 peptide — channel activity increases C) washout - channel activity decreases but does not completely return to control levels. The left panel
shows 3 s recordings of representative channel activity at -40 mV and the right panel shows expansions of data underlined by thick black lines in the

3 s records to illustrate the changes in open duration. “0” — maximum open current indicated by broken lines. “c” — zero current (closed state of

channel) indicated by continuous lines.
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concentration was not statistically significant. Similar to the full length protein, the
effects of the peptide were not easily reversible, with a clear decrease in activity seen in

only 9 of 18 channels following washout of =10 nM of the peptide.

As with full length By, the changes in channel activity with the ,,-C35 peptide at +40
mV and -40 mV were similar. There was an average 2.7+0.6 —fold increase in P, (i.e.
average of Py/Pyc for each individual channel) at -40 mV and a 3.3+1.1 —fold increase
at +40mV with 100nM peptide. Therefore measurements at +40mV and -40mV were
combined in the average data. The average increase in open probability with peptide
concentrations > 10nM (Figure 6-5A) could be attributed to a significant 2-fold increase
in mean open time (Figure 6-5B), and a significant 4-fold decrease in mean closed
time(Figure 6-5C). These changes occurred over the same concentration range, and

were similar in magnitude, to the changes induced by the full length protein.

In order to determine the specificity of the interaction between the native B;,-C35
peptide and RyR1, a peptide consisting of a scrambled B,,-C35 sequence was added to
the cytoplasmic side of RyR1 channels. The scrambled peptide had no significant effect
on channel activity (Figure 6-6, Rebbeck et al., 2011). Therefore the increase in
channel activity required the specific native amino acid sequence in the C-terminal 35

residues of the By, subunit.
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Figure 6-5  Changes in RyR1 channel activity parameters upon the addition of
B1a-C terminal peptide (B1,-C35). A) Relative Po (log rel Po) is the average of
differences between the log)o of Po in the presence of the f,-C35 peptide (logPop) and
logyo of the control Py (logPoc) for each channel, with Po measured over 180 s. B) The
relative mean open time (log rel To) is logTop-logToc. €) The relative mean closed
time (log rel Te) is logTep-logTee. N = 5-10 experiments for each bin in A-C. Asterisks
indicate significant changes from control induced by the 3,,-C35 peptide. The broken
lines indicate significant differences between each bin under the horizontal bracket and
data at the far end of the line. A P value of <0.05 was considered significant. Data
obtained from Ms. Robyn Rebbeck ( Muscle research Group. JCSMR).
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B1a-C35 peptide did not increase the activity of RyR1 channels that are inactive with

100 nM cytoplasmic Ca** or inhibited be Mg™* (Rebbeck et al., 2011).

6.4.3 The effect of the B;,-C35 mutant peptides on RyR1 channel activity

Based on NMR structural studies presented in Chapter 5, three residues of the native
B1,-C35 sequence were mutated to alanines. These three residues (L%, L°* and W™")
formed a hydrophobic surface within a helical region of the B;,-C35 peptide which
could function as a binding surface for RyR1 (ch.5.3.4.3). Therefore, four peptides
were synthesized (ch.6.3.2) where the first three consisted of individual mutations in
LY % and W™ ( B,,-C35 LA96A, B1,-C35 L500A and B1,-C35 WS03A ). The fourth
peptide consisted of simultaneous mutations of all three residues to alanines (B,-C35

L496/L500/W503 A).

Each B,,-C35 mutant peptide was added to the cytoplasmic (cis) side of a single RyR1
channel in a lipid bilayer and the experiments were performed with 10 uM cytoplasmic
(cis) Ca’" and 1 mM luminal (rrans) Ca™ in the presence of 2 mM (cis) ATP. Each
RyR1 channel was exposed to one concentration of the peptide for 15 to 20 min.
Experiments were carried out with two concentrations of each mutant peptide — 10 and
100 nM. These concentrations and conditions were selected as the maximum increase in
RyR1 channel activity was observed within this range with the native ;,-C35 peptide

(Figure 6-5).
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Unlike the native B,-C35 peptide, the mutant peptides showed a voltage dependence in
their effect on the ryanodine receptor. The simultaneous mutation of all three
hydrophobic residues to alanines ( 1,-C35 L496/L500/W503 A ) resulted in an
inhibitory effect on RyR1 (Figure 6-7).

