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Abstract
Excitation-contraction (EC) coupling in skeletal muscle is an essential cellular process that
requires a physical coupling between the dihydropyridine receptor (DHPR) L-type Ca2+ channel
or CaV1.1 in the surface membrane, and the ryanodine receptor (RyR1) Ca2+ release channel in
the sarcoplasmic reticulum (SR) membrane. However, the exact nature of the molecular
interaction between the dihydropyridine receptor and the ryanodine receptor in skeletal muscle
remains unclear. Recently, the adaptor protein STAC3 has been identified as another essential
component of the skeletal EC coupling machinery. STAC3 coprecipitates with both the CaV1.1
and RyR1, thereby indicating that it is a critical part of the CaV1.1/RyR1 triadic complex that is
central to skeletal EC coupling. More importantly, deletion of STAC3 in mice results in complete
paralysis and perinatal lethality with severe musculoskeletal defects that are characteristic of
models lacking EC coupling. Additionally, in humans, a point mutation (W284S) in STAC3 is
implicated in Native American Myopathy (NAM), a congenital disease characterized by muscle
weakness and a predisposition to malignant hyperthermia.
Recent works have focused on the functional interactions between STAC3 and CaV, with two
distinct interactions having already been identified. Nonetheless, there is still little evidence of a
functional interaction between STAC3 and RyR1. More recently, however, STAC3 was found
to colocalize to the triads in the absence of CaV1.1, indicating that STAC3 could also directly
interact with RyR1 and thus, mediate a functional interaction between CaV1.1 and RyR1. This
study investigates the biophysical characteristics of STAC3 and its functional interaction with
RyR1.
Using single-channel bilayers, the tandem SH3 domains of STAC3 were found to interact with
and activate RyR1. The introduction of the NAM mutation altered the secondary structure of
STAC3SH3s and significantly reduced protein stability, with STAC3SH3s NAM failing to
activate RyR1 channel activity. More importantly, the first SH3 domain of STAC3 was found to
be critical for RyR1 activation. In addition, cross-linking experiments identified a second
interaction between STAC3 and RyR1. A PxxP motif containing sequence was identified on
RyR1, which bound to the second SH3 domain of STAC3 with micromolar affinity. Collectively,
these findings provide the first direct evidence of an interaction between STAC3 and RyR1 and
are in line with STAC3’s recently proposed role as a functional link between CaV1.1 and RyR1.

v

Moreover, these findings suggest that STAC3 could have two distinct functional interactions
with RyR1, thereby having a highly dynamic role in the skeletal EC coupling machinery.
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Commonly used Abbreviations
Å

Angstrom

AMP

Ampicillin

ATP

Adenosine triphosphate

BAPTA

1,2-bis(o-aminophenoxy)ethane-N,N,N′,N′-tetraacetic
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CD

Circular Dichroism spectroscopy

CaM

Calmodulin
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Calcium induced calcium release

CRU
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Cryo-EM
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C-terminus
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Differential scanning fluorimetry
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MS

Mass spectrometry
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NMR
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PAGE
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Ryanodine receptor

SDS

Sodium dodecyl sulphate

SR

Sarcoplasmic reticulum
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Chapter 1

1.1

Introduction

Muscle

Movement is one of the fundamental aspects of life and ranges from the movement of entire
organisms down to the movement of food in the stomach. All of these actions are accomplished
by muscle. Muscles are the most abundant tissue in organisms and are responsible for the
majority of energy consumption during cellular work in any living organisms (Hill and Olson,
2012, Solomon, 2015). Muscles are broadly divided into either striated or smooth, with striated
muscle being further sub-divided into skeletal and cardiac.

Skeletal muscle
Skeletal muscles are attached to bones via tendons and are responsible for all voluntary
movements of the body. They are multinucleated and appear striated under the microscope.
Skeletal muscles are comprised of two types of fibres; slow twitch muscle fibres and fast twitch
muscle fibres. Slow twitch fibres are responsible for long contractions (e.g. maintaining posture)
whereas fast twitch fibres are responsible for short and quick contractions (e.g. sprinting) (Rizzo,
2012, Hill and Olson, 2012).

Cardiac muscle
Cardiac muscles are found in the heart, where they form the contractile walls of the heart. Cardiac
muscles are striated, but unlike skeletal muscle, they are involuntary. Cardiac muscle cells
contract in a coordinated way, controlled by the sino-atrial (SA) node, the pacemaker cells of the
heart (Hill and Olson, 2012).
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Smooth muscle
Smooth muscles are primarily found in hollow organs such as blood vessels, urinary bladder and
organs of the digestive tract. They lack striations and are responsible for involuntary movements
within the body such as the constriction of blood vessels and digestion (Hill and Olson, 2012).

1.2 Macroscopic structure of skeletal muscle
Each skeletal muscle is an organ that is made up of numerous muscle cells known as muscle
fibres. These individual muscle fibres are wrapped in a connective sheath called the endomysium.
Within each skeletal muscle, these endomysium-wrapped muscle fibres are grouped into bundles
call fascicles. A layer of connective tissue called perimysium surrounds each fascicle. Bundles
of these fascicles are wrapped together in an outer-covering of connective tissue called the
epimysium. Muscles are attached to the bones via tendons, which are extensions of the
epimysium (Figure 1.1). Each muscle has its own supply of nerves and blood vessels, supplying
oxygen and nutrients and removing wastes (Solomon, 2015).

2

Figure 1.1

Macroscopic structure of skeletal muscle (Solomon, Introduction to Human

Anatomy and Physiology, 4th ed).
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1.3

Microscopic structure of skeletal muscle

Each muscle fibre is a rod-shaped structure, ranging from 1 to 50 mm in length and 40 to 50 μm
in diameter. They contain several oval-shaped nuclei, which are located just beneath the plasma
membrane, or sarcolemma. Muscle fibres also contain numerous mitochondria, which provide
energy for muscle contraction (Rizzo, Introduction to Anatomy and Physiology, 1st ed, Solomon,
Introduction to Human Anatomy and Physiology, 4th ed.).
Each muscle fibre is packed with numerous filaments called myofibrils, which run along the
length of the entire muscle fibre. These myofibrils are 0.2 to 2 μm in diameter and contain an
alternating series of light bands (I bands) and dark bands (A bands). The I band is divided by a
thin dark line called the Z line (or Z disc). The A band has a light area in the middle called the H
zone and each H zone is bisected vertically by a dark line known as the M line. The I and A bands
of adjacent myofibrils are aligned next to one another, giving rise to the banding pattern or
striations characteristic of skeletal and cardiac muscle. The region between two consecutive Z
lines of a myofibril is called a sarcomere (Figure 1.2). Sarcomeres are 2 to 3 μm in length and
are the contractile unit of a muscle fibre (Solomon, 2015, Sembulingam and Sembulingam,
2012).

4

Figure 1.2. Microscopic structure of skeletal muscle. Numerous myofibrils come together to
form a muscle fibre. Each myofibril contains several sarcomeres. Sarcomeres are the basic unit
of muscle contraction and are made up of overlapping actin (thin) and myosin (thick) filaments
(Peter J. Russell et al., 2016).
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Sarcomeres are made up of structures called myofilaments (or muscle filaments). There are two
types of myofilaments, actin filaments and myosin filaments. Actin filaments are thin filaments
and are primarily composed of the protein actin. Myosin filaments are thick filaments and mainly
consist of the protein myosin (Figure 1.2).
Actin filaments extend out from the Z line and run across the I band and into the A band. Actin
filaments are made up of three types of protein, actin, tropomyosin and troponin. Actin molecules
form a double helix core, which is wrapped around by tropomyosin. Troponin is made up of three
subunits; Troponin I, which binds to actin; Troponin T, which binds to tropomyosin and Troponin
C, which binds to calcium ions (Sembulingam and Sembulingam, 2012).
Myosin filaments are located in the A band and form cross bridges with the actin filaments. Each
myosin molecules is made up of a two globular head regions attached to a double-helical tail
region. Myosin head regions have an actin-binding site and an ATP binding site and are
responsible for pulling the actin filaments during muscle contraction. Some of the other proteins
present within the sarcomere include; actinin, which anchors the actin filaments to the Z line;
desmin, which anchors the Z line to the sarcolemma; nebulin, which runs alongside and interacts
with actin; titin, which connects the M line to the Z line and provides a framework for the
sarcomere; and dystrophin, which anchors the actin filaments to the transmembrane protein,
dystroglycan (Sembulingam and Sembulingam, 2012).
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1.4

Sliding-filament model of muscle contraction

Muscle contraction occurs when the actin/thin filaments slide past the myosin/thick filaments.
The thin and thick filaments only overlap at the edges of the A band in relaxed muscle fibre.
Tropomyosin is bound to the myosin-binding site on actin molecules, thereby preventing the
formation of cross-bridges. In the presence of calcium ions, troponin binds to these calcium ions,
which in turn induces a conformational change in tropomyosin. This conformational change
exposes the myosin-binding site on the actin filaments leading to muscle contraction. During
contraction, the filaments slide past one another longitudinally, thus increasing the overlap
between the two filaments and subsequently shortening the length of each sarcomere (Hill and
Olson, 2012) (Figure 1.3).

7

Figure 1.3. The sliding-filament model of muscle contraction. During rest, the two filaments
only overlap at the edges of the A band. During contraction, the filaments slide past each other,
increasing the overlap between the filaments and reducing the length of the sarcomere (Hill and
Olson, 2012).
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1.5

The Sarcotubular system

Skeletal muscles contain a network of tubules and vesicles called the sarcotubular system that
plays a critical role in muscle contraction. This is located in the sarcoplasm of the muscle fibre,
surrounding the myofibrils and is made up of two main structures, the transverse tubules (Ttubules) and the sarcoplasmic reticulum (SR) (Sembulingam and Sembulingam, 2012).
T-tubules are invaginations of the sarcolemma that extend across the entire muscle fibre. They
are responsible for the propagation of action potential from the sarcolemma to the interiors of the
fibre. As the action potential spreads along the sarcolemma following stimulus, it rapidly passes
thorough the T-tubules, which are extensions of the sarcolemma, and into the myofibrils
containing the contractile elements (Sembulingam and Sembulingam, 2012).
The SR is a series of closed tubular structures that run longitudinally along each myofibril. SR’s
are similar to endoplasmic reticulum (ER) of other cells, but act as large calcium stores in skeletal
muscle, regulating intracellular calcium concentrations. SR’s dilate at regular intervals, along the
length of the myofibrils, to form sacs called terminal cisternae. Once the action potential reaches
the SR, calcium ions get released into the sarcoplasm thereby initiating the process of muscle
contraction(Sembulingam and Sembulingam, 2012).
Thus, the release of calcium ions from the SR is controlled by the action potential, ensuring the
simultaneous release of calcium ions throughout the entire muscle fibre. Hence, for skeletal
muscles to contract in a quick and coordinated manner, the signal from the sarcolemma (i.e. the
action potential) needs to be rapidly transmitted across the T-tubules and into the SR. Given that
myofibres range from 50-100 μm in diameter and several millimetres to centimetres in length,
this spatial limitation is overcome via the formation of triads. Triads are highly specialized
structures, which bring the T-Tubules into close contact with the SR, and in doing so, connect
the sarcolemma with the calcium stores. In skeletal muscles, each T-tubule is flanked by terminal
cisternae on either side and this structure is known as the triad. Triads are located at the junction
between the A and I bands (Figure 1.4) (Al-Qusairi and Laporte, 2011, Sembulingam and
Sembulingam, 2012). Depending on the number of elements and membrane architecture, these
junctions can either be triads, dyads or peripheral couplings. Triads are composed of three
elements, one T-tubule flanked by terminal cisternae on either side. In contrast, dyads and
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peripheral couplings are composed of two elements, one T-tubule and one junctional SR (Protasi,
2002).
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Figure 1.4. The sarcotubular system of skeletal muscle. Right: T-tubules and SR are organised into highly specialised
structures called triads. Left: Electron micrograph of a triad junction showing a central T-tubule being flanked by terminal
cisternae on either side (Marieb and Hoehn, 2007).
.

1.6

Triad junction

The triad junction between the SR and T-tubules is an essential structural component required
for the transduction of electrical signal into the release of calcium from the SR. At this junction,
a central T-tubule element is flanked on either side by the terminal cisternae of the SR, having a
membrane junctional gap of around 15 nm. This junctional gap is recurrently bridged by electrondense structures appearing as “feet”, which correspond to the ryanodine receptors (RyRs), a large
homotetrameric calcium release channel that is located on the junctional membrane of the SR
(Figure 1.5) (Flucher, 1992, Al-Qusairi and Laporte, 2011). On the other hand, the T-tubule
membranes contain another class of calcium channels known as CaV channels (voltage-gated
calcium channels) or the 1,4-dihydropyridine receptor (DHPR) and the interplay between these
two distinct calcium channels is critical for the depolarization-induced calcium release from the
SR in skeletal muscle (Flucher, 1992, Flucher et al., 2000).
At the triadic junctions, the DHPR comes into close contact with the RyR, forming co-localized
clusters that bridge the junctional gap (Grabner and Dayal, 2010). The DHPRs are arranged into
groups of four particles called tetrads, and these tetrads are distributed in a pattern corresponding
to the four subunits of RyR; four DHPR particles (tetrad) per RyR molecule (one for each RyR
subunit). RyRs are arranged into well-ordered orthogonal arrays, with a tetrad associated with
every other RyR molecule. As a result, these tetrads are also arranged into orthogonal arrays
consistent with that of RyRs (Figure 1.6) (Flucher et al., 2000, Grabner and Dayal, 2010, Paolini
et al., 2004, Dayala et al., 2010). RyRs are able to form well-ordered arrays even when expressed
in non-muscle cells, suggesting that it is an inherent characteristic of RyRs. In cardiac muscles,
DHPRs are also clustered in close proximity to RyR arrays. However, DHPRs do not form tetrads
in cardiac muscles and are randomly clustered along the junctional domains (Figure 1.7) (Protasi,
2002)

The junctional domains of the SR and the adjacent plasma membrane/T-tubules are collectively
called calcium release units (CRUs). At these CRUs, the depolarization of the plasma membrane
is transduced into the release of calcium ions from the SR via a process known as excitationcontraction (EC) coupling. Both the RyR and DHPR functionally act as CRUs; the DHPR
functions as the voltage sensor and the RyR functions as the SR calcium release channel. The
direct interaction between the RyR and DHPR converts the plasma membrane depolarization into
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the intracellular release of calcium that is required for muscle contraction (Franzini-Armstrong
et al., 1999, Protasi, 2002).
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Figure 1.5. Electron micrograph across the thin
section of a triad junction in toadfish swim bladder
muscle, showing the central t-tubule being flanked by
the terminal cisternae of the SR on either side. The
arrows point to electron-dense structures called
junctional “feet”, which bridge the junctional gap
(Franzini-Armstrong and Nunzi, 1983) .
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Figure 1.6. RyR-DHPR arrays in skeletal muscle. Left: DHPRs are clustered in skeletal
muscle myocytes to form tetrads. Right: RyRs (blue) are organised into ordered arrays, with
every alternate RyR having an association with a DHPR tetrad (purple) (Protasi, 2002).
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Figure 1.7. RyR-DHPR arrays in cardiac muscle. Left: In cardiac muscle, DHPRs do not form
tetrads but are randomly clustered along the junctional domains. Right: RyRs (green) are also
organised into ordered arrays in cardiac muscle, with the random association of DHPR particles
(yellow) (Protasi, 2002).

16

1.7

Excitation-Contraction Coupling

1.7.1 Overview
Excitation-contration (EC) coupling is the process that links the electrical excitation in the
sarcolemma to the intracellular release of Ca2+ in muscles, which in turn activates muscle
contraction. This entire process is dependent on the close functional interaction between the
ryanodine receptor in the SR and the voltage-gated L-type Ca2+ channel, 1,4- dihydropyridine
receptor (DHPR), in the sarcolemma (Grabner and Dayal, 2010).
The process begins with the arrival of an action potential at the neuromuscular junction, which
triggers the release of the neurotransmitter acetylcholine (ACh). The acetylcholine then moves
across the synapse, resulting in an action potential in the muscle sarcolemma (Peter J. Russell et
al., 2016). The action potential rapidly propagates along the sarcolemma and into the T-tubular
network, thus allowing the action potential to reach the interiors of the muscle fibres. The
depolarization is then detected by the dihydropyridine receptor located at the triad junctions,
which in turn activates the opening of the ryanodine receptor situated in the adjacent SR
membranes. This leads to the rapid release of Ca2+ ions from the SR into the cytosol where it
binds to troponin, leading to muscle contraction (Figure 1.8) (Calderon et al., 2014, Lamb, 2000).