500ms
control
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Figure 6-7  Triple mutant peptide, B1,-C35 L496/1.500/W503 A inhibits RyR1
activity. 3 s recordings of representative channel activity at - 40 mV. RyR1 channel
opening downward at - 40 mV from the closed (c¢) to the maximum open level (0)
before (control) and after addition of 100 nM peptide.

At +40 mV the triple mutant peptide caused an inhibition of the ryanodine receptor at
both 10 and 100 nM. At -40 mV it was unable to activate the RyR1 at 10 nM and
showed an inhibitory effect at 100 nM (Figure 6-8). The inhibitory effect caused by the
triple mutant at +40 mV was due to a 2 fold increase in mean closed times (T.) and a
>().5 fold decrease in mean open frequency. This was seen at both concentrations of
10 nM and 100 nM. At -40 mV, the inhibitory effect was mostly due to >2 fold decrease

in the mean open frequency (Figure 6-9).
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Figure 6-8 Changes in log relative open probability of RyR1 upon the addition of
the triple mutant peptide 1,-C35 L496/L500/W503 A .
the average of differences between the logjo of Pg in the presence of the mutant peptide
(logPog) and log of the control Po (logPoc) for each channel, with Py measured over
180 s. A) The triple mutant peptide inhibits the channel at +40 mV. B) The triple mutant
peptide inhibits the channel at —40 mV and 100 nM (N =5 in each bin ). *
significant changes from control induced by the mutant peptide. “#” indicates
significant differences between the mutant peptide and the wild type. The broken lines
indicate significant differences between each bin under the horizontal bracket and
buffer. A P value of <0.05 was considered significant. Results are means +SEM.
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Figure 6-9 Changes in RyR1 channel activity parameters upon the addition of the
triple mutant peptide 3;,-C35 L496/L.500/W503 A. Relative mean open time, T, (log
rel To) is the average of differences between the log;o of To in the presence of the
mutant peptide (logTog) and log;o of the control Ty (logToc) for each channel, with T,
measured over 180 s.The relative mean closed time (log rel Tc) is logTep-logTee. The
relative mean open frequency (log rel Fo) is log Fop-logFoc. A) There is a statistically
significant increase in Tc and a decrease in Fo leading to inhibition of RyR1 at +40 mV.
B) There is a statistically significant decrease in Fo leading to inhibition of the channel
upon the addition of 100 nM of the triple mutant peptide at -40 mV. (N = 5 experiments
for each bin) **” indicate significant changes from control induced by the mutant
peptide. A P value of <0.05 was considered significant. Results are means +SEM.
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Overall, all three single mutant peptides (B,-C35 L496A, B,,-C35 L500A and B,-C35
W3503A) showed an inhibitory effect at +40 mV, but activated the ryanodine receptor at

-40 mV (Figures 6-10 to 15).

Compared to the native f,,-C35 peptide, mutation of L496 to alanine caused a
minimum effect on the ryanodine receptor at +40 mV at both concentrations (10 and
100 nM). But the mutant peptide increased the activity of the ryanodine receptor
at -40 mV (Figure 6-10). This increase in activity was due to a 0.5 fold decrease in
mean closed times (Tc¢) and a 1.5 fold increase in mean channel open frequency
(Figure 6-11). Mutation of L500 to alanine tended to inhibit the ryanodine receptor at
+40 mV at 10 nM. However this inhibition was not significant. (P = 0.06). At 100 nM
and +40 mV, this mutant peptide tended to activate RyR 1, but again the increase was
not significant. At -40 mV, the mutant peptide, $;,-C35 L500A activated the ryanodine
receptor at both concentrations similar to the native ,,-C35 peptide (Figure 6-12). This
activation was primarily due to an >0.6 fold decrease in the mean closed time (T).
There was no significant change in the mean open frequency (F,)(Figure 6-13 )
Mutation of W503 to alanine caused a minimum effect on the ryanodine receptor at the
lower concentration of 10 nM. This was true for both +40 and -40 mV. However at the
higher concentration of 100 nM, this mutant peptide caused an inhibition of the
ryanodine receptor at +40 mV, but activated the channel at -40mV similar to the other
single mutants and the native (,,-C35 peptide (Figure 6-14). The inhibitory effect was
due to a two fold increase in the mean closed time (T,) and a similar decrease in the
mean open frequency (F,). The activation at -40 mV was primarily due to a 0.7 fold

reduction of mean closed time (T,)(Figure 6-15).
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Figure 6-10 Changes in log relative open probability of RyR1 upon the addition of
the mutant peptide B1,-C35 L496A . Relative Pg (log rel Po) is the average of
differences between the log;g of Pg in the presence of the mutant peptide (logPop) and
logjo of the control Py (logPoc) for each channel, with Py measured over 180 s. A)
Mutant peptide L496A does not activate the channel at +40 mV. B) Mutant peptide
L496A activates the channel at —40 mV. (N =5 in each bin ). “*” indicate significant
changes from control induced by the mutant peptide. “#” indicates significant
differences between the mutant peptide and the wild type. The broken lines indicate
significant differences between each bin under the horizontal bracket and buffer. A P
value of <0.05 was considered significant. Results are means +SEM.
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Figure 6-11 Changes in RyR1 channel activity parameters upon the addition of the
mutant peptide B;,-C35 L496A . Relative mean open time, To (log rel To) is the
average of differences between the log;o of To in the presence of the mutant peptide
(logTop) and logy, of the control T¢ (logToc) for each channel. with T, measured over
180 s.The relative mean closed time (log rel Te) is logTeg-logTec. The relative mean
open frequency (log rel Fo) is log Fop-logFoc. A) There is no significant change in any
of the parameters upon the addition of L496A peptide at +40 mV. B) There is a
statistically significant decrease in Tc and and increase in Fo leading to activation of the
channel at -40 mV. (N = 5 experiments for each bin) “*” indicate significant changes
from control induced by the mutant peptide. A P value of <0.05 was considered
significant. Results are means +SEM.
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Figure 6-12 Changes in log relative open probability of RyR1 upon the addition of
the mutant peptide B1,-C35 LS00A . Relative Po (log rel Py) is the average of
differences between the log;, of P in the presence of the mutant peptide (logPop) and
log of the control Po (logPoc) for each channel, with Po measured over 180 s. A)
Mutant peptide L500A does not activate the channel at +40 mV. B) Mutant peptide
L500A activates the channel at —40 mV. (N =5 in each bin ). “*” indicate significant
changes from control induced by the mutant peptide. “# indicates significant
differences between the mutant peptide and the wild type. The broken lines indicate
significant differences between each bin under the horizontal bracket and buffer. A P
value of <0.05 was considered significant. Results are means +SEM.
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Figure 6-13 Changes in RyR1 channel activity parameters upon the addition of the
mutant peptide B1,-C35 L500A . Relative mean open time, To (log rel To) is the
average of differences between the log;y of To in the presence of the mutant peptide
(logTop) and log;, of the control To (logToc) for each channel. with Ty, measured over
180 s.The relative mean closed time (log rel Te) is logTeg-logTec. The relative mean
open frequency (log rel Fo) is log Fop-logFoc. A) There is no significant change in any
of the parameters upon the addition of LSO0A peptide at +40 mV. B) There is a
statistically significant decrease in Tc leading to activation of the channel at -40 mV.

(N = 5 experiments for each bin) “*” indicate significant changes from control induced
by the mutant peptide. A P value of <0.05 was considered significant. Results are means
+SEM.
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Figure 6-14 Changes in log relative open probability of RyR1 upon the addition of
the mutant peptide B,-C35 W503A . Relative P (log rel Po) is the average of
differences between the log;o of Po in the presence of the mutant peptide (logPop) and
logjo of the control Po (logPoc) for each channel, with P measured over 180 s. A)
Mutant peptide W503A does not activate the channel at +40 mV. It inhibits the channel
at 100 nM B) Mutant peptide W503A activates the channel at — 40 mV and 100 nM

(N =5 in each bin). “*” indicate significant changes from control induced by the mutant
peptide. “#” indicates significant differences between the mutant peptide and the wild
type. The broken lines indicate significant differences between each bin under the
horizontal bracket and buffer. A P value of <0.05 was considered significant. Results
are means =SEM.