1.7.2 Mechanisms of EC coupling

The interaction between the DHPR in the surface membrane and the RyR in the SR membrane
is central to the process of EC coupling in both skeletal and cardiac muscle. The DHPR, which
is a voltage-activated L-type Ca2+ channel, detects the depolarization as it spreads through the Ttubules and thus acts as “voltage-sensors” in EC coupling. The RyR, which is a ligand-gated Ca2+
release channel, receives the signal from the DHPR that results in the release of Ca2+ from the
SR (Dulhunty et al., 2002). However, the molecular mechanism of EC coupling significantly
differs between skeletal and cardiac muscles. In cardiac muscles, the DHPR opens during an
action potential, allowing the influx of extracellular Ca2+ into the cytosol. The Ca2+ then binds to
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and triggers the opening of the RyR, causing additional Ca2+ to flow out from the SR. Thus, in
cardiac muscles, EC coupling is dependent on extracellular Ca2+ and this is known as calcium
induced calcium release (CICR) (Fabiato, 1983).

1.7.3 Skeletal EC Coupling

In contrast to cardiac muscle, EC coupling in skeletal muscle requires a direct molecular
interaction between the DHPR and the RyR (Figure 1.9). This was first established in the 1970s,
when studies showed that skeletal muscles were able to contract in the absence of extracellular
Ca2+, indicating a process that is not dependent on the influx of Ca2+(Armstrong et al., 1972).
Later, Schneider and Chandler (1973) discovered the movement of charged groups during
depolarization that reflected a physical movement of a voltage-sensing molecule in the T-tubule
membrane and this was identified as a critical step in EC coupling. Further studies identified
these voltage-sensing molecules in the T-tubules as L-type Ca2+ channel Cav1.1 or DHPR, which
transmits a signal to the SR leading to RyR activation (Brum and Rios, 1987, Tanabe et al., 1988).
The organization of DHPRs into tetrads and the specific positioning of these tetrads relative to
the RyR is a critical feature of skeletal EC coupling (Section 1.6). Due to the association of
tetrads with every second RyR, it has been suggested that the uncoupled RyRs are activated either
via the release of Ca2+ from adjacent DHPR-coupled RyRs or the direct transmission of signal
from DHPR-coupled RyRs within the array (Grabner and Dayal, 2010). In addition to the signal
that is transmitted from the DHPR to the RyR during skeletal EC coupling (orthograde
signalling), studies have also established a retrograde signalling, where a signal is transmitted
from the RyR to DHPR. Nakai et al. (1996) found L-type Ca2+ currents to be reduced in cells
lacking RyR. Expression of RyR in these cells restored normal L-type Ca2+ currents. This led to
the hypothesis that skeletal EC coupling involves a bidirectional signalling, where in addition to
the orthograde signal (DHPR to RyR), a retrograde signal is also required for normal DHPR
function. However, the exact nature of the molecular interaction between the dihydropyridine
receptor and the ryanodine receptor in skeletal muscle remains unclear.

18

Figure 1.8. Overview of the major components involved in EC coupling (Silverthorn, 2013)
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Figure 1.9. Mechanism of EC coupling. A) EC coupling in skeletal muscle involves a direct
molecular interaction between the DHPR and the RyR. B) EC coupling in cardiac muscle is
dependent on extracellular Ca2+ (CICR) (adapted from (Kochegarov, 2003)
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1.8

Ryanodine receptor Ca2+ release channel (RyR)

1.8.1 Overview

RyRs were first visualized as electron-dense structures spanning the junctional gap between the
SR and the T-tubules. Later purification studies confirmed these structures to be RyRs, the main
Ca2+ release channels of the SR, so named due to their ability to bind to the plant alkaloid,
ryanodine. Ryanodine binds to these receptors with high affinity, opening the channel at low
concentrations and inhibiting the channel at high concentrations. RyRs share several structural
features with another class of Ca2+ release channels known as inositol 1,4,5- trisphosphate
receptors (IP3Rs), which are predominantly expressed in the ER membrane. RyRs have a high
conductance for monovalent and divalent ions and are regulated by several molecules including
Ca2+, Mg2+, ATP and protein kinases (Meissner, 2017).
There are three known isoforms of RyR present in mammalian tissue, RyR1, RyR2 and RyR3.
RyR1 was first identified and isolated from skeletal muscle (Takeshima et al., 1989, Zorzato et
al., 1990), whereas RyR2 and RyR3 were identified and isolated from cardiac muscle (Nakai et
al., 1990, Otsu et al., 1990) and brain (Hakamata et al., 1992), respectively. Although RyRs are
expressed across a variety of cell types, they are primarily known for their role in EC coupling
(Lanner et al., 2010). RyR1 is predominantly expressed in skeletal muscles whereas RyR2 is
found mainly in cardiac muscles. However, both these isoforms are also expressed in the brain
and various other tissues at low levels. RyR3 is expressed in the brain, with low level expression
found in skeletal and cardiac muscles. The three RyR isoforms share around 65 % sequence
similarity, with three regions of diversity; D1 between residues 4254 and 4631 in RyR1 and 4210
and 4562 in RyR2, D2 between residues 1342 and 1403 in RyR1 and 1353 and 1397 in RyR2,
and D3 between residues 1872 and 1923 in RyR1 and 1852 and 1890 in RyR2 (Lanner et al.,
2010). Region D2 is critical for skeletal type EC coupling whereas mutations in D1 lead to altered
Ca2+ sensitivity in RyR1 (Perez et al., 2003, Du et al., 2000).
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1.8.2 RyR in human diseases

The RyR is an essential component of the EC coupling machinery and consequently, mutations
in either RyR1 or RyR2 have been implicated in several human diseases. Over 150 different
point mutations in RyR1 have been linked to malignant hyperthermia (MH), an autosomal
dominant disorder characterised by a rise in body temeprature, hypoxia and tachycardia. During
an episode, excessive Ca2+ leak from the SR leads to a hypermetabolic state during which, ATP
stores are depleted, resulting in acidosis. Currently, the only available treatment for MH is the
drug, dantrolene, which decreases intracellular Ca2+ concentrations (Krause et al., 2004, PaulPletzer et al., 2002, Zhao et al., 2001). In addition to MH, mutations in the pore-forming domain
of RyR1 can also lead to central core disease (CCD), which is characterized by progressive
muscle weakness and the development of “cores” or metabolically inactive tissue within the
muscle fibres (Zhang et al., 1993, Quane et al., 1993).
In contrast, mutations in RyR2 are often linked to disorders involving cardiac arrhythmias. One
such disorder is Catecholaminergic polymorphic ventricular tachycardia or CPVT, which is
induced by stress and can lead to cardiac death (Priori et al., 2001). RyR2 mutations have also
been associated with arrhythmogenic right ventricular dysplasia, an autosomal dominant disease
where the right ventricular muscle is slowly replaced with fibrofatty deposits (Muthappan and
Calkins, 2008).
More than 500 disease-causing mutations have now been identified in RyR1 and RyR2. A
majority of these mutations are clustered around three distinct disease “hot spots”: the N-terminal
region (amino acids 1-600), the central region (amino acids 2100-2500) and the C-terminal
region (amino acid 3900 onwards). The C-terminal region encodes the transmembrane domain
and as a result, mutations in this region could disrupt Ca2+ flux. Furthermore, several CCD
causing mutations have been found in the C-terminal region. Recently, however, an increasing
number of RyR1 mutations are being discovered outside these “hot spot” regions (Van Petegem,
2015). Most of these disease mutations are classified as gain of function, usually resulting in
prolonged Ca2+ release from the SR. Moreover, these mutations have been found to increase the
sensitivity of the channels towards luminal and cytoplasmic activation mechanisms (Jiang et al.,
2005, Jiang et al., 2004, Van Petegem, 2012).
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1.8.3 RyR1 structure

RyRs are the largest known ion channels, having a molecular mass greater than 2 MDa. RyRs
are composed of four identical subunits, with each subunit containing ~ 5000 amino acids and
having a predicted molecular mass of ~ 560 kDa (Inui et al., 1987, Lai et al., 1988) . Overall, the
three RyR isoforms share a high degree of structural similarity (~65%), with the differences being
linked to the specialised role of each isoform (Lanner et al., 2010).
Due to their large size, structural elucidation of RyRs via conventional techniques such as X-ray
crystallography have been challenging. However, recent advancements in the field of cryoelectron microscopy (cryo-EM) have provided a more detailed insight into the 3D structure of
intact RyRs. Initial cryo-EM studies revealed a distinctive mushroom shape, having a large
cytoplasmic region and a smaller transmembrane region. The cytoplasmic region has an overall
dimension of 275 x 275 x 120 Å and corresponds to the bulk of the RyR structure (~80%). This
region is often sub-divided into three sections, known as “clamps”, “ handles” and “central rim”
(Figure 1.10). Interestingly, the cytoplasmic region contains several solvent channels, which
increases the surface area, thus enabling smaller molecules to bind.

In comparison, the

transmembrane region measures 120 x 120 x 60 Å (Yan et al., 2015, Zalk et al., 2015, Samso,
2017).
Each RyR subunit consists of several domains that have the ability to fold independently (Figure
1.11). The C-terminal region encodes the pore-forming domain that is required for the
conductance of Ca2+ and other ions. This region also contains a transmembrane domain that is
similar to the voltage-sensing domains (VSDs) found in other voltage-gated channels (Yuchi and
Van Petegem, 2016). The N-terminal region includes two β-trefoil domains, an armadillo repeat
domain and three SPRY domains, with the SPRY1 forming part of the FKBP12 binding site
(Yuchi and Van Petegem, 2016).
More recently, near atomic 3D structures of RyR1 at overall resolutions of 4.8Å and 3.8Å, have
significantly improved existing structural models (Zalk et al., 2015, Yan et al., 2015) (Figure
1.12). The cytosolic region is mainly comprised of α-helical regions and it forms most of the”
handle” and part of the “clamp” section, while the two β-trefoil domains form the “central rim”
section. The three SPRY domains are organised into a 3-domain cluster in the “clamp” region.

23

The transmembrane (TM) regions have the greatest electron density, showing 6 TM helices per
RyR1 subunit, with helices S1-S4 forming the VSD-like domain and helices S5-S6 forming the
pore. Allosteric coupling between VSDs and pore opening in voltage-gated channels requires a
linker helix connecting S4 and S5. Higher resolution structures have shown that this linker is also
present in RyRs, thus suggesting a conserved coupling mechanism (Yuchi and Van Petegem,
2016).

24

Figure 1.10. Cryo-EM reconstruction of RyR1 at 9.6 Å resolution. A) Top view, showing the
three structural elements. B) Side view (Yuchi and Van Petegem, 2016).
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Figure 1.11. Schematic representation of the domain arrangement in RyR1. Linear view of
RyR1 sequence, highlighting the individual domains and their known fold. DR1-DR3
corresponds to the three divergent regions. Vertical black lines indicate the position of suspected
disease causing mutations within the RyR1 sequence (Van Petegem, 2015).
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Figure 1.12. Cryo-EM map of RyR1 at an overall resolution of 3.8 Å. The cytosolic region
is mainly comprised of α-helical regions and forms most of the ”handle” and part of the “clamp”
section. The SPRY domains are part of the “clamp” section, with SPRY1 shown here in green.
The N-terminal region that includes two β-trefoil domains and an armadillo repeat domain is
shown in blue. The C-terminal domain is shown in light green. The transmembrane region (red)
has the highest electron density, showing 6 helices per RyR subunit. The pore forming helix is
coloured in pink (PDB code 5TAW).
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1.8.4 Regulators of RyR

RyRs are part of a large macromolecular complex that regulates the release of Ca2+from the SR
during EC coupling. Thus, the regulation and function of RyRs are determined by interactions
within this complex. At the triads, RyRs and DHPRs are positioned along the junctional gap that
separates the SR and the T-tubule, thus allowing bidirectional structural and functional coupling
to occur. RyR1 primarily interacts with DHPR/ CaV1.1 and this physical interaction is essential
for skeletal EC coupling and Ca2+ release. In contrast, Ca2+ release in cardiac muscle depends on
spatial proximity between RyR2 and CaV1.2. Instead of a direct physical interaction, cardiac EC
coupling is dependent on extracellular Ca2+ and this is known as calcium induced calcium release
(Lanner et al., 2010).
In addition to CaV, several accessory proteins and molecules also interact with RyRs and tightly
regulate their function. These regulators can interact with both the cytoplasmic and luminal
regions of the channel, allosterically regulating channel gating. Although RyRs share ~ 70%
sequence homology, these regulators have effects that are isoform specific (Van Petegem, 2012,
Lanner et al., 2010).

Accessory proteins
FKBPs are one of the most well-known binding partners of RyRs and they belong to a family of
highly conserved proteins, which are ubiquitously expressed and bind to immunosuppressants
such as FK506 and rapamycin (Lanner et al., 2010). FKBP12 and FKBP12.6 have a molecular
weight of 12 kDa and 12.6 kDa respectively, and can interact with all three isoforms of RyR with
high affinity. Initial studies demonstrated that FKBP12.6 binds to RyR2 (Lam et al., 1995). More
recently, however, studies have shown that both the FKBP isoforms bind to RyR1 and RyR2,
with each RyR homotetramer binding to four molecules of FKBP (Jeyakumar et al., 2001, Van
Petegem, 2012). Studies have demonstrated that removal of FKBP results in a greater RyR open
probability and longer mean open times (Ahern et al., 1997, Marx et al., 1998).
Another well studied binding partner of RyRs is the Ca2+ binding protein, calmodulin (CaM).
CaM directly binds to and regulates RyRs, in both the Ca2+- free (apoCaM) and Ca2+-bound
(CaCaM) states. ApoCaM partially activates RyR1 activity whereas CaCaM inhibits RyR1
28

activity (Yamaguchi et al., 2005, Rodney et al., 2000). In addition, RyR also associates with two
anchoring proteins, triadin and junctin, on the luminal side of the SR. Triadin and junctin also
binds to calsequestrin (CSQ), a major Ca2+ buffering protein in the lumen of the SR. Together,
this complex regulates RyR channel activity in a manner dependent on the CSQ isoform (Beard
et al., 2009).