166



Chapter 6

- 10 nM peptide

0.60 r L1 100 nM peptide

0.40 | *

0.20 l ]
o e i

log relative value at + 40 mV
3
T
1
|
[

To Te Fo

- 10 nM peptide

0.60 b _J 100 nM peptide

log relative value at - 40 mV
o
i
W
ﬂ
)

0.00 L LELLA: bne
| .
s -0.20 {
e
-0.40 *
060 V4—-r--—t+—o -
To Tc Fo

Figure 6-15 Changes in RyR1 channel activity parameters upon the addition of the
mutant peptide B,-C35 W503A . Relative mean open time, T, (log rel Ty) is the
average of differences between the logi of To in the presence of the mutant peptide
(logTop) and logy of the control Ty (logToe) for each channel, with T, measured over
180 s.The relative mean closed time (log rel Te) is logTeg-logTec. The relative mean
open frequency (log rel Fo) is log Fop-logFoc. A) There is a statistically significant
increase in Tc and a decrease in Fo leading to inhibition of RyR 1 upon the addition of
100 nM W503A peptide at +40 mV. B) There is a statistically significant decrease in Tc
leading to activation of the channel upon the addition of 100 nM WS503A peptide at -
40 mV. (N =5 experiments for each bin) “*” indicate significant changes from control
induced by the mutant peptide. A P value of <0.05 was considered significant. Results
are means +SEM.
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6.5 Discussion

The C-terminal 35 residues of the DHPR 3, subunit have been shown to be important
for skeletal type EC coupling (Beurg et al., 1999). Furthermore, the full length B,
subunit, and a peptide corresponding to the end 35 residues of its C terminal tail
(B1.-C35) are able to bind to RyR1 and strengthen the EC coupling process (Cheng et
al., 2005, Rebbeck et al., 2011). This chapter examined the functional implications of

these binding events on the skeletal ryanodine receptor.

The full length By, subunit caused an increase in RyR1 activity when added to the
cytoplasmic side of a channel embedded in an artificial lipid bilayer. The native
35-residue C terminal tail peptide (B;,-C35) caused a similar effect, showing that this
region of B, was sufficient to account for the increase in activity of RyR1. Both the full
length B, subunit as well as the 35-residue C terminal tail peptide caused an increase in
ryanodine receptor activity (increase in relative mean open time — Figures 6-3 and 6-5)
at concentrations as low as 100 pM and this increase in channel activity was not
completely reversible to control levels within the life time of the lipid bilayer (Figures
6-2 and 6-4). Furthermore, a scrambled peptide consisting of the same residues as
B1.-C35 failed to activate RyR1 (Figure 6-6) indicating that the native sequence of this
peptide was required for its activation of the ryanodine receptor. These results point to a
highly specific and high affinity interaction between the C terminal tail of the By,

subunit and the skeletal ryanodine receptor.

In chapter 5 of this thesis the author examined the structure of the C terminal tail
peptide and identified three hydrophobic residues in a helical region which could act as
a binding surface for the ryanodine receptor. Overall, the mutation of these residues to
uncharged neutral residues (alanines), altered the functional interaction between the By,
C-35 peptide and the ryanodine receptor. Unlike the native B1,-C35 peptide which
showed similar activation at positive and negative potentials, single mutations of each
residue (table 6-1) resulted in a voltage dependence of its effect on the ryanodine
receptor. The single mutant peptides (B1-C35 L496A, B1,-C35 LSO0A and PBi,-C35
W503A) lost their ability to activate RyR1 at +40 mV while maintaining activation
at -40 mV. Structural studies of the mutant peptides (ch. 5.3.4.4) indicated that, except

for L496A, the mutations did not completely disrupt the helical region seen in the native
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Bis-C35 peptide. Therefore it is not surprising that the single mutant peptides
maintained some of their activation properties. Although, NMR studies of the mutant
peptide, B,,-C35 LA496A, showed the maximum disruption to the helical region
(ch.5.3.4.4) of the native B;,-C35 peptide, it is curious that B;,-C35 L496A activated the
ryanodine receptor at -40 mV. This may be because the presence of either L500 or
W503 is sufficient for the activation of RyR1 at negative potentials. Although the
helical region of the L496A mutant is disrupted, the residues L500 and W503 could still
be labile enough to interact with RyR1 and cause some activation. The helical region of
B1a-C35 is located close to the N-terminus of this relatively short peptide, which in the
event of disruption of secondary structure becomes random coil and more labile. This
question could be addressed by performing this mutation (L496A) in the full length B,

subunit and looking at its effect on RyR1.

Structural studies of the triple mutant (,,-C35 L496/L500/W503 A) also indicated that
the mutations did not completely disrupt the helical region of the native peptide (ch.
5.3.4.4). This is probably due to the helix forming tendency of the alanine residues.
However, the simultaneous mutation of all three hydrophobic residues abolished the
activation properties of the native ,,-C35 peptide and caused an inhibitory effect on
RyR1 at both positive and negative potentials. Therefore the presence of helicity by

itself was not sufficient to activate the channel.