Ca2+, Mg2+ and ATP
Ca2+, Mg2+ and ATP are key regulators of RyR channel activity, with Ca2+ regulating RyRs both
in the cytoplasm and SR lumen, while Mg2+ and ATP modulates RyRs in the cytoplasm (Lanner
et al., 2010). Single channel recordings have demonstrated that cytosolic Ca2+ concentrations of
~1 µM activates RyR1 channels while Ca2+ concentration in the high nanomolar to low
micromolar range activates RyR2 channel activity. Ca2+ concentration of ~1 mM strongly
inhibits RyR1 channel activity, whereas Ca2+ dependent inactivation in RyR2 requires a much
greater Ca2+ concentration. Interestingly, the extent of Ca2+ dependent activation is much higher
in RyR2 and RyR3 (Meissner, 1994, Meissner et al., 1997, Zalk et al., 2007).
Unlike Ca2+, cytosolic Mg2+ is a potent inhibitor of RyR channels under resting conditions.
However, a decrease in intracellular Mg2+ results in the spontaneous release of Ca2+ from the SR.
Thus, the inhibitory effect of Mg2+ needs to be bypassed in order for Ca2+ release to occur during
EC coupling (Lamb, 2000). Mg2+ inhibits RyR activity via two mechanisms; by directly
competing with Ca2+ activation sites or by binding to lower-affinity inhibition sites, which binds
to both Ca2+ and Mg2+. Regulation by Mg2+reduces the sensitivity of RyR channels towards Ca2+.
Moreover, fluctuations in intracellular Mg2+ concentration due to hormonal regulation can
directly influence RyR Ca2+ release (Laver et al., 1997, Zalk et al., 2007).
Adenine nucleotides such as ATP, ADP, AMP, cAMP and adenine are all activators of RyR
channel activity, with ATP being the most effective (Meissner, 1984). Studies have demonstrated
that in the absence of Ca2+, ATP can activate RyR1 channel activity but intercellular Ca2+ is
required for maximal channel activation (Meissner, 1984, Meissner et al., 1986). Conversely, for
cardiac muscle, ATP does not activate RyR2 in the absence of Ca2+. Instead, the Ca2+ induced
activation of RyR2 is enhanced in the presence of ATP (Kermode et al., 1998).
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1.9

The dihydropyridine receptor (DHPR)

1.9.1 Overview

The dihydropyridine receptor is a L-type (long-lasting) voltage-gated Ca2+ channel that plays a
central role in excitation-contraction coupling by acting as a voltage sensor. Voltage-gated Ca2+
channels or CaV channels are a family of highly conserved ion channels that share a high
structural homology with voltage-gated Na+ and K+ channels (Tyson and Snutch, 2013). CaV
channels are activated in response to membrane depolarization and mediate the entry of Ca2+,
thereby regulating important Ca2+-dependent signalling processes including muscle contraction,
neurotransmitter release, gene expression and hormone secretion (Van Petegem and Minor,
2006).
The skeletal L-type 1,4-dihydropyridine receptor was the first CaV channel to be purified and
was shown to consist of five subunits: α1, α2, β, δ and γ subunits, arranged in a 1:1:1:1:1
stoichiometric ratio (Figure 1.13) (Takahashi et al., 1987, Tanabe et al., 1987). Unlike other
members of the CaV family, expression of CaV1.1 is restricted to the skeletal muscle and it is the
only CaV channel to be expressed in differentiated fibres (Bannister and Beam, 2013). More
importantly, the direct mechanical coupling between RyR1 and CaV1.1 allows RyR1 to influence
skeletal L-type channel function. The α1 is the main pore-forming subunit of DHPR and binds to
the Ca2+ channel blockers 1,4-dihydropyridines (DHPs). The α1 subunit co-assembles with the
extracellular α2δ subunit complex, the intracellular β subunit and the transmembrane γ subunit
and together, these auxiliary subunits regulate the trafficking, activation/inactivation kinetics and
gating properties of the α1 subunit (Samso, 2015, Buraei and Yang, 2010).
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Figure 1.13. CaV channel subunit composition. The α1 subunit is the main pore-forming
subunit of CaV channels and is regulated by the auxiliary subunits, β, γ and the α2δ subunit
complex (Buraei and Yang, 2010).
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1.9.2 Voltage-gated Ca2+ channel family

In mammals, there are ten known CaV isoforms and they are sub-divided into three families,
CaV1, CaV2 and CaV3, depending on the α1 subunit (Table 1.1) (Catterall, 2011). CaV1 channels
(CaV1.1-1.4) mediate L-type Ca2+ currents via the α1 subunit and play a central role in EC
coupling in skeletal, cardiac and smooth muscle. CaV1 channels are known as L- type Ca2+
channels due to their “long-lasting” currents during depolarization (Carbone and Lux, 1984). Ltype Ca2+ channels are sensitive to DHP family of drugs, which include channel blockers such as
nifedipine, nisoldipine and isradipine and channel activators such as Bay K 8644 (Tyson and
Snutch, 2013). CaV1.1 channels are specifically expressed in the T-tubules of skeletal muscle
where they directly interact with the ryanodine receptor type 1 (RyR1) on the sarcoplasmic
reticulum (SR), triggering Ca2+ release and muscle contraction. Both CaV1.2 and CaV1.3 are
expressed in cardiac, neuronal and endocrine cells, whereas CaV1.4 is predominantly expressed
in the retina and is required for normal visual function (Zamponi et al., 2015).
The CaV2 channel (CaV2.1-2.3) subfamily share 40% sequence identity with the CaV1 α1 subunit.
Expressed in neuronal tissue, CaV2 channels were initially termed N-type (neuronal) Ca2+
channels (Nowycky et al., 1985). Subsequently, they were further classified into subtypes
depending on their sensitivity towards peptide toxins derived from cone snails and spiders.
Calcium channels sensitive to cone snail ω-conotoxin GVIA were classified as N- type channels,
while calcium channels sensitive to funnel web spider ω-Agatoxin IVA were renamed P/Q-type
channels (Olivera et al., 1985, Lundy et al., 1991, Mintz et al., 1992). P-type Ca2+ currents were
discovered in Purkinje neurons of the cerebellum, whereas Q-type Ca2+ currents were discovered
in the cerebellar granule neurons. Ca2+ channels resistant to these toxins were named R-type
channels (resistant/residual) (Llinas et al., 1989, Randall and Tsien, 1995). CaV2.1 channels
conduct neuronal P-type and Q-type Ca2+ currents, while CaV channels 2.2 and 2.3 conduct Ntype and R-type Ca2+ currents, respectively (Mori et al., 1991, Williams et al., 1992, Soong et al.,
1993). CaV2 channels are targeted to the presynaptic nerve terminals and are primarily involved
in synaptic transmission. CaV2 channels open in response to an action potential, allowing the
influx of Ca2+, which in turn results in synaptic vesicle fusion and the subsequent release of
neurotransmitters into the synaptic cleft (Wheeler et al., 1994, Westenbroek et al., 1992).
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The CaV3 channel subfamily is the most structurally diverse of all the CaV isoforms, sharing less
than 25% sequence identity with other known homologs. This subfamily of Ca2+ channels
mediate T-type Ca2+ currents (tiny/ transient) and are predominantly found in tissues that require
repetitive firing (Perez-Reyes et al., 1998, Catterall et al., 2005). T-type Ca2+ currents are
activated at lower negative potentials and have a smaller single channel conductance amplitude
and faster voltage-dependent inactivation, making them ideal for the “rhythmic firing” of action
potentials (Nowycky et al., 1985, Catterall, 2011). CaV3.1 channels regulate the pacemaker
current in the sino-atrial node of the heart (Mangoni et al., 2006). Similarly, CaV3 channels
expressed in the relay neurons of the thalamus generate periodic “bursts” of action potential that
is required for regulating sleep states (Lee et al., 2004).

1.9.3 CaV1.1 architecture

Initially, freeze fracture studies were used to visualise DHPR within muscle tissue. The freeze
fracture technique involves fracturing the tissue across a weaker membrane plane, thereby
exposing regions of membrane proteins, which are then imaged on a transmission electron
microscope (TEM) (Block et al., 1988). However, the application of this technique in structural
determination was restricted due to its resolution limit of 50 Å (Samso, 2015).
The difficulties associated with isolating and purifying DHPR with all its subunits intact have
made structural determination a challenge. However, significant advancements in the field of
cryo-EM have provided an insight into the 3D structure of skeletal DHPR. Initial cyro-EM
studies of DHPR at a resolution of 30 Å revealed an asymmetrical structure measuring 115 Å x
130 Å x 120 Å and consisting of a heart-shaped region and a handle-shaped region (Figure 1.14)
(Serysheva et al., 2002). In this model, the heart-shaped region corresponds to the pore-forming
α1 subunit in association with the γ and β subunits, whereas the handle-shaped region corresponds
to the α2δ subunit complex. However, due to the low resolution, individual subunit boundaries
remained undefined. (Serysheva et al., 2002). Subsequently, the combined use of negative
staining and cryo-EM enabled the 3D reconstruction of DHPR to be resolved to 19 Å, allowing
the α1 and β1a subunits to be identified for the first time (Szpyt et al., 2012). More recently, near
atomic 3D structures of rabbit CaV1.1 at overall resolutions of 4.2Å and 3.6Å, have provided
detailed insights into the architecture of L-type Ca2+ channels (Figure 1.15) (Wu et al., 2015,
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Wu et al., 2016). These higher resolution structures have enabled the identification of intersubunit interfaces within the CaV1.1 complex, thereby providing molecular insights into the
regulation of α1 by the auxiliary subunits.

34

α1 subunit

Ca2+ current

Specific

type

inhibitors

Tissue location

CaV1.1

L

DHPs

Skeletal

CaV1.2

L

DHPs

Cardiac, smooth muscle
endocrine cells,
neurons

CaV1.3

L

DHPs

Endocrine cells, neurons

CaV1.4

L

DHPs

Retina

CaV2.1

P/Q

ω-Agatoxin IVA

Neuronal

CaV2.2

N

ω-conotoxin GVIA

Neuronal

CaV2.3

R

SNX-482

Neuronal

CaV3.1

T

-

Neuronal, cardiac

CaV3.2

T

-

Neuronal, cardiac

CaV3.3

T

-

Neuronal

Table1.1. Voltage-gated Ca2+ channel types and their properties.
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Figure 1.14. Cryo-EM reconstruction of DHPR at 30 Å. The 3D structure of DHPR is shown
in five different views. The front view (centre) shows the heart-shaped region. The views on
the left and right are obtained by rotating the front view around the vertical axis by 90° and
180°, respectively. The views on the top and bottom are obtained by rotating the front view
along the horizontal axis by 90°. The heart-shaped region contains the pore-forming α1 subunit
and the auxiliary γ and β subunits, while the handle-shaped region corresponds the α2δ subunit
complex (Serysheva et al., 2002).

36

Figure 1.15. Cryo-EM structure of the rabbit CaV1.1 complex at 4.2 Å. The different CaV1.1
subunits are colour-coded on the electron density map (left) and structure (right). The principal
pore-forming α1 subunit is shown in light blue, the α2δ subunit complex is shown in grey, the
transmembrane γ subunit is shown in yellow and the intracellular β subunit is shown in green.
The overall structure is 170 Å in height and 100 Å in width.(Wu et al., 2015).
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1.9.4 The α1 subunit

The α1 is the principal subunit of voltage-gated Ca2+channels that forms the voltage-sensing and
pore-forming components. It is a transmembrane subunit containing ~2000 amino acids and has
a predicted molecular weight of ~176kDa (Zamponi et al., 2015) The α1 subunit is organised
into four homologous repeats (I-IV), with each repeat containing six transmembrane segments
(S1-S6) and a pore-forming loop (P-loop) between segments S5 and S6. This repeat architecture
is shared amongst other members of the CaV family. The first four segments (S1-S4) form the
voltage-sensing domain (VSDs) while segments S5 and S6 from each repeat combine to form
the Ca2+ selective pore (Van Petegem and Minor, 2006). The α1 subunit also consists of Nterminal and C- terminal cytoplasmic domains as well as three cytoplasmic loops, which
connect the repeats (1-II, II-III and III-IV loops) (Figure 1.16). These cytoplasmic regions
interact with other proteins and play an important role in the targeting and regulation of CaV1.1
(Bannister, 2007).
Each of the four repeats is comprised of six α helices, with the fourth helix (segment S4)
containing a distinctive motif, rich in positively charged residues, corresponding to the voltagesensing element (Bannister and Beam, 2013). The four VSDs share similar but non-identical
structural characteristics. Unlike the NaVAb and NaVRh (bacterial NaV channel homologs)
channels where segment S3 is unfolded on the extracellular side, segment S3 in CaV1.1 forms
a transmembrane helix (Wu et al., 2016). The four P-loops connecting segments S5 and S6 form
the ion selectivity filter (SF) that is essential for the conductance of Ca2+ (Buraei and Yang,
2010). In addition, the loops between segments S5 and S6 also function as the docking site for
the α2 subunit (Wu et al., 2015). Although the primary sequence of the SF differs from NaVRh
and CaVAb (NaV variant that is selective for Ca2+), the SF backbone configurations are identical
in these channels. The entrance of the SF vestibule is enriched with polar and negatively
charged residues, which either binds to Ca2+ or provide the electronegativity required for the
conduction of cations (Wu et al., 2015).

The I-II loop (residues 334-432) anchors the β1a subunit via the alpha-interacting domain (AID)
region (residues 357-374) and this interaction is required for the membrane trafficking and
tetrad arrangement of CaV1.1 within the triad junctions (Pragnell et al., 1994, Opatowsky et al.,
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2004, Gregg et al., 1996, Strube et al., 1996). The II-III loop (residues 671-790) is intrinsically
disordered and plays a critical role in skeletal EC coupling (Casarotto et al., 2006, Cui et al.,
2009, Tanabe et al., 1990). Lipid bilayer studies showed that the II-III loop activated purified
RyR1, suggesting a direct interaction (Lu et al., 1994). Subsequent studies demonstrated that
residues 720-765 within the II-III loop were required for depolarization-induced Ca2+
(orthograde coupling) (Nakai et al., 1998b). Similarly, this region was also required for the
RyR1 induced potentiation of L-type Ca2+ current (retrograde coupling) (Nakai et al., 1996,
Nakai et al., 1998a, Avila and Dirksen, 2000). Retrograde coupling was absent in constructs
where the skeletal II-III loop was replaced by the corresponding cardiac sequence. However,
introduction of skeletal residues 720-765 into the cardiac II-III loop restored retrograde
coupling (Grabner et al., 1999). The precise role of the III-IV loop (residues 1066-1117) is yet
to be fully characterized. Studies have shown that it is not directly involved in interactions with
RyR1 but plays an important role in regulating CaV1.1 current (Bannister et al., 2008).
However, two mutations associated with malignant hyperthermia have been identified in this
region (R1086H and 1086C), thereby highlighting its importance in skeletal EC coupling
(Monnier et al., 1997).
The carboxyl-terminus of the α1 subunit contains a PDZ domain (residues 1543-1647) that plays
an important role in the surface expression and targeting of the α1 subunit to the triad junction
(Proenza et al., 2000, Flucher et al., 2000). However, the incorporation of this region, along
with the critical region of the II-III loop, into a T-type channel background was inadequate for
targeting the chimera to the triad junction (Wilkens and Beam, 2003). Peptides corresponding
to segments of the C-terminus have been found to directly bind to RyR1 as well as inhibit the
binding of [3H] ryanodine to RyR1 (Sencer et al., 2001, Slavik et al., 1997). In addition, the Cterminus the α1 subunit also interacts with various signalling and scaffolding proteins. For
example, the Ca2+ binding protein, calmodulin (CaM), interacts with the IQ domain of the Cterminus and this interaction enhances the trafficking of CaV1.1 to the surface membrane (Niu
et al., 2018b). In contrast, the amino-terminus of the α1 subunit (residues 1-51) does not appear
to be essential for EC coupling. Substitution of the cardiac amino-terminus into the skeletal α1
subunit had no effect on DHPR-evoked contractions and myoplasmic Ca2+ transients (Tanabe
et al., 1990, Carbonneau et al., 2005). Similarly, the deletion of amino-terminus residues 2-37
had no effect on L-type Ca2+ currents or myoplasmic Ca2+ transients (Bannister and Beam,
2005).
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Figure 1.16. Structure of the α1 subunit. A) Schematic representation of the principal α1
subunit. The α1 subunit is organised into four repeats (domains I-IV) with each repeat
containing six transmembrane α helices (segments S1-S6) and a pore-forming loop (P-loop)
between S5 and S6. The four repeats are connected by cytoplasmic loops/linkers (I-II, II-III,
III-IV loops) (Weiss and Zamponi, 2017). B) Cryo-EM assignment of the α1 subunit, with each
colour shading corresponding to a repeat. The four repeats (I-IV) are arranged clockwise when
viewed from the extracellular side (left). The C-terminal domain (CTD) is shown on the right
(side view) (Wu et al., 2015).
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1.9.5 The β1a subunit

The β subunit (CaVβ) is another essential component of CaV1 and CaV2 channels. In mammals,
there are four known isoforms of β (β1- β4) encoded by four distinct genes, each with several
splice variants (Buraei and Yang, 2010). The β subunit was first identified in skeletal muscle,
as an auxiliary subunit of the DHPR, and this β subunit was termed β1a (Ruth et al., 1989).
Subsequent studies led to the identification of three other β isoforms, β2, β3 and β4 (PerezReyes et al., 1992, Castellano et al., 1993b, Castellano et al., 1993a, Hullin et al., 1992). The
different isoforms of β and their splice variants are expressed across a range of excitable tissue
such as brain, heart and muscle. However, the β1a subunit is expressed only in skeletal muscle
and plays a crucial role in EC coupling (Buraei and Yang, 2010).
β1a is a 56 kDa auxiliary subunit of CaV1.1 that binds to the α1 I-II loop, via a region known as
AID (α-interaction domain), with strong affinity (~2-54 nM) (Pragnell et al., 1994, Van
Petegem et al., 2008, Norris et al., 2017). Molecular modelling studies showed that all β
subunits share a modular structure comprised of five distinct domains (De Waard et al., 1994,
Birnbaumer et al., 1998). The core structure is highly conserved and is made up of an Src
homology 3 (SH3) domain and a guanylate kinase (GK) domain (Chen et al., 2004, Opatowsky
et al., 2004). In contrast, the N- and C- terminal regions and the region connecting the SH3 and
GK domains (Hook region) are variable in length and amino acid sequence (Buraei and Yang,
2010). CaVβs share several structural features with the MAGUKs (membrane-associated
guanylate kinase) family of scaffolding proteins, which are involved in the assembly of
multiprotein complexes at specialized regions (Elias and Nicoll, 2007, Funke et al., 2005).
Due to the disordered nature of the N and C terminal domains and the hook region,
crystallographic studies of the β subunits have only been carried out on the conserved, core
region containing the SH3 and GK domains. Structural determination of the β1a, β2a, β3 and β4
isoforms confirmed the presence of two well-conserved domains, an SH3 domains and a GK
domain (Figure 1.17) (Norris et al., 2017, Chen et al., 2004, Opatowsky et al., 2004, Van
Petegem et al., 2004). SH3 domains are known to recognize PxxP motifs in target proteins,
thereby mediating specific protein-protein interactions (Buraei and Yang, 2010). CaVβ SH3
domain contains five-antiparallel β-strands (β1- β5), which is consistent with classical SH3
domains. Unlike classical SH3 domains however, the last two β-strands in CaVβ are separated
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by the variable hook region. The hook region remains unresolved in these crystal structures due
to poor electron density, which indicates a dynamic nature. While the CaVβ SH3 domains
contain the conserved PxxP binding motif, this motif is occluded by a α helix that leads to the
hook region (Chen et al., 2004, Opatowsky et al., 2004, Van Petegem et al., 2004, Norris et al.,
2017). Guanylate kinases belong to the nucleotide monophosphate kinase family and catalyse
the phosphoryl transfer from ATP to GMP. While the general structure of guanylate kinases are
conserved in CaVβ GK domains, several structural variations exist within the catalytic site,
making the CaVβ GK domain catalytically inactive (Buraei and Yang, 2010). The GK domain
is comprised of five-stranded parallel β sheet (β6-β10) surrounded by six α-helices (α3-α8),
forming intra-molecular interactions with the SH3 domain via hydrogen bonds and van der
Waal contacts. Crystal structures of β complexed with the AID region (I-II loop) revealed that
AID binds to a conserved hydrophobic pocket within the GK domain (Chen et al., 2004,
Opatowsky et al., 2004, Van Petegem et al., 2004, Norris et al., 2017).
The absence of EC coupling in β1a -null myotubes highlights the importance of the β1a subunit,
and its interaction with the I-II loop, in EC coupling. β1a- knockout mice lack Ca2+ transients
and die at birth from asphyxia (Gregg et al., 1996). Similarly, β1- null muscles from zebrafish
are not responsive to membrane depolarization and exhibit defective EC coupling (Zhou et al.,
2006). Furthermore, studies have demonstrated that this interaction also enhances DHPR
membrane expression and is required for the targeting of β1a to the triad junction (Strube et al.,
1996, Neuhuber et al., 1998). Importantly, the characteristic DHPR tetrad arrays were found to
be absent in β1 -null zebrafish, thus providing an explanation for complete lack of skeletal EC
coupling in β1- null organisms (Schredelseker et al., 2005). Expression of β1a in β1 -null
zebrafish restored CaV1.1 triad targeting, intracellular Ca2+ release and DHPR tetrad formation,
emphasizing the importance of the β subunit. Interestingly, the expression of cardiac β2a in β1 null zebrafish partially restored intracellular Ca2+ release and tetrad formation, indicating that
the arrangement of DHPR into tetrads and the subsequent DHPR-RyR1 coupling is specific to
the β1a isoform (Schredelseker et al., 2005, Schredelseker et al., 2009).
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Figure 1.17. Crystal structure of the β1a subunit in complex with AID. The SH3 domain is
shown here in pink. The AID region of the I-II loop (shown in orange) is bound to the GK
domain (green) (Norris et al., 2017).
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1.9.6 The α2δ subunit complex

The α2δ complex is an auxiliary subunit present in both the CaV1 and CaV2 subfamilies. The α2
(147 kDa) and δ subunits are encoded as a single transcript that is cleaved post-translationally
and linked subsequently via disulfide bonds. To date, four α2δ subunits have been identified,
each encoded by four distinct genes having splice variants (Klugbauer et al., 1999, Qin et al.,
2002). The δ subunit (24 kDa) is attached to the membrane via a glycosylphosphatidylinositol
linker and anchors the larger α2 subunit (147 kDa) to the extracellular surface (Davies et al.,
2010).
The α2δ subunit consists of four tandem cache domains and one von Willebrand A (VWA)
domain. The δ subunit is separated from the α2 subunit primary structure via proteolytic
cleavage and contributes three β- strands to the fourth cache domain (Wu et al., 2016). The δ
subunit is stabilised through several disulfide interactions, four inter-subunit interactions
between the α2 and δ subunits and two intra-subunit interactions within the δ subunit. On the
surface, the α2δ subunit also contains several glycosylation sites (Wu et al., 2016, Wu et al.,
2015).
The α2δ subunit plays an important role in regulating the biophysical properties of the channel.
In addition, the α2δ subunit also promotes membrane trafficking of CaV α1, thereby increasing
Ca2+ channel current (Singer et al., 1991, Wakamori et al., 1994, Davies et al., 2006, Klugbauer
et al., 1999, Canti et al., 2005). Mutations that lead to the loss of the α2δ2 subunit in mice have
been shown to cause the “ducky” phenotype, characterized by shortened life spans, spike wave
seizures, absence epilepsy and cerebellar ataxia (Davies et al., 2007, Klugbauer et al., 2003).
Knockout of the α2δ1 subunit leads to cardiovascular irregularities while knockout of the α2δ2
subunit results in cardiovascular, immune, respiratory and nervous abnormalities (Fuller-Bicer
et al., 2009). In contrast, upregulation of α2δ1 has been linked to neuropathic pain (Li et al.,
2006). The α2δ1 subunit is also the main target of gabapentin and pregabalin, which are antiepilepsy and anti-neuropathic pain drugs (Field et al., 2006, Fuller-Bicer et al., 2009).
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1.9.7 The γ subunit

There are eight different isoforms of the γ subunit and they share a common architecture
consisting of four transmembrane domains and intracellular N- and C-termini (Glossmann et
al., 1987, Jay et al., 1990, Takahashi et al., 1987). In addition to the four transmembrane helices
and the cytoplasmic N- and C- terminal loops, recent cryo-EM structures of CaV1.1 have also
revealed an extracellular β sheet. The membrane interface between the α1 and γ subunits are
enriched in hydrophobic residues. Notably, the C-terminal loop of the γ subunit is situated near
the III-IV loop and S4-S5 helix of the α1 subunit and might form hydrogen bonds with the
polar/charged residues within this region, thereby providing the γ subunit specificity towards
the fourth domain of the α1 subunit (Wu et al., 2016). As a result, the γ subunit may influence
the conformational changes in the α1 subunit during voltage-dependent activation or
inactivation, thereby playing an important role in regulating the channel’s gating properties
(Kang and Campbell, 2003, Andronache et al., 2007).
Unlike the α2δ subunit that is mainly involved in regulating CaV channels, the γ subunit has a
range of biological functions. In mice, knockout of the γ1 subunit leads to larger Ca2+ currents
with altered inactivation kinetics, indicating that the γ subunit reduces Ca2+ entry during skeletal
muscle stimulation (Freise et al., 2000). The γ2, γ3 and γ4 isoforms are also associated with CaV
channels and have various effects on channel activity, dependent on the α1 and β subunit. The
most common effect is a reduction in Ca2+ influx, caused by altered voltage activation/
inactivation kinetics (Eberst et al., 1997, Freise et al., 2000, Kang et al., 2001, Letts et al., 1998).
In addition, mutations in the γ subunit have also been associated with the “stargazer” mouse
phenotype that causes absence epilepsy and defects in the cerebellum and inner ear. Studies
have also shown that the γ2, γ3, γ4 and γ8 isoforms regulate the trafficking, synaptic targeting
and properties of α-amino-3-hydroxy-5-methyl-4-isoxazole propionic acid (AMPA) receptors,
which are major excitatory receptors in the brain (Osten and Stern-Bach, 2006, Kang and
Campbell, 2003).
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1.10 STAC3

1.10.1 Overview

Since the identification of CaV1.1 and RyR1 as the central component of skeletal EC coupling,
several new triad proteins have been discovered with the help of biochemical and proteomics
studies. However, none of these accessory proteins were found to be essential for skeletal type
EC coupling. Consequently, until recently, the proteins essential for skeletal type EC coupling
were thought to be CaV1.1 or the voltage-sensor, the RyR1 calcium release channel in the SR,
and the β1a subunit of CaV1.1, which is important for assembly. However, in 2013, the adaptor
protein STAC3 was identified as the fourth essential component of the skeletal EC coupling
machinery.
Using a forward genetic screen in zebrafish, an autosomal recessive mutant, mi34, with motor
defects was identified. Mutant embryos were immotile and muscle from mi34 embryos failed
to generate normal Ca2+ transients in response to electrical stimulation, indicating that skeletal
EC coupling was defective in these mutants. However, muscle ultrastructure and SR calcium
release were normal in mi34 mutants, suggesting that the loss in EC coupling was not due to
structural defects. Subsequent analysis of the zebrafish genome identified STAC3 as the gene
responsible for the mi34 phenotype (Horstick et al., 2013). The mutation was the result of an
alternate splice variant that introduced a premature stop codon in the STAC3 transcript. STAC3
was found to be specifically expressed in skeletal muscle and co-immunoprecipitated with both
CaV1.1 and RyR1, thereby indicating that STAC3 is part of the triadic complex. Notably,
expression of STAC3 in mi34 embryos rescued the behavioural phenotype and restored Ca2+
transients, confirming the importance of STAC3 in skeletal EC coupling (Horstick et al., 2013).
Concurrently, using mouse models, another study found that STAC3 was specifically expressed
in skeletal muscles, localizing to the T-tubules (Nelson et al., 2013). Homozygous knockout of
STAC3 in mice resulted in complete paralysis and perinatal lethality. STAC3 knockout mice
displayed musculoskeletal defects that were consistent with mouse models lacking EC
coupling. Furthermore, depolarization-induced Ca2+ release and muscle contraction were absent
in STAC3 knockout mice (Nelson et al., 2013). These seminal studies identified and
characterized STAC3 as another essential component of the skeletal EC coupling machinery.
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The three isoforms of STAC; STAC1, STAC2, and STAC3 belong to a small family of SH3and cysteine-rich containing adaptor proteins (Figure 1.18). STAC1 and STAC2 share a high
degree of sequence homology (~65%) and are expressed in a variety of tissues, including the
brain. In contrast, STAC3 shares 47% and 49% sequence homology with STAC1 and STAC2,
respectively, and is predominantly expressed in skeletal muscle (Nelson et al., 2013). Both
STAC1 and STAC2 are expressed in sub-populations of adult dorsal root ganglia neurons,
which contain sensory neurons that detect somatosensory stimuli such as heat, cold, pressure
and position. Dorsal root ganglia neurons are further divided into proprioceptive, nociceptive,
thermoceptive, and mechanoceptive neurons. STAC1 is predominantly expressed in
nociceptive peptidergic neurons while STAC2 is expressed in a subset of nonpeptidergic
nociceptors, TrkB+ neurons (mechanoreceptors) and a subset of proprioceptive neurons (Legha
et al., 2010). Subsequently, another study found that STAC2 interacts with the receptor
activator of nuclear factor –κB (RANK) protein and negatively regulates osteoclast formation
(Jeong et al., 2018). Nonetheless, the precise roles of STAC1 and STAC2 are yet to be fully
understood.
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Figure 1.18. Sequence alignment of the tandem SH3 domains of STAC1, STAC2 and
STAC3. (*) Denotes residues that are conserved across all three isoforms.
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1.10.2 STAC3 in human diseases

In humans, a mutation in the STAC3 locus is implicated in Native American Myopathy (NAM),
a rare autosomal recessive disorder first observed within the Native American population of
North America. NAM is characterized by multiple congenital features, including muscle
weakness, multiple joint contractures, dysmorphic facial features and a predisposition to
malignant hyperthermia. Affected individuals are homozygous for a G>C missense mutation,
which results in a tryptophan to serine substitution in the first SH3 domain of STAC3 (W284S)
(Horstick et al., 2013). NAM was initially reported in the Lumbee Native American population
of North Carolina and was believed to be restricted to this group. However, studies have since
identified STAC3 W284S pathogenic variants in individuals of African, Middle Eastern, AfroCaribbean, Comorian and South American descent, prompting the re-naming of NAM to
STAC3-related congenital myopathy (Zaharieva et al., 2018).
In addition to clinical features, NAM patients displayed variations in fibre size, with fibres
lacking excess fat and connective tissue. Fibres were predominantly type I/slow myosin fibres
and occasionally contained internal nuclei. Furthermore, electron microscopy also revealed
myofibrillar loss, broken Z-lines, disrupted sarcomeres, and variable mitochondrial size and
distribution in these patients. Cytosolic Ca2+ levels and intracellular Ca2+ stores were normal in
myotubes cultured from STAC3 W284S patients. However, depolarization-induced Ca2+
release from the SR was significantly reduced in these patients, suggesting an impairment in
EC coupling. Interestingly, co-immunoprecipitation studies showed that the interaction
between STAC3 W284S and CaV1.1 was unaffected (Zaharieva et al., 2018). More recently,
two new heterozygous variants in the STAC3 gene were identified, having similar disease
phenotype. The K288* mutation shortens the protein by 77 amino acids, resulting in the
truncation of the second SH3 domain and part of the first SH3 domain. The second mutation,
c.432+4A>T, is a splice site mutation that causes skipping of exon 4, resulting in a truncated
protein (Grzybowski et al., 2017). In addition to these mutations, an asparagine to serine
mutation (N281S) in STAC3 has also been identified in patients in New Zealand, by Professor
Kathryn Stowell (Massey University).
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1.10.3 Structural insights into the STAC isoforms
STAC3 is a 334-residue protein containing a cysteine-rich protein kinase C (PKC) C1 domain
near the N-terminus that is flanked by intrinsically disordered regions, and two src homology 3
(SH3) protein interaction domains at the C-terminus (SH3_1 and SH3_2). In addition, STAC3
also contains an N-terminal glutamic acid-rich (poly-E) region (Figure 1.19 A) (Wong King
Yuen et al., 2017, Campiglio and Flucher, 2017). Unlike STAC3, STAC1 and STAC2 were
initially predicted to only contain a single SH3 domain at the C-terminus. However, recently
solved structures of STAC1 and STAC2 at 2.4 and 1.2 Å, respectively, confirmed the presence
of two SH3 domains (Wong King Yuen et al., 2017).
Each SH3 domain is comprised of five antiparallel β-strands interspersed with additional 310
short helices (Figure 1.19 B). The two SH3 domains interact via an extensive inter-domain
interface and are connected by a short five-residue linker. Gln-347, located in the first SH3
domain, forms hydrogen bonds with main-chain atoms in the second SH3 domain. Crystal
structure of the second SH3 domain of STAC3 (SH3_2) was also solved at 1.3 Å and was found
to be structurally similar to the SH3_2 domains of STAC1 and STAC2 (Figure 1.19 C) (Wong
King Yuen et al., 2017). Additionally, the structure of the C1 domain of STAC3 has been
solved using solution nuclear magnetic resonance (NMR) and shows that this domain is
predominantly disordered (PBD: 2DB6). However, the structure of the tandem SH3 domains
of STAC3 is yet to be determined.
The crystal structure of STAC2 in complex with the DHPR II-III loop (residues 747-760) was
also solved at 1.73 Å and shows that the interaction predominantly involves the SH3_1 domain.
Trp-329, which is conserved in all three STAC isoforms and is mutated in NAM, is located in
the centre of the binding interface and forms hydrogen bonds with multiple residues of the
peptide. Arg-757 on the II-III loop is involved in a hydrogen bond network with Gln-306 and
Asp-310 in the SH3_1 domain, and several additional water-mediated hydrogen bonds.
Notably, the crystal structures revealed that the canonical binding site of SH3_2 is distally
located from the II-III loop binding region and remains unoccupied (Wong King Yuen et al.,
2017). As a result, the tandem SH3 domains of STAC could interact with two different regions
or proteins, possibly the DHPR and RyR1, and act as a functional link between these two
proteins.
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Figure 1.19. Crystal structure of the STAC family of proteins. A) Domain architecture of
STAC3. B) Crystal structure of STAC1 (top) and STAC2 (bottom), with the β-strands and 310
helices labelled. The first SH3 domain is shown in purple, while the second SH3 domain is
shown in green. The conserved Trp residue associated with NAM is shown in black. C) Crystal
structure of the SH3_2 domain of STAC3. Adapted from Wong King Yuen et al., 2017.
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1.10.4 Functional role of STAC3 in skeletal EC coupling
Since the identification of STAC3 as an essential component of the skeletal EC coupling
machinery, considerable work has been done to determine its precise role. Initial studies
demonstrated that STAC3 and CaV1.1 trafficked together to the plasma membrane in tsA201
cells and that STAC3 co-expression was required for L-type Ca2+ currents (Polster et al., 2015).
Similarly, another study found that co-expression of STAC3 greatly enhances plasma
membrane expression of CaV1.1 in Xenopus laevis oocyte (Wu et al., 2018). Together, these
findings suggested that STAC3 was essential for CaV1.1 trafficking and more importantly,
raised the possibility of a direct interaction between STAC3 and CaV1.1.
Due to the importance of STAC3 in skeletal EC coupling, subsequent studies focussed on
understanding the functional role of STAC3. In addition to supporting CaV1.1 trafficking,
Polster et al. (2016) showed that depolarization-induced Ca2+ release was significantly reduced
in STAC3 knockout myotubes. Expression of STAC3 in knockout myotubes restored
depolarization-induced Ca2+ release, while the expression of STAC3 NAM (W284S) partially
restored Ca2+ currents. Interestingly, Ca2+ current properties in STAC3 knockout myotubes
were similar to dyspedic (RyR1 null), suggesting that STAC3 could be involved in retrograde
signalling between CaV1.1 and RyR1 (Polster et al., 2016). This was supported by structural
and functional analysis, which demonstrated a significant reduction in DHPR particle frequency
and tetrad formation in both STAC-null and STAC3 NAM muscle fibre in zebrafish. More
importantly, expression of STAC3 NAM in STAC3-null fibres failed to restore tetrad formation
and charge movement, highlighting the importance of the first SH3 domain in the function of
STAC3 (Linsley et al., 2017).
Additionally, Campiglio and Flucher (2017) demonstrated that STAC family of proteins
displayed varying degrees of association with both skeletal CaV1.1 and cardiac/neuronal CaV1.2
channels. While STAC3 co-localized with CaV1.1 and CaV1.2 channels, STAC1 and STAC2
co-localized exclusively with CaV1.2 channels. Consequently, using STAC2/STAC3 chimeras,
they determined that the C1 domain of STAC3 was necessary for triad targeting (Campiglio
and Flucher, 2017). Using a similar chimeric approach, the STAC3 interaction site on CaV
channels was then identified. By replacing the cytoplasmic loops of CaV1.2 with the
corresponding loops from neuronal CaV2.1, the C-terminal region of CaV, specifically, the
calmodulin (CaM)-binding IQ domain was found to be critical for the recruitment of STAC3
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into the triads of dysgenic (CaV1.1-null) myotubes (Campiglio et al., 2018a). Furthermore,
alanine mutagenesis revealed a significant overlap between the amino acid residues involved in
CaM and STAC3 interactions. Together, these findings suggested that STAC3 might interfere
with CaM-binding and inhibit Ca2+-dependent feedback regulation in CaV1.2 channels
(Campiglio et al., 2018a). Concordant with this study, Niu et al. (2018) showed that STAC3
interacts with the C-terminus of CaV1.1 and that this interaction is weakened by the introduction
of STAC3 mutations associated with congenital myopathies. Conversely, however, they found
that STAC3 preferentially binds to the EF-hand domain within the C-terminus, instead of the
IQ domain (Niu et al., 2018b).