In conclusion, the complete activation of RyR1 by the Bia C terminal tail at both
positive and negative potentials not only depends on an intact helical structure but
requires the presence of at least one of two (L500 or W503) hydrophobic residues that
participates in forming a hydrophobic surface in ,,-C35 peptide. The importance of the
helical region of the P, C- terminal for the interaction with RyR1 will be better
evaluated by performing these mutations in the full length Bia subunit in future

experiments.
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Chapter 7 Discussion

Excitation-contraction (EC) coupling in skeletal muscle is critically dependent on the
close interaction of two distinct Ca™ channels, the voltage dependent
1,4-dihydropyridine receptor (DHPR) in the sarcolemma and the type-1 ryanodine
receptor (RyR1) in the sarcoplasmic reticulum (SR). Specifically, the DHPR responds
to membrane depolarization which results in the opening of RyR1 and the release of
Ca* from the SR which consequently induces muscle contraction. Although the DHPR
can function as a calcium channel, skeletal type EC coupling does not require the entry
of extracellular Ca*", leading to the notion that physical protein-protein interactions link
the DHPR and RyR1. This idea is supported by the fact that the DHPRs in skeletal
muscle are arranged in groups of four (“tetrads”) such that each DHPR within a tetrad is
apposed to one of the four, identical subunits of RyR1 (Block et al., 1988). Although a
wealth of knowledge about the skeletal DHPR-RyR1 interaction has been generated
during the last two decades. the exact molecular details of this interaction remains

elusive.

Of the five subunits of the DHPR, the skeletal isoforms of the membrane spanning ot
subunit and the cytoplasmic B, subunit are essential for the skeletal muscle EC
coupling process. A region in the oy subunit consisting of amino acid residues 724-760
in the loop between the second and third trans-membrane domains (II-1IT loop) form a
minimal essential region for transmitting the EC coupling signal from DHPR to the
RyR1 Ca® release complex in the SR membrane. Deletion/mutation of this region

abolishes skeletal-type EC coupling (Grabner et al., 1999).

The beta-subunit of the DHPR plays a dual role in chaperoning the oy subunit to the
t-tubular membrane and modulating their gating. This targeting depends on a well
characterized, high affinity binding between the guanylate kinase (GK) domain of the
beta subunit and the I-II loop of the oy subunit (Chen et al., 2004). This interaction
anchors the beta subunit to the o, subunit, enabling o,- B pair-specific low-affinity
interactions involving the N-terminus, Hook region and C-terminus, which confer on
each of the four beta-subunit subfamilies its distinctive modulatory properties (He et al.,

2007).
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However, the exact role of the SH3 domain of the B subunit remains a mystery.
Furthermore, in addition to its modulatory properties, several studies suggest that the
skeletal isoform of the P, subunit (B;,) may play a direct role in skeletal type
EC-coupling. The B, subunit has an essential role in targeting the o into a precise
tetrad formation apposing alternate type 1 ryanodine receptors (Schredelseker et al.,
2005). Also. the By, subunit was shown to bind the skeletal ryanodine receptor and
deletion of its end 35 residues led to a significant reduction in depolarization induced
Ca™ release from the SR through RyR1 (Cheng et al., 2005, Beurg et al., 1999).
Therefore, the aim of this study was to investigate the molecular interactions of the By,
subunit and its SH3 domain and the 35-residue B, C terminal tail in the mechanical

coupling between the skeletal DHPR and the ryanodine receptor.

7.1 Recombinant B, subunit

Although the structure of the core domains (SH3 and GK domains) of several beta
isoforms (B2, and B3) have been elucidated, no such structural information exist for the
skeletal isoform of the beta subunit. Hence, the first step of this study was to
recombinantly express and purify the full length 3, subunit to homogeneity with a view
of elucidating its structure. However, due to the protease sensitive nature of the protein,
obtaining a yield sufficient for further structural studies was not feasible. The existing
structural data on the core region indicate that the well conserved GK and SH3 domains
contain a high degree of secondary structure whereas the Hook region, N and C-termini
show a high degree of motility. The unstructured nature of the terminal ends of the
protein would certainly predispose it to proteolytic activity. Therefore it is not
surprising that no structural information exists so far of any of the full length beta

subunit isoforms.