These studies demonstrated that in addition to CaV1.1

trafficking, STAC3 might play an important role in modulating Ca2+ currents in L-type calcium
channels.
Interactions between STAC and CaV1.1 were further supported by recent crystal structures of
the tandem SH3 domains of STAC2 in complex with the cytoplasmic II-III loop of CaV1.1
(Wong King Yuen et al., 2017). Crystal structures revealed that residues 747-760 of the II-III
loop, a region previously identified to be essential for skeletal EC coupling, predominantly
interacts with the first SH3 domains of STAC2. Similarly, isothermal titration calorimetry
assays showed that STAC3 interacts with this region, although with a weak affinity (Kd of 10.6
μM). Likewise, using colocalization assays in tsA201 cells, Polster et al. (2018) also showed
that STAC3 interacts with the II-III loop of CaV1.1 and that this interaction is dependent on the
critical region of the II-III loop. Interestingly, however, they found that the N-terminal poly-E
and C1 domains were not required for this interaction (Polster et al., 2018b). Notably, alanine
mutagenesis of three key residues involved in this interaction (I752A, P753A and R757A)
abolished STAC binding and significantly reduced depolarization-induced Ca2+ transients,
highlighting the functional importance of this interaction in skeletal EC coupling (Wong King
Yuen et al., 2017). Consequently, these studies led to the identification of two distinct
interactions between STAC3 and CaV1 channels: the interaction between the C1 domain of
STAC and the C-terminal region of CaV1, and the interaction between the first SH3 domain of
STAC and the II-III loop of CaV1 (Figure 1.20). Additionally, these interactions appear to have
different functional outcomes, signifying that STAC3 has a dynamic role in skeletal EC
coupling.
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As much of the recent works have focussed on the functional interactions between STAC and
CaV, there is still little evidence of a direct interaction between STAC3 and RyR1. Initial studies
in zebrafish indicated that STAC3 co-immunoprecipitated with both CaV1.1 and RyR1.
Subsequently, however, studies showed that heterologously expressed STAC3 incorporates into
the triads of dyspedic muscle (RyR1-null), but not dysgenic muscle (CaV1.1- null), indicating
that RyR1 is not required for the incorporation of STAC3 into the triads. On the contrary,
however, a recent study using specific antibodies revealed that endogenous STAC3 co-localizes
with RyR1 at the triads, even in the absence of CaV1.1, indicating that STAC3 indeed interacts
with both DHPR and RyR1. Additionally, these findings indicate that both STAC3 and DHPR
are independently targeted to the triads (Campiglio et al., 2018b). Thus, by interacting with both
the DHPR and RyR1, STAC3 could mediate the direct physical link between the voltage sensor
and the calcium release channel, which is central to skeletal EC coupling.
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Figure 1.20. Schematic figure highlighting the interactions between STAC3 and CaV1.1.
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1.11 This thesis

Given the critical role of STAC3 in skeletal EC-coupling, the main objective of this thesis is to
investigate and characterize the functional interaction between STAC3 and RyR1 and
subsequently, identify potential regions involved in this interaction. This will provide greater
insights into STAC3’s potential role as a molecular link between the DHPR and the RyR1.
The second chapter outlines the general materials and methods used in this study, while
methods associated with specific experiments are outlined in the relevant chapters. The third
chapter describes the expression, purification and biophysical characterization of the
recombinant STAC3 constructs. The fourth chapter investigates the functional effects of the
STAC3 constructs on RyR1 channel activity, while the fifth chapter investigates regions in
STAC3 and RyR1 that could be involved in this interaction. The sixth chapter provides a
general summary and discussion of the results presented in this study.
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Chapter 2

2.1

General Materials and Methods

Materials

Chemicals and reagents used in this study were all analytical grade unless otherwise stated. All
STAC3 gene constructs in pJ411 expression vector were obtained from ATUM (Figure A1,
Appendix).

2.2

Methods

All the general methods used in this study are outlined below.

2.2.1 Restriction Endonuclease (RE) Digestion of DNA

Plasmid DNA obtained from ATUM was digested with REs to generate cohesive ends and
facilitate ligation. In addition, RE digestion was also carried out for screening purposes. Both
the pHUE destination vector and the original pJ411 vector containing the gene of interest were
digested with the REs BamHI and EcoRI, resulting in complementary ends that were then
ligated together. For the double digest, a buffer that was compatible with both restriction
enzymes was used.
The reaction mix for the pHUE vector was made up to a total volume of 20 μL and comprised:
3 μL of vector (0.3 μg), 2 μL of EcoRI buffer (NEB), 0.2 μL Bovine Serum Albumin (BSA)
(NEB), 1 μL BamHI (10 units), 1 μL EcoRI (10 units) and 12.8 μL of milliQ water. The reaction
mix for the pJ411 plasmid containing the gene was in a total volume of 40 μL and comprised:
16 μL of plasmid DNA (0.3 μg), 4 μL of EcoRI buffer (NEB), 0.4 μL BSA (NEB), 1 μL BamHI
(10 units), 1 μL EcoRI (10 units) and 16.6 μL of milliQ water. The reaction mix was incubated
at 37 0C for 2 hours. For cloning purposes, the digests were visualised on an agarose gel and
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the desired bands were purified using the Promega Gel Clean-up Kit (Section 2.2.3) and
subsequently used for ligation. For screening, agarose gel electrophoresis was carried out on
the digests and the DNA bands were visualised using the ChemiDoc MP imaging system
(BioRad).

2.2.2 Gel Electrophoresis

Agarose gel electrophoresis was carried out on DNA samples using a 1.5% agarose gel made
up in TBE. The solution was heated until the agarose dissolved. The solution was then cooled
and 4 μL of GelRed dye was added to 20 mL of the 1.5% agarose solution and mixed gently.
The solution was then poured into a gel tank and allowed to set for 30 minutes. DNA samples
were mixed with loading dye (1 μL dye for 5 μL of sample) and loaded into the wells of the
gel, in parallel with the 1 kB plus DNA marker (Thermo Fisher Scientific). Gels were run at 80
volts (V) for 30 minutes and TBE was used as the running buffer. DNA bands were visualised
using the ChemiDoc MP imaging system (BioRad).

2.2.3 DNA Gel Extraction

DNA was extracted and purified from the agarose gel using Promega’s Wizard SV Gel and
PCR Clean-up System. Once the DNA band was visualized on the gel, the appropriate bands
were excised using a razor blade and transferred to a pre-weighed Eppendorf tube. The gel slice
was weighed and membrane binding solution was added at a ratio of 10 μL of solution per 10
mg of agarose gel slice. The mixture was vortexed and then incubated at 65 0C until the gel
slice completely dissolved. The dissolved gel mixture was then transferred to an SV
Minicolumn and incubated at room temperature for 1 minute. The SV Minicolumn assembly
was then centrifuged at 12,000x g for 1 minute. The flow through was discarded and 700 μL of
membrane wash solution was added to the column and centrifuged for 1 minute at 12,000x g.
The flow through was discarded and 500 μL of membrane wash solution was added to the
column and centrifuged at 12,000x g for 5 minutes. The flow through was discarded and the
column was centrifuged for 1 minute to remove any remaining wash solution. The SV
Minicolumn was then transferred to a clean 1.5 mL Eppendorf tube and 50 μL of nuclease-free
water was added directly to the centre of the column. The column was then incubated at 37 0C
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for 1 minute and then centrifuged at 12,000x g for 1 minute. The purified DNA was stored at 20 0C.

2.2.4 DNA Ligation

Following DNA extraction and purification, the gene of interest was ligated into the pHUE
vector (Figure 2.1). A 15 μL ligation mix was prepared, which consisted of: 5 μL (15 ng) of
insert DNA, 3 μL of pHUE vector (30 ng), 1.5 μL of T4 DNA ligase buffer (NEB), 1 μL of T4
DNA ligase (NEB) and 4.5 μL of milliQ water. The ligation reaction was mixed by pipetting
and then kept at 4 0C overnight.
All of the overnight ligation mix was used to transform E. coli DH5α cells (Section 2.2.5).
Transformed bacteria were plated on ampicillin LB agar plates. Colonies were then picked from
the plates and the plasmid was purified using the Qiagen’s QIAprep Spin Miniprep Kit (Section
2.2.6).
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Figure 2.1. Plasmid map of the pHUE expression vector. The plasmid map shows the T7
polymerase promoter region (T7), the ubiquitin coding region (Ub) and the restriction enzyme
sites within the multiple cloning site (MCS) (Catanzariti et al., 2004). STAC3 constructs were
digested with BamHI and EcoRI and then cloned into the MCS. Vector map obtained from
Catanzariti et al., 2004.
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2.2.5 Bacterial Transformation via Heat Shock

Competent DH5α / BL21 (DE3) cells (200 μL) were thawed on ice before adding 1 μL of plasmid
DNA. The mixture was gently mixed and then incubated on ice for 5 minutes. Cells were then
placed in a 42 0C water bath for 30 seconds, followed by 2 minutes on ice. 250 μL of LB Broth
was then added to the cells and the cells were then incubated at 37 0C for 1 hour. Following
incubation, 50 μL of cells was plated onto LB agar plates containing antibiotics, to select for
bacteria that have taken up the desired plasmid, and incubated overnight at 37 0C.

2.2.6 Plasmid DNA Purification

Plasmid extraction was carried out using Qiagen’s QIAprep Spin Miniprep Kit. Colonies of
transformed bacteria were picked from LB agar plates and inoculated in 5 mL of LB Broth,
containing appropriate antibiotic, and incubated overnight at 37 0C in a shaking incubator set at
200 rpm. The cells were then harvested by centrifugation at 12,000x g for 3 minutes at room
temperature. The cell pellet was resuspended in 250 μL of Buffer P1. 250 μL of Buffer P2 was
then added to the tube and mixed thoroughly by inverting. 350 μL of Buffer N3 was then added
and mixed immediately and thoroughly by inverting the tube. The mixture was then centrifuged
at 12,000x g for 10 minutes. The supernatant from the centrifugation step was then transferred to
the QIAprep spin column and centrifuged at 12,000x g for 1 minute. The flow through was
discarded and 750 μL of Buffer PE was added to the QIAprep spin column and centrifuged at
12,000x g for 1 minute. The flow through was discarded and the column was centrifuged at
12,000x g for a further minute to remove any residual wash buffer. The QIAprep column was
then transferred to new sterile Eppendorf tube and 50 μL of water was added to the centre of the
column and left to stand for 1 minute. The column was then centrifuged at 12,000x g for 1 minute
to elute the plasmid DNA.
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2.2.7 SDS Polyacrylamide Gel Electrophoresis (SDS-PAGE)

SDS-PAGE experiments were carried out using NuPAGE Novex 4-12% Bis-Tris gels (Thermo
Fisher Scientific). Dithiothreitol (DTT) was added to the LDS sample buffer (4x) (Thermo Fisher
Scientific) before use. Protein samples (20 μL) were pipetted into 0.5 mL tubes and to each, 10
μL of the above LDS/DTT sample buffer was added. The samples were then heated for 10 min
at 70 0C. Samples were then loaded into separate wells of the gel along with the Novex Sharp
pre-stained protein standard (Thermo Fisher Scientific). The gels were then run in NuPAGE MES
SDS Running Buffer (Thermo Fisher Scientific) at 200 V for 30 minutes.
Once the electrophoresis was completed, the gel was removed from the electrophoresis apparatus
and gently rinsed with water. The gel was then stained with Coomassie Blue R-250 (BioRad) for
30-45 minutes. The staining solution was then removed and the gel was rinsed with MilliQ water
to remove any excess stain. The gel was then immersed in 100 mL of destaining solution (10%
Ethanol, 7.5 % Acetic Acid) for 30 minutes. The resolved protein bands on the gel were then
photographed using the ChemiDoc MP imaging system (BioRad).
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Chapter 3
3.1

Expression and Purification of STAC3

Introduction

Since the discovery of STAC3, much attention has been focused on trying to determine its exact
role in skeletal EC coupling. Having been initially identified as a regulator of muscle cell growth/
differentiation, more recent studies have shown that STAC3 plays a vital role in skeletal muscle
EC coupling (Reinholt et al., 2013, Horstick et al., 2013, Nelson et al., 2013).
STAC3 was initially discovered using a forward genetic screen in zebrafish mutants. One of the
mutants identified in the screen, mi34, displayed defective motor functions early in their
developmental stage (Horstick et al., 2013). In addition, skeletal myofibres from mutant embryos
were also found to have reduced Ca2+ transients in response to electrical stimulus, thus suggesting
that EC coupling was defective in these mutants. Further analysis of the zebrafish genome led to
the identification of STAC3 as the gene responsible for the mi34 phenotype, with the expression
of STAC3 restoring Ca2+ transients in mi34 mutant embryos (Horstick et al., 2013, Bannister,
2016). In humans, a mutation in STAC3 (W284S) has been implicated in Native American
myopathy (NAM), an autosomal recessive disorder that is characterised by congenital muscle
weakness and a predisposition to malignant hyperthermia. NAM arises from a missense mutation
that results in a tryptophan (W) to serine (S) substitution (W284S) in the first SH3 domain.
Notably, expression of STAC3 NAM in STAC3-null zebrafish leads to a decrease in EC
coupling, thus highlighting the importance of STAC3 and the first SH3 domain in EC coupling
(Horstick et al., 2013).
STAC3 belongs to a small family of SH3 and cysteine rich adaptor proteins, which also includes
STAC1 and STAC2. STAC3 is predominantly expressed in skeletal muscle, whereas STAC1
and STAC2 are expressed mainly in neuronal tissue (Wong King Yuen et al., 2017, Reinholt et
al., 2013). Initially, it had been suggested that STAC3 contains an additional SH3 domain at the
C-terminal end (Campiglio and Flucher, 2017). However, recently solved crystal structures of
STAC1 and STAC2 showed that both these isoforms also contain two SH3 domains (Wong King
Yuen et al., 2017). In addition to the two SH3 domains, all three isoforms contain a PKC C1
domain near the N-terminus (Campiglio and Flucher, 2017). Wong King Yuen et al., (2017) also
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reported the crystal structure of the second SH3 domain of STAC3, which was similar in structure
to the SH3-2 domain of STAC1 and STAC2. However, crystal structures of the first SH3 domain
and the tandem SH3 domains of STAC3 are yet to be determined. Due to the importance of
STAC3, structural studies on the domains of STAC3 will provide greater insights into its
functional role in the skeletal EC coupling machinery. This study focusses on the SH3 domains
of STAC3, as these domains are typically found to mediate protein-protein interactions by
recognising specific PxxP motifs in the target protein (Larson and Davidson, 2000).

3.2

Aim

The aim of this chapter was to express and purify various constructs of STAC3 and subsequently,
investigate their biophysical and structural characteristics. An additional aim was to produce 13C,
15

N labelled protein for nuclear magnetic resonance (NMR) spectroscopy studies of its structure

and interactions.
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3.3

Materials and Methods

3.3.1 STAC3 constructs

The STAC3 constructs designed for this study are highlighted below:
STAC3 Full-length*

STAC3SH3s

Poly E

PKC C1

SH3

SH3

SH3

SH3

W>S
STAC3SH3 NAM (W284S)

SH3

STAC3 SH3_1

SH3

STAC3 SH3_2

SH3

SH3

* Due to its unstable nature, attempts to express soluble STAC3 full-length were unsuccessful.

3.3.2 Protein expression

Codon-optimized STAC3 gene constructs were synthesized by ATUM and subcloned into pHUE
AmpR

plasmid (Figure 2.1). All the constructs were overexpressed as an N-terminal His6-ubiquitin

tag fusion protein in E. coli BL21(DE3) (Novagen). BL21(DE3) cells containing STAC3 genes
were streaked on a LB/amp agar plate and incubated overnight at 370C. A single colony was used
to inoculate 5 mL of MDG media starter culture (Appendix), which was again incubated
overnight at 37 0C in a shaking incubator set at 200 rpm. 1 mL of this starter culture was then
used to inoculate 500 mL of 2xYT media supplemented with Yeast Nitrogen Base (YNB)
(Appendix) in a 2 litre flask. The large-scale cultures were then incubated in a 37 0C shaking
incubator (200 rpm) until an OD600 of 0.6. Cultures were then cooled on ice for 10 mins and
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protein expression was induced with the addition of 0.3 mM IPTG (Astral Scientific). Following
the addition of IPTG, cultures were moved to a 16 0C shaking incubator (200 rpm) and incubated
overnight. Following overnight incubation, cultures were transferred to 500 mL centrifuge bottles
and centrifuged at 4,000x g for 30 minutes (Beckman Coulter Avanti J-E centrifuge). The
supernatant was discarded and the cell pellet was transferred to a pre-weighed 50 mL falcon tube
using a spatula. The cell pellet was then weighed and stored at -20 0C.

3.3.3

15

N, 13C labelled protein expression

All the constructs were overexpressed as an N-terminal His6-ubiquitin tag fusion protein in E.
coli BL21(DE3) (Novagen). BL21(DE3) cells containing STAC3 genes were streaked on a
LB/amp agar plate and incubated overnight at 37 0C. A single colony was used to inoculate 5 mL
of MDG media starter culture (Appendix), which was then incubated overnight at 37 0C in a
shaking incubator set at 200 rpm. Next day, the overnight MDG culture was transferred into 75
mL of minimal media (Appendix) supplemented with NH4Cl and D-glucose, and incubated
overnight at 37 °C. For 15N and 13C labelling, cells from the 75 mL culture were spun down and
resuspended in 500 mL of fresh minimal media containing 15NH4Cl and [U-13C] D-glucose. Cells
were then incubated at 37 °C in a shaking incubator until an OD600 of 0.6. Cultures were then
cooled on ice for 10 minutes and protein expression was induced with the addition of 0.3 mM
IPTG (Astral Scientific). Following the addition of IPTG, cultures were moved to a 16 0C shaking
incubator (200 rpm) and incubated overnight. Following overnight incubation, cultures were
transferred to 500 mL centrifuge bottles and centrifuged at 4,000x g for 30 minutes (Beckman
Coulter Avanti J-E centrifuge). The supernatant was discarded and the cell pellet was transferred
to a pre-weighed 50 mL falcon tube using a spatula. The cell pellet was then weighed and stored
at -20 0C.

3.3.4 Protein purification

All HisTrap purification steps were carried out on the AKTA pure FPLC chromatography system
(GE Healthcare). Size exclusion chromatography (SEC) was carried out on the AKTA purifier
FPLC chromatography system (GE Healthcare).
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Cell pellets were thawed on ice and then resuspended in 50 mM sodium phosphate buffer (pH
7), 500 mM NaCl and 30 mM imidazole (Buffer A). DNase and RNase (final concentration of
20 μg/mL) (Sigma Aldrich) were added to the cell suspension, along with magnesium sulphate
(1 mM final concentration) and a protease inhibitor cocktail (Roche Scientific). The resuspended
cells were lysed using a French press at 1500 psi and the lysate was centrifuged at 20,000x g for
30 minutes (Beckman Coulter Avanti J-E centrifuge). The supernatant was collected and injected
into a 5 mL HisTrap column (GE Healthcare) pre-equilibrated in buffer A. The protein was then
eluted over a 500 mM imidazole linear gradient using the elution buffer (50 mM sodium
phosphate (pH 7), 500 mM NaCl and 500 mM imidazole). The eluate fractions containing protein
were resolved on a NuPAGE 4-12% Bis-Tris SDS gel.
The 6xHis-ubiquitin tag was removed using a ubiquitin-specific protease, UBP41, in the presence
of 1mM DTT. The UBP41 protease was added to give a ratio of 1:100 (10 uL of UBP41 per 1
mL of protein). The mixture containing the protein of interest, DTT and UBP41 protease was
gently mixed and transferred into a Cellu-Sep dialysis membrane/tubing (Membrane Filtration
Products Inc.) pre-rinsed with MilliQ water. The tubing was then transferred into a measuring
cylinder containing dialysis buffer (50 mM sodium phosphate, 500 mM NaCl, 30 mM imidazole,
1 mM DTT pH 7) and left stirring overnight, at room temperature, to cleave the 6xHis-ubiquitin
tag and remove excess imidazole.
Protein samples were then collected from the dialysis tubing and passed through a 5 mL HisTrap
column in order to remove the 6xHis-ubiquitin tag. The flow-through containing cleaved protein
was collected and concentrated down to 2-3 mL. Protein samples were concentrated using a
VIVASPIN 20 concentrator (GE healthcare) having a molecular weight cut off of 10,000
Daltons. Once the desired volume was reached, the protein concentration was measured using a
NanoDrop 1000 (Thermo Scientific) spectrophotometer (280 nm). The sample was then purified
by size exclusion chromatography (SEC), using a superdex 200 increase 10/300 gel filtration
column (GE Healthcare), equilibrated in 50 mM sodium phosphate (pH 7), 500 mM NaCl.
Following SEC, fractions containing protein were analysed by SDS-PAGE in order to determine
sample purity. Purified protein samples were stored at 4 0C until further use.
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3.3.5 Differential scanning fluorimetry (DSF)

DSF experiments were performed at the Collaborative Crystallisation Centre (C3) facility,
Melbourne, by Dr. Janet Newman. The method involves screening a protein sample against a
range of buffers, with varying pH and salt concentrations, in order to determine its optimal buffer
condition.
Following SEC, both wild type STAC3SH3s and NAM mutant were dialysed in Buffer A (50mM
sodium phosphate, 500 mM NaCl and 30 mM imidazole, pH 7) and concentrated to 1 mg/mL.
Buffer screens were prepared by diluting down 1 M stocks of buffers and sodium chloride with
MilliQ water and their pH checked using a high-throughput assay. In general, protein samples
are exchanged into new buffer conditions either via a buffer exchange column or dialysis. The
high quantum yield of the dye used in DSF, SYPRO orange, enables the use of very low protein
concentrations. As a result, protein samples were introduced into each buffer formulation through
dilution, resulting in the final percentage of formulation being 97 % (Seabrook and Newman,
2013). Each buffer formulation was tested in triplicate. Assays were carried out in a 96 well PCR
plate, with a final volume of 20 μL; 19.4 μL of buffer formulation, 0.3 μL of SYPRO orange dye
solution and 0.3 μL of protein. Due to the small volume, dye and protein solutions were
dispensed using a Phoenix nano-dispensing robot (Art Robbins Industries, USA). A
CFX96/C1000 thermocycler (Bio-Rad) was used to measure the fluorescence of SYPRO orange,
while maintaining the temperature ramp for the experiment.
DSF was performed across a range of buffer conditions varying between pH 5.5- 9 and consisting
of SYPRO orange. For thermal stability, the temperature scan rate was fixed at 0.5 °C/min and
scanned between 20 °C-100 °C with the monitoring of SYPRO orange fluorescence (F). Melting
temperatures (Tm) obtained under different pH conditions were plotted using Microsoft Excel.

3.3.6 Far UV- Circular Dichroism (CD) spectroscopy

CD data were acquired using a Chirascan spectrometer (Applied Photophysics) with a circulating
water bath at 20 °C and a cuvette with a 0.1-mm optical path length. For CD experiments, all
STAC3 constructs were prepared in 10 mM potassium phosphate and 50 mM sodium fluoride
68

(pH 6.8) at a concentration of 0.25-0.3 mg/mL. The sample was prefiltered and the spectrum was
recorded from wavelengths 180 to 260 nm using a scanning speed of 15 nm/min. Similarly, the
spectra were collected for a buffer, as a blank, that was used to subtract from the STAC3 spectra.
A total of four independent scans were recorded and the mean residue ellipticity was calculated
from the protein samples absorbance at 280 nm, number of residues, and the molecular weight.
The spectra were deconvoluted using CONTIN program in DichroWeb in order to predict the
secondary structure content (Whitmore and Wallace, 2004).

3.3.7 Nuclear magnetic resonance (NMR)

Following HisTrap purification, STAC3SH3s and STAC3SH3s NAM were dialysed into NMR
buffer containing 50 mM Na phosphate, 100 mM arginine, 100 mM glutamic acid and 150 mM
NaCl (pH 6.8). For the final NMR sample, the protein was concentrated to 0.4 mM, using a 10
kDa MWCO VIVASPIN 20 concentrator (GE healthcare), and transferred into a 3-mm NMR
tube with the addition of 0.1 mM DSS (2,2-dimethyl-2-silapentene-5-sulfonate, sodium salt) and
5% D2O. Final protein concentration was estimated using a NanoDrop spectrophotometer. 1H15

N HSQC NMR spectrum of STAC3 was recorded at 20 °C using Bruker Avance III HD 800

MHz spectrometer equipped with a triple-resonance TCI cryoprobe (Bruker Biospin, Karlsruhe,
Germany) using a total acquisition time of 10 minutes.
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3.4

Results

3.4.1 Protein Expression
The various STAC3 constructs were initially cloned into pJ411 expression vector (ATUM BIO)
containing a N-terminal 6xHis tag and expressed in E. coli BL21 (DE3) cells. Trial expressions
were carried out in LB media and Rich media, using an IPTG induction method, and in auto
induction media (Studier, 2005). However, in all cases the expressed proteins were found only
in inclusion bodies (Figure 3.1).
As a result, all the STAC3 constructs were cloned into an in-house vector, pHUE, containing
an N-terminal His-Ubiquitin tag designed to increase protein yield, solubility and stability. With
the help of this His-Ubiquitin tag, the STAC3 constructs were successfully expressed in E. coli
BL21 (DE3) cells, using Isopropyl β- d-1-thiogalactopyranoside (IPTG) induction in 2xYT
media. Maximal protein yield was obtained by expressing the protein overnight at 160C
following induction with 0.3 mM IPTG.

3.4.2 Protein purification

All STAC3 constructs were purified in a two-step process via Nickel-affinity chromatography.
In the first step, following cell lysis, the supernatant was applied to a pre-equilibrated HisTrap
column (GE healthcare) and the protein subsequently eluted using an imidazole concentration
gradient. In order to confirm the presence of the protein, the fractions corresponding to the
eluate were pooled and run on a 4-12% NuPAGE SDS-PAGE gel. Distinct protein bands,
corresponding to the expected molecular weight, were observed for each of the STAC3
constructs. Due to unknown reasons, the His-Ub tag underwent partial self-cleavage that
resulted in a prominent band around 10 kDa (Figure 3.2).
To remove the His-Ub tag, a second HisTrap purification step was necessary; in addition to
removing the tag, any remaining contaminants were also removed in this step, thereby
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increasing the purity of the protein. Purity over 95% was achieved for all the STAC3 constructs
using this two-step purification, with STAC3SH3s (wild type) having the highest yield (Figure
3.3).
Following removal of the His-Ub tag, both wild type STAC3SH3s and the NAM mutant were
concentrated to 1.5 mg/mL and passed through a 10/300 GL size exclusion chromatography
(SEC) column (GE healthcare) in order to determine their oligomeric state. Both proteins had
a similar profile and eluted at a volume of 17 mL, which corresponds to the expected molecular
weight of monomeric STAC3SH3s (~13kDa) (Figure 3.4).
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Inclusion bodies
M

STAC3SH3s

15kDa

Figure 3.1. 4-12% SDS-PAGE analysis of STAC3SH3s inclusion bodies. The insoluble pellet
following cell lysis was resuspended in 9 M urea. M: NovexTM sharp pre-stained protein standard.
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A)

M
M

Eluate

B)

30 kDa

His-Ub
STAC3SH3s

M

20 kDa

His-Ub
STAC3 SH3_1

STAC3SH3s
His-Ub

His-Ub

M

C)

20 kDa

His-Ub
STAC3 SH3_2
His-Ub

Figure 3.2. STAC3 constructs analysed on a 4-12% SDS-PAGE gel following the first
Nickel affinity chromatography step. A) STAC3 SH3s eluted from the Nickel-NTA resin. B)
STAC3 SH3_1 eluted from the Nickel-NTA resin. C) STAC3 SH3_2 eluted from Nickel-NTA
resin. M: NovexTM sharp pre-stained protein standard. The molecular weight/elution profile of
the STAC3 NAM mutant was similar to STAC3 wild type and thus not included.
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Flow-through

A)

Flow-through

M

15kDa

STAC3 SH3s

M

B)

10 kDa

STAC3 SH3 _ 1

Flow-through
M

C)

STAC3 SH3 _ 2

10kDa

Figure 3.3. STAC3 constructs analysed on a 4-12% SDS-PAGE gel following the second
Nickel affinity chromatography step. The His-Ub tag, which binds to the Nickel-NTA resin,
was cleaved with an ubiquitin protease. A) Cleaved STAC3 SH3s. B) Cleaved STAC3 SH3_1.
C) Cleaved STAC3 SH3_2. M: NovexTM sharp pre-stained protein standard.
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1

2

3

4

5

STAC3SH3s

Figure 3.4. SEC elution profile of STAC3SH3s overlaid with gel filtration standards.
Standards were run on the same column in order to determine the molecular weight of purified
STAC3SH3s. Standards were 1:Thyroglobulin (670 kDa), 2:ϒ– globulin (158 kDa),
3:Ovalbumin (44 kDa), 4:Myoglobin (17 kDa), 5:Vitamin B12 (1.3 kDa). The elution profile
of the NAM mutant was similar to the wild type STAC3.
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3.4.3 NAM Mutation reduces STAC3SH3s stability
In order to determine the protein stability as well as optimal buffer/pH conditions for
structural/biophysical studies, differential scanning fluorimetry (DSF) was carried out on both
STAC3SH3s (wild type) and STAC3SH3s NAM mutant. DSF measures the thermal unfolding
of a protein using the fluorescent dye, SYPRO orange, in order to determine its melting
temperature (Tm). SYPRO orange is fluorescently active in a hydrophobic environment
(Seabrook and Newman, 2013). As the protein unfolds, the buried hydrophobic residues
become accessible to the SYPRO orange dye, causing an increase in fluorescence (Phillips and
de la Pena, 2011). The Tm of a protein is the temperature at which the concentration of folded
and unfolded protein is the same; a higher Tm value indicates greater protein stability.