7.2 Interaction between B;,-SH3 domain and the o II-11I loop

The recombinant, full length By, subunit and its SH3 domain were used to probe the By,
interaction with the oy, subunit. Since SH3 domains are known to interact with
poly-proline rich motifs, and such motifs are present in the C region (minimal essential

region for skeletal type EC coupling - residues 724-760) of the o II- I loop, the
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Ca”™* release in a zebra fish model (Dayal et al., 2010). Although this could be explained
by species differences between the two tissues, the exact role of this heptad repeat in

skeletal EC coupling remains contentious.

Although the above studies including those reported in this thesis have clearly identified
the By, C-terminus as a critical element of Bia function, FRET based studies do not
support these results (Papadopoulos et al., 2004). The FRET efficiency of a CFP-YFP
tandem construct fused to the By, C terminus was minimally affected by the presence of
RyR1 and the fusion of this tag did not alter the percentage of myotubes that contracted
in response to electrical stimulation. Moreover, EC coupling persisted after the binding
of streptavidin to a biotin acceptor domain affixed to the B;, C terminus (Lorenzon et
al., 2004). These results may indicate that the B, C terminus is not essential for binding
to RyR1. However these results could also be explained by the fact that the B;, binding
site involves hydrophobic residues remote from the extreme C terminus of B, Studies
conducted by Papadopoulos er al. also show that B, expressed without oy, did not
colocalise with RyR1s, suggesting that B, cannot bind to RyR1 in the absence of o.
However this could be explained by geometrical changes in the narrow triad junction

that could occur in the absence of ots.

7.4  Role of the 3;, SH3 domain and the ;, C terminus in skeletal EC

coupling?

Recent in vivo studies in a B, null zebra fish model have shown that the B, SH3
domain is essential for skeletal type EC coupling. Specifically, the substitution of the
Bi. N, Hook and C terminus on a Musca domesticus (which does not support EC
coupling) background did not restore motility to B1a null zebra fish larvae, whereas the
addition of the SH3 domain restored motility (Grabner et al. personal communication).
Further unpublished in vivo studies in Bia null zebra fish myotubes suggest that the
B1.-SH3 domain and its C-terminus are essential for oy charge movement. Specifically,
the substitution of B;,-SH3 domain and the C terminus on a B3 background (which show
no charge movement) restored o5 charge movement (Kumar et al., 2011). However the

substitution of the B, N, Hook or the GK domain on a B3 background did not restore o
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charge movement indicating that these regions were not involved in this particular role

of the B, subunit.

This study shows that the SH3 domain of the B, subunit interacts with the critical
region of the oy 1I-I1I loop in vitro. This interaction is localised to a proline rich motif
encompassing four skeletal specific critical residues of the o II-1II loop. Of these four

skeletal specific residues, P742 and D744 are important for this interaction.

The final 35 residues of the Bj, C terminal domain binds and activates the skeletal
ryanodine receptor. A peptide corresponding to this region contains a helical region
encompassing three hydrophobic residues (L496. L500and W503) which could act as a
binding site for RyR1. Mutation of these hydrophobic residues to alanines did not
completely destabilize the helical region however it abolished the ability of this peptide

to activate the ryanodine receptor.

Therefore we propose a model where the B, SH3 domain binds to the o 1I-III loop
and clusters the DHPRs in the correct tetrad formation apposing RyR1. This skeletal
specific tetrad formation facilitates charge movement upon depolarization which is in

turn relayed through the By, C terminus to the RyR 1 (Figure 7-1).

Some studies support a model where the P, subunit binds to the o and acts as an
allosteric modifier of the critical region of the II-III loop which binds to the ryanodine
receptor and ultimately leads to skeletal type EC coupling (Schredelseker et al., 2009)
However, such a binding site for the II-1II loop in the RyR1 is yet to be identified.
Moreover such a model also does not take into account the increasing body of evidence
showing a direct interaction between the B;, C terminus and the skeletal ryanodine

receptor.