Overall, the Tm of wild type STAC3SH3s was consistently greater than the NAM mutant across
all the different buffer/pH conditions, except sodium MES at PH 6.0. However, the Tm of both
proteins decreased with lower salt concentrations, indicating that a higher salt concentration
improved the stability of STAC3SH3s. Both wild type STAC3SH3s and the NAM mutant were
most stable in the purification buffer (50 mM sodium phosphate, 500 mM sodium chloride, 30
mM imidazole, pH 7), having a Tm of 55 °C and 47 °C, respectively. Interestingly, the Tm of
the NAM mutant was found to be 8°C lower than that of the wild type under most conditions,
indicating that the introduction of the NAM mutation significantly reduces the stability of the
protein (Figure 3.5). DSF was also carried out on the individual SH3 domains. However, Tm’s
for the individual SH3 domains could not be determined due to anomalous melting curves,
thereby suggesting that the individual SH3 domains might have reduced stability compared to
the tandem SH3 construct.
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Figure 3.5. Differential scanning fluorimetry of STAC3SH3s wild type and STAC3SH3s NAM. The Tm of both STAC3SH3s wild type (blue)
and NAM mutant (orange) are shown across a range of buffer condition, with the pH shown in brackets. Tm’s were recorded at each condition, in
presence of either 50 mM or 200 mM NaCl, respectively. Shown here are the Tm’s recorded in presence of 200 mM NaCl. A similar trend was
observed in presence of 50 mM NaCl, but the Tm’s of both proteins were significantly lower.
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3.4.4 NAM Mutation alters the secondary structure of STAC3SH3s
Due to a considerable difference in the Tm observed between STAC3SH3s wild-type and NAM
mutant, a Far-UV CD spectrum was recorded to determine their corresponding secondary
structure composition. The spectrum of STAC3SH3s wild-type exhibited a minimum in mean
residue ellipticity centred around 205 nm, whereas in the case of NAM mutant, a general shift
in the spectrum was observed, with a minima in mean residue ellipticity observed
approximately at 209 nm and 220 nm. Deconvoluted spectra of STAC3SH3s WT
predominantly showed a disordered structure with the overall contribution of 60 %, while the
α-helix and β-sheet gave rise to 17 % and 23 % of the predicted structure, respectively.
Conversely, NAM mutant consisted of 24 % of α-helix, 23 % of β-sheet and 53 % disordered
secondary structure. Notably, there was a 7 % difference in the predicted α-helix structure
between STAC3SH3s WT and NAM mutant (Figure 3.6).
Far-UV CD spectra were also recorded for the individual SH3 domains. Similar to the tandem
SH3 domains, both the individual SH3 domains exhibited a predominantly disordered structure,
with a predicted contribution of 51.8 % and 65.5 %, for SH3_1 and SH3_2, respectively.
However, a marked difference in the α-helical content was observed between the two SH3
domains. Notably, SH3_1 contains 40.8 % of predicted α-helical structure compared to 4.5 %
in SH3_2. This was surprising, given that canonical SH3 domains are known to contain a
greater proportion of β-sheet (Figure 3.7).
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Figure 3.6. Far UV-CD spectra of STAC3 wild type and NAM mutant at 200 C. Spectrum
of STAC3 wild type (blue) shows a maximum at 193 nm followed by a minimum at 206 nm,
with deconvolution calculations indicating 17% α-helix and 23% β-sheet. In contrast, the
spectrum of STAC3 NAM mutant (yellow) shows a maximum at 192 nm followed by a minima
at 209 and 220 nm, indicating 24 % α-helix and 23 % β-sheet.
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Figure 3.7. Far UV-CD spectra of the individual SH3 domains of STAC3 at 200 C. SH3_1
(above) has a characteristic α-helical spectrum, with minima at 208 nm and 222 nm. In
comparison, spectrum of SH3_2 shows a minimum at 204 nm and is predominantly made up
of β-sheets.
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3.4.5 Structural studies of STAC3SH3s using nuclear magnetic resonance (NMR)
spectroscopy

Determination of the three-dimensional structure of STAC3 is crucial for further experimental
and modelling studies, as it will provide information about the structural composition and
relative molecular arrangement of the individual SH3 domains. In this study, the use of nuclear
magnetic resonance (NMR) spectroscopy, as an alternative technique for the structural
determination of STAC3SH3s, was examined.

From the initial DSF screening experiments, STAC3SH3s was found to be stable in buffers
with higher salt concentrations (up to 500 mM NaCl). However, the presence of 500 mM NaCl
in the NMR buffer was found to greatly reduce the signal to noise ratio of the resultant spectra.
Subsequently, several additives were tested for their ability to stabilise STAC3SH3s in buffers
with lower salt concentrations. The addition of 100 mM arginine and 100 mM glutamic acid
(Arg/Glu) significantly improved protein stability and protein solubility limits, as reported in a
previous study with a variety of different proteins (Golovanov et al., 2004). Thus, for NMR
measurements, STAC3SH3s was dialysed into the optimised NMR buffer (50 mM Na
phosphate, 100 mM arginine, 100 mM glutamic acid, 150 mM NaCl, pH 6.8) following HisTrap
purification. NMR spectra were recorded by Dr Dmitry Shishmarev using an 800 MHz NMR
spectrometer equipped with a triple-resonance cryoprobe, located at the Research School of
Chemistry, ANU.
A 1H-15N heteronuclear single quantum coherence (HSQC) NMR spectrum of STAC3SH3s was
recorded at 20 °C, using a total acquisition time of 10 minutes. This experiment correlated the
1

H and 15N chemical shifts of STAC3SH3s, which are indicators of the local chemical/magnetic

environment of each residue and provide information on the secondary and tertiary structure of
the protein. Peaks, corresponding to HN-moieties of individual amino acid residues were welldefined and well-dispersed, indicating that the protein has a well-formed three-dimensional
structure, with minimal regions of intrinsic disorder. The individual peaks were of similar
intensity, suggesting that the sample was monodisperse. Following a suite of triple-resonance
NMR experiments, individual amino acid peaks have been sequence-specifically assigned by
Dr Dmitry Shishmarev.
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In addition, the 1H-15N HSQC NMR spectrum of STAC3SH3s NAM mutant under the same
buffer/temperature conditions was also recorded. When overlayed with the spectrum of wildtype STAC3SH3s (Figure 3.8), it is apparent that introduction of the NAM mutation results in
chemical-shift perturbations across residues near the mutation site (282-287). This is not
surprising given that the local chemical environment surrounding the point of mutation has been
perturbed. However, more significant was that the mutation also resulted in chemical-shift
perturbations across a secondary set of residues between 258-267 (Figure 3.9). Interestingly,
the latter stretch of amino acids undergoing chemical shift perturbations are a part of the RT
loop of the first SH3 domain. From the crystal structure of the tandem SH3 domains of STAC2
in complex with the DHPR II-III loop (PDB code 6B27), it is evident that these residues form
several key interactions with the II-III loop (Wong King Yuen et al., 2017) (Figure 3.10). Thus,
the introduction of the W284S mutation could result in the disruption of the RT loop structure
or location with respect to the rest of the first SH3 domain, thereby affecting the interaction
between STAC3 NAM and the II-III loop. Given that the NAM mutation impairs skeletal EC
coupling, these studies suggest that the residues 258-267 might play an important role in
skeletal EC coupling. Overall, these preliminary experiments indicate that the structural
determination of wild-type STAC3SH3s and STAC3SH3s NAM is feasible using NMR
spectroscopy, and this will be pursued in future studies.
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Figure 3.8. 1H-15N HSQC NMR spectra of 15N-labelled STAC3SH3s wild-type (black) and
STAC3SH3s NAM mutant (red). Spectra were recorded on an 800 MHz NMR spectrometer
at 20 °C using a total acquisition time of 10 minutes. Buffer composition: 50 mM Na phosphate,
150 mM NaCl, 100 mM arginine, 100 mM glutamic acid, pH 6.8. Amino acid residues affected
by the NAM mutation display chemical shift perturbations and are highlighted by the black
boxes. Spectra recorded by Dr Dmitry Shishmarev.

83

Figure 3.9. Overview of STAC3 amino acid residue chemical shift perturbations upon the
introduction of the NAM mutation. Amino acid residues undergoing greatest chemical shift
perturbations are highlighted in red. The two “hot spots” of residues affected by the NAM
mutation include a region in the vicinity of W284 (residues 282-287) and the RT loop (residues
258-267).
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Figure 3.10. Crystal structure of the tandem SH3 domains of STAC2 in complex with the
II-III loop (PDB code 6B27). The II-III loop is shown in orange. The residues undergoing
chemical shift perturbations upon the NAM mutation are mapped in blue. The residue mutated
in STAC3 NAM (W284) is shown in pink.
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3.5

Discussion

In order to elucidate the structural and biophysical role of STAC3 in skeletal EC coupling,
expression and purification of the various STAC3 constructs was required. The production of
soluble protein would also allow protein stability as well as optimal buffer/pH conditions to be
determined for subsequent biophysical and structural studies. In this chapter, the various
STAC3 constructs were expressed and purified and subsequently, their stability and secondary
structure were determined via DSF, CD and NMR, respectively.
The redundancy of the genetic code allows different nucleic acid sequences to encode the same
protein and as a result, codon usage often varies between different organisms. However, this
difference in codon usage significantly impedes heterologous protein expression (Gouy and
Gautier, 1982). Consequently, the sequences of mammalian genes expressed in bacterial strains
are often codon-optimised in order to improve protein expression (Gustafsson et al., 2004).
Accordingly, the various constructs of STAC3 were codon-optimised for expression in E.coli
and chemically synthesised. The codon-optimised gene sequences were cloned into pJ411
vector containing an IPTG-inducible T7 promoter for high-level expression, kanamycin
resistance for selectivity, N-terminal 6xHis tag for affinity purification and an HRV3c protease
cleavage site for removal of the 6xHis tag (ATUM).
In this study, a typical E.coli BL21 (DE3) expression system was used for the heterologous
expression of protein in a highly enriched 2xYT medium supplemented with yeast nitrogen
base (YNB). YNB contains vitamins and trace metals and together with the rich 2xYT media,
enables the growth of bacterial cultures to high cell densities (Studier, 2005). However, trial
expression of STAC3SH3s in this system resulted in the protein being expressed as inclusion
bodies. In order to overcome this problem, numerous strategies such as different IPTG
concentrations (0.1-0.5 mM) and post-induction temperatures (16-250C) were tried but with
minimal success. Protein fusion partners such as glutathione S-transferase, maltose-binding
protein (MBP) and ubiquitin are known to improve protein solubility by acting as a covalently
linked chaperone during protein folding (Baker, 1996). To test this, STAC3 constructs were
subcloned into an in-house pHUE vector containing an N-terminal 6xHis-ubiquitin tag,
ampicillin resistance and an IPTG-inducible T7 promoter (Catanzariti et al., 2004). Ubiquitin
is a small eukaryotic protein that enhances protein yield and solubility. Furthermore, the
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ubiquitin fusion protein can be cleaved by specific proteases known as deubiquitylating
enzymes (DUBs), thereby facilitating the efficient removal of the 6xHis-ubiquitin-fusion tag
following Nickel affinity chromatography (Baker, 1996, Catanzariti et al., 2004). Trial
expression of wild-type STAC3SH3s using the pHUE vector in BL21 (DE3) yielded soluble
protein. Consequently, all other STAC3 constructs were subcloned into the pHUE vector and
successfully expressed and purified using this 6xHis-ubquitin system.
Following protein purification, circular dichroism (CD) spectra were recorded to determine the
secondary structure of STAC3SH3s and the individual SH3 domains. The CD spectrum of the
NAM mutant (STAC3SH3s W>S) was also recorded to ascertain the effects of the NAM
mutation on the secondary structure. Interestingly, introduction of the NAM mutation in the
tandem SH3 domains of STAC3 resulted in an increase in α-helical content compared to the
wild type (STAC3SH3s). Previously, studies have shown that certain mutations increase the
helical tendency in peptide sequences and proteins (Prieto et al., 1997, Yang et al., 1998). More
importantly, mutations that introduced helical tendencies in the α-spectrin SH3 domain were
found to be less stable, despite having broadly the same 3D structure (Prieto et al., 1997). The
decrease in stability due to increased α-helical tendency in STAC3SH3s is corroborated by the
DSF data presented in this chapter, which shows a significant decrease in the melting
temperature (Tm) of the STAC3SH3s NAM compared to the wild type. This finding suggests
that the NAM mutation significantly reduces the stability of STAC3SH3s.
Far- UV CD analysis of the individual SH3 domains of STAC3 revealed a marked difference
in α-helical content. This was surprising, given that canonical SH3 domains are predominantly
made up of β-sheets. As a result, SH3_1 might be intrinsically less stable compared to canonical
SH3 domains due to its non-native α-helical structure. However, the stability of the individual
SH3 domains could not be verified due to the irregular melting curves obtained from DSF.
Given that the NAM mutation (W284S) is situated in the first SH3 domain, it is possible that
introduction of this mutation further compromises the structural integrity of SH3_1, leading to
a global structural change that ultimately affects the functional outcome of STAC3 NAM.
Due to its central role in EC coupling, determination of the three-dimensional structure of
STAC3SH3s is crucial for further studies. In addition to providing information about the
binding interface of the SH3 domains, it will elucidate the folds and orientation of the individual
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SH3 domains. Importantly, it will provide a better understanding of how the NAM (W284S)
mutation affects the global structure and function of STAC3. Although the crystal structures of
STAC1 and STAC2 have been solved recently, the three-dimensional structure of STAC3
remains elusive (Wong King Yuen et al., 2017). In this study, initial attempts at crystallising
STAC3 were unsuccessful due to the protein’s instability and tendency to precipitate at high
concentrations required for crystallisation. Instead, the use of NMR spectroscopy as an
alternative technique for the structural determination of STAC3SH3s was explored. A 13C, 15Nlabelled sample of STAC3SH3s was produced, and a 1H-15N HSQC NMR spectrum of
STAC3SH3s was recorded in the presence of 100 mM arginine/glutamic acid (Arg/Glu) (Fig.
3.8). A previous study showed that an equimolar combination of Arg/Glu enhances the stability
and solubility limit of proteins in vitro (Golovanov et al., 2004). Indeed, the addition of Arg/Glu
greatly enhanced the stability of STAC3SH3s and allowed the protein to be concentrated to
concentrations in excess of 0.5 mM. More importantly, the high protein concentrations greatly
improved the signal-to-noise ratio of NMR spectra, thereby allowing acquisition of an HSQC
NMR spectrum in less than 10 minutes. These preliminary results indicate that NMR is a
promising technique for the structural determination of STAC3SH3s, with further works
currently underway.
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Chapter 4