7.5 Conclusion

In conclusion, in this thesis the author has presented in vitro evidence of a possible
pathway in the physical coupling between the DHPR and the RyR1 in skeletal EC

coupling.
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Chapter 7

Figure 7-1 - Proposed model of EC coupling in skeletal muscle. The B,,- SH3 domain binds to the oy, II-11I loop and clusters them in the correct
tetrad formation apposing RyR 1. This skeletal specific tetrad formation facilitates depolarisation induced charge movement which is in turn relayed

through the B, C terminus to the RyR1.
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Appendix

Buffers and Solutions

LLB/amp per litre
10 g Tryptone
5 g Yeast extract
5 g NaCl
1 g Ampicillin

LB/amp-agar 1.5 % per litre
10 g Tryptone
5 g Yeast extract
5 g NaCl
I g Ampicillin
15 g Agar

Buffer A
50 mM sodium phosphate pH 8.0
300 mM NaCl

Lysis Buffer A
50 mM sodium phosphate pH 8.0
300 mM NaCl
5 mM Imidazole
10 % glycerol
I mM AEBSF ( protease inhibitor)

Wash Buffer A
50 mM sodium phosphate pH 8.0
300 mM NaCl
5 mM Imidazole
10 % glycerol

Elution Buffer A
50 mM sodium phosphate pH 8.0
300 mM NacCl
250 mM Imidazole
10 % glycerol

Buffer B
8 M Urea
50 mM sodium phosphate pH 8.0
300 mM NaCl
5 mM Imidazole
12 mM B. Mercaptoethanol
10 % glycerol



10.

Elution Buffer B
8 M Urea
50 mM sodium phosphate pH 8.0
300 mM NaCl
500 mM Imidazole
12 mM B. Mercapto-ethanol
10 % glycerol

Resolving Gel Buffer
25 % Tris-HCl (v:v)1.5 M Tris-HCI pH 8.8 stock
7—12 % (v:v) Acrylamide/Bis solution 30% (37.5:1)
0.05% (v:v) 10 % APS stock
0.125% (v:v) TEMED

Stacking Gel Buffer
25 % (v:v) 0.5 M Tris-HCI pH 6.8 stock
6 % (v:v) Acrylamide/Bis solution 30% (37.5:1)
0.05% (v:v) 10 % APS stock
0.125% (v:v) TEMED

. Electrophoresis Buffer

0.025 M Tris pH 8.3
0.192 M Glycine
0.1 % (v:v) SDS

Sample buffer ( SDS-reducing buffer)
0.06 M Tris-HCI pH 6.8
2 % (v:v) 10 % SDS stock
5 % (v:v) B-mercapto-ethanol
10 % ( v:v)Glycerol
0.025 % (v:v)Bromophenol blue

. De-staining solution

30% (v:v) methanol
10% (v:v) acetic acid

Transfer buffer
129 mM Glycine
25 mM Tris
10 % Methanol

. Blocking buffer

150 mM NaCl
50 mM TrisHCI pH 7.5
5 % ( w:v) skimmed milk
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A.2 Chemicals and Reagents
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10.

Name

1.2-bis(o-aminophenoxy)ethane-N,N,N',N'-
tetraacetic acid (BAPTA)

SNH,CI. 99.80%

Acetic acid glacial, 99.80%

Acetone, 99.50%

Acrylamide/Bis solution 30% (37.5:1)

AEBSF (4-(2-Aminoethyll)Benzenesulfonyl
Fluoride Hydrochloride

Agar

Ammonium persulfate (APS)

Ampicillin

BCA (Bicinchoninic Acid) ™ Protein Assay Kit

Benzamadine

beta-mercaptoethanol, 99.00%

Bromophenol blue

Manufacturer

Sigma-Aldrich

Novachem

Scharlau

LabScan Asia

National Diagnostics

MP Biomedicals

Difco laboratories

WWR International

Sigma-Aldrich

Pierce

Sigma-Aldrich

BDH Chemicals

Sigma-Aldrich
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28. KCl Ajax Finechem
29. KH->PO, Mallinckrodt
30.  Mannitol Scharlau

31.  Methanol, 99.90% Ajax Finchem
32,  MgSOy BDH Chemicals
33.  Na,HPO4 Ajax Finechem
34. NaCl Merck

35.  NaH,PO, Ajax Finechem
36.  n-Decane, 99.00% Sigma-Aldrich

37.  PhastGel™ Blue R
Amersham

(Coomassie Blue Stain) Pharmacia Biotech

38. Ruthenium red Sigma-Aldrich
39. . : = Bio-Rad
Silver Stain Plus ™ Kit
Laboratories
40. Skimmed milk powder Diploma brand
41.  Sodium dodecyl sulfate (SDS) Sigma-Aldrich
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