Functional interactions between STAC3 and the
skeletal ryanodine receptor

4.1

Introduction

Excitation-contraction (EC) coupling is a fundamental process that links the action potential in
the plasma membrane to the release of Ca2+ from the sarcoplasmic reticulum (SR), resulting in
muscle contraction. Unlike cardiac muscle, EC coupling in skeletal muscle does not depend on
the influx of extracellular Ca2+. Instead, skeletal EC coupling requires a functional interaction
between the dihydropyridine receptor (DHPR) or CaV1.1, located in the T-tubule membrane,
and the ryanodine receptor (RyR) Ca2+ release channel, located in the SR membrane.
The skeletal EC coupling machinery also consists of several adaptor proteins and together with
CaV1.1, they play an important role in modulating RyR1 channel function (Figure 4.1). These
adaptor proteins interact with RyR1 on both the cytoplasmic and luminal side, regulating
channel gating in response to the external stimulus. Calmodulin (CaM) is a ubiquitously
expressed cytosolic Ca2+-binding protein that directly binds to and regulates RyR1 function,
both in its Ca2+- bound (CaCaM) and Ca2+- free state (apoCaM). At low Ca2+ concentrations,
apoCaM is a partial agonist of RyR1 whereas at higher Ca2+ concentrations, CaCaM inhibits
RyR1 activity (Tripathy et al., 1995). Moreover, cryo-EM mapping of CaM with RyR1 at high
and low Ca2+ concentrations revealed two distinct bindings with a partial overlap (Samso and
Wagenknecht, 2002, Wagenknecht et al., 1997). FKBP12 belongs to a highly conserved family
of proteins that bind immunosuppressive drugs such as FK506 and rapamycin. FKBP12 is a
Ca2+ channel-stabilizing protein that binds to the cytosolic region of RyR1 with a high affinity,
between subdomains 3,5 and 9 (Figure 4.2). Removal of FKBP12 leads to an increase in RyR1
open probability and mean open times, suggesting that FKBP12 stabilizes the closed state of
the channel (Brillantes et al., 1994). In addition, a FKBP12 knockdown study showed that both
orthograde and retrograde coupling between RyR1 and CaV1.1 was altered, with the functional
effects being dependent on the muscle type and activity (Tang et al., 2004). CLIC2 is a 28 kDa
protein that belongs to the chloride intracellular channel (CLIC) family of proteins and has an
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inhibitory effect on RyR1 activity (Cromer et al., 2007, Mi et al., 2008, Meng et al., 2009).
CLIC2 binds between domain 5 and domain 6 of RyR1, or the P2 region, and induces a
conformational change in RyR1 (Meng et al., 2009). In contrast, calsequestrin (CSQ) is a Ca2+buffering protein of the SR that regulates luminal RyR1 activity. Together with triadin and
junctin, which are RyR1 anchoring proteins located in the SR membrane, these three proteins
modulate RyR1 activity in a manner that is dependent on the CSQ isoform (Beard et al., 2009).
Thus, in addition to their role in regulating RyR1 channel gating, these studies illustrate the
importance of adaptor proteins in skeletal EC coupling.
Recently, the adaptor protein STAC3 has been identified as another essential component of the
skeletal EC coupling machinery. Studies have shown that STAC3 coprecipitates with both the
DHPR and RyR1, thus indicating that STAC3 is part of the DHPR/RyR1 triadic complex that
is central to skeletal EC coupling (Horstick et al., 2013). In mice, deletion of STAC3 results in
complete paralysis and perinatal lethality with severe musculoskeletal defects associated with
a loss of EC coupling. Both depolarization-induced muscle contraction and Ca2+ transients were
absent in myotubes cultured from STAC3 mutant mice. The application of 4-chloro-m-cresol,
a RyR agonist, restored Ca2+ transients and normal muscle function, demonstrating that SR Ca2+
stores and RyR1 are functional in STAC3 knockout mice. These studies showed that the
complete paralysis observed in STAC3 knockout mice was due to a defect in voltage-dependent
Ca2+ release (Nelson et al., 2013). In humans, a point mutation (W284S) in STAC3 is implicated
in congenital Native American myopathy (NAM), a disease characterised by muscle weakness
and a predisposition to malignant hyperthermia. In addition to a partial reduction of L-type Ca2+
currents, this mutation was also found to significantly reduce EC coupling mediated Ca2+
release (Horstick et al., 2013, Polster et al., 2016). Collectively, these studies illustrate the
importance of STAC3 in regulating EC coupling in skeletal muscle.
STAC3 has been shown to colocalize to the triads with RyR1 in the absence of DHPR
(Campiglio et al., 2018b). Given that STAC3 also plays a critical role in voltage-gated Ca2+
release, these studies raise the possibility of a direct interaction between STAC3 and RyR1 that
is required for RyR1 mediated Ca2+ release. In this chapter, single-channel bilayer experiments
were utilized in order to characterize this interaction between STAC3 and RyR1. In the bilayer
method, SR vesicles isolated from skeletal muscles are fused together with an artificial lipid
bilayer, thereby incorporating RyR1 channel into an artificial membrane. Following
incorporation, channel conductance and gating can be determined by directly measuring the
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current through the membrane (Laver, 2001). In this way, the bilayer technique allows channel
function to be monitored in the presence of STAC3, thereby providing an insight into this
interaction and its effects on RyR1 channel gating.
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Figure 4.1. Overview of adaptor proteins and small molecules involved in modulating RyR
channel function. These modulators provide either a stimulatory (+) effect or an inhibitory (-)
effect (Van Petegem, 2015).
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CLIC2

Figure 4.2. Cryo-EM map of RyR1 highlighting the known binding sites for FKBP12,
Ca2+- free calmodulin (apoCaM) and Ca2+- bound calmodulin (CaCaM) (Van Petegem,
2015).
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4.2

Aim

The aim of this chapter is to examine the functional interactions between STAC3SH3s and the
RyR1, using single-channel bilayer experiments, and to determine the effects of the NAM
mutation on this interaction.

4.3

Materials and Methods

4.3.1 Expression and purification of STAC3 constructs

All STAC3 constructs were expressed and purified as described in Chapter 3. Expression and
purification of STAC1SH3s and STAC2SH3s was carried out using the procedure described
for STAC3.

4.3.2 Bilayer recordings of Ryanodine receptor (RyR1) channels

4.3.2.1 Introduction
In the bilayer method, a mixture of lipids in a hydrophobic solvent is used to generate a lipid
bilayer across a small aperture, with aqueous solutions on each side of the bilayer. The
ryanodine receptor channel is then incorporated into this artificial bilayer and subsequent
channel activity is recorded.

4.3.2.2 Preparation of SR vesicles
Skeletal sarcoplasmic (SR) vesicles were isolated from New Zealand white rabbits by Mrs.
Suzy Pace and Mrs. Joan Stivala of the Muscle Research Group of JCSMR, ANU, based on the
method by Chu et al., 1988.
Frozen muscle tissue was homogenised in homogenising buffer consisting of 5 mM imidazole,
300 mM sucrose, pH 7.4 and a protease inhibitor cocktail (1 μM leupeptin, 1 μM pepstatin A,
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1 mM benzamadine, 0.5 mM phenylmethylsulfonyl fluoride (PMSF), 3 μM anti-calpain I and
3 μM anti-calpain II) for 1 minute using a Waring blender (Waring Products, USA). The
homogenate was then centrifuged at 9000x g for 20 minutes at 4oC using the SLA1500 rotor
(Sorvall RC-5B high speed centrifuge, Du Pont Instruments, USA). The pellet was then
resuspended in homogenising buffer and the above homogenising and centrifugation steps were
repeated.
The supernatant was then filtered through 4 layers of cotton gauze and transferred to a 70 mL
centrifuge tube and centrifuged at 100000x g for 1-2 hours at 4oC in a Ti-45 rotor (Beckman
L8-70 Ultracentrifuge, Beckman Instruments, Australia). The pellet was then resuspended in
44 mL of homogenising buffer and transferred to a Dounce Teflon homogeniser (Edwards
Instrument, Australia). The homogenised sample was then carefully added to the top of a
sucrose gradient comprising of 4 mL of 45% (w/w), 7 mL of 38% (w/w), 7 mL of 34% (w/w)
and 7 mL of 32% (w/w) and 4 mL of 27% (w/w) sucrose layer. Sucrose gradient solutions were
made up in a diluting buffer containing 20 mM imidazole, pH 7.4 and a protease inhibitor
cocktail as mentioned above. The sucrose gradient was centrifuged overnight at 40000x g in a
SW-32TI rotor (Beckman L8-70 Ultracentrifuge, Beckman Instruments, Australia) at 4 oC.
Sucrose density bands at the 34-38 % (band 3) interface were collected using a 17gauge
needle/10 mL syringe and slowly diluted with 2 volumes of diluting buffer. The diluted
fractions were then centrifuged at 100000x g at 4oC for 1 hour in a Ti-45 rotor (Beckman L870 Ultracentrifuge, Beckman Instruments, Australia). The pellet was then resuspended in
homogenising buffer to a final concentration of approximately 20 mg/mL and split into 15 μL
aliquots. The aliquots were then snap frozen and stored at -70oC until further use.

4.3.2.3 Preparation of lipid mixture
The lipid mixture used to paint a bilayer was prepared by mixing phosphatidylethanolamine
(PE), phosphatidylserine (PS) and phosphatidylcholine (PC) in a 5:3:2 (v/v) ratio. The lipid
mixture was then nitrogen-dried and resuspended in n-decane to a final concentration of 50
mg/mL.
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4.3.2.4 Preparation of bilayer solutions
The cis solution used in the bilayer experiments was made up of 20 mM CsCl, 230 mM
CsCH3O3S, 10 mM TES (10 mM tris pH 7.5, 10 mM EDTA pH 8, 0.5% SDS) and 0.936 mM
Ca2+. The trans solution used in the bilayer experiments was made up of 20 mM CsCl, 30 mM
CsCH3O3S, 10 mM TES and 0.936 mM Ca2+. The pH of both the cis and trans solutions was
adjusted to 7.4 using 4 M CsOH. Free Ca2+ levels in cis and trans solutions were measured
using a Ca2+ electrode. BAPTA (1,2-bis(o-aminophenoxy)ethane-N,N,N′,N′-tetraacetic acid)
was used to chelate Ca2+ ions as well as to adjust the Ca2+ concentration in the solution. The
purity of the BAPTA solution and the amount of BAPTA required to adjust the final Ca2+
concentration to 1 μM was calculated using a Ca2+ electrode.

4.3.2.5 Single-channel bilayer setup
Real time RyR1 channel activity was measured using the planar bilayer technique, where a
RyR1 channel is incorporated into a planar lipid bilayer and the current flow through the ion
channel is recorded. The current through the channel was measured in pico-amperes (pA) while
the potential/voltage was measured in millivolts (mV). A Delrin cup (Cadillac Plastics, Seaford,
Australia) containing a ~ 150 μm aperture was inserted into a cup holder to form two individual
chambers, the cis and trans chambers, which are connected through the aperture. SR vesicles
were added to the cis chamber, which was voltage clamped at +40 mV or -40 mV (Figure 4.3).
The trans chamber was grounded. As per physiological convention, all voltages were expressed
as Vcis -Vtrans.
Cis and trans solutions, 800 μL of each, were added to the respective chambers. Using the lipid
mixture (section 4.3.2.3), a lipid bilayer was painted across the cup aperture with a flamepolished glass rod. Since the bilayer should be of a suitable thickness for channel incorporation
to occur, the amplitude of the capacitive current across the bilayer was used to monitor the
thickness of the bilayer. Subsequently, 2 μL of skeletal SR vesicles was added to the cis
chamber while stirring. In general, skeletal SR vesicles incorporate into the bilayer in a fixed
orientation such that the cytosolic side faces the cis chamber while the luminal side faces the
trans chamber (Pitt et al., 2010). After the channel is incorporated into the bilayer membrane,
200 mM CsMS (CsCH3O3S,) was added to the trans chamber in order to obtain similar Cs+
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concentration in both the cis and trans chambers. The Ca2+ concentration in the cis chamber
was then adjusted to 1μM by the addition of 1mM BAPTA to the cis chamber.

4.3.2.6 Single-channel recording
Ryanodine receptor 1 (RyR1) channel activity was recorded using an Axopatch 200 amplifier
(Molecular Devices, USA). Recording began as soon as channel incorporation was detected.
The current flow through the channel was recorded throughout the experiment at 5 kHz and
filtered at 1 kHz using an analog/digital conversion software program (BLM2 data transfer).
Voltage was applied to the cis chamber, alternating between +40 mV and -40 mV every 30
seconds, while the trans chamber was grounded. Recordings were carried out over a 10-minute
period, 4-5 minutes after the addition of 1 mM BAPTA followed by another 4-5 minutes after
the addition of the protein. Proteins were added to the cis chamber at the desired concentration
while stirring. All experiments were conducted at 23 ± 2 oC.

4.3.2.7 Single-channel analysis
Single-channel parameters were obtained using Channel 2, an in-house software developed by
Prof. P.W. Gage and M. Smith at the John Curtin School of Medical Research. Prior to analysis,
all channel recordings were corrected for baseline variations using the in-house software,
Baseline. Channel activity was measured before and after the addition of the protein, at 30second intervals, and the open probability (Po), mean open time (To) and mean close time (Tc)
were determined. The Po was then used to quantify RyR1 channel activity.

4.3.2.8 Statistical analysis
Average data is presented as the mean ± SEM. Statistical significance was determined using a
paired or unpaired Student’s t-test and a P value <0.05 was considered to be significant for all
tests.
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Figure 4.3. The single-channel bilayer setup. The delrin cup containing a small aperture on
the wall fits into the cup holder, forming two chambers (cis and trans). The artificial bilayer is
painted across this aperture (above). The schematic diagram (below) shows the cross section of
the bilayer setup. Once an artificial bilayer has formed across the aperture, SR vesicles are
added to the cis chamber. Protein of interest is added to the cis chamber following the
incorporation of RyR1 into the lipid bilayer.
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4.4

Results

4.4.1 STAC3SH3s activates the RyR1 channel

In order to assess the effect of STAC3SH3s on RyR1 channel activity, purified STAC3SH3s
were added to the cytoplasmic side (cis) of the bilayer containing the RyR1 channel. Channels
were exposed to each protein concentration for a period of 4 to 5 minutes.
A significant increase in RyR1 channel activity was observed at +40 mV upon the addition of
100 nM STAC3SH3s (Figure 4.4 A). RyR1 channels had a mean open probability (Po) of 0.23
± 0.01 in the presence of 100 nM STAC3SH3s, compared to a control Po of 0.07 ± 0.02. The
mean increase in open probability at this concentration was found to be statistically significant
(p=0.0025) (Figure 4.5 A). This increase in activity was observed throughout the duration of
protein exposure (4 to 5 mins). There was a substantial increase in the mean open times (To)
(Figure 4.6 A) and a decrease in the mean close times (Tc) (Figure 4.6 B) in the presence of
100 nM STAC3SH3s, although these differences were not statistically significant.
Similarly, increasing the concentration of STAC3SH3s to 1 µM also led to a significant increase
in channel activity at +40 mV (Figure 4.4 B), with RyR1 channels having a mean Po of 0.26 ±
0.004 compared to a control Po of 0.1 ± 0.03 (p=0.019) (Figure 4.5 B). The average increase in
open probability in the presence of 1 µM STAC3SH3s could be attributed to a significant
increase in the mean open time (Figure 4.6 A). However, addition of STAC3SH3s at a lower
concentration of 10 nM had no effect on channel activity, suggesting a concentration dependent
activation (Figure 4.7).
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B

Figure 4.4. STAC3SH3s activates RyR1 channel activity at +40 mV. A) Control recording
at +40 mV followed by the addition of 100 nM STAC3SH3s (n=4). B) Control recording at
+40 mV followed by the addition of 1 µM STAC3SH3s (n=4). “C”- closed state of the channel.
“O”- maximum open state of the channel
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B

Figure 4.5. The effect of STAC3SH3s on ryanodine receptor open probability at +40 mV.
A) Average open probability (Po) in the presence of 100 nM STAC3SH3s relative to the control.
B) Average open probability in the presence of 1 µM STAC3SH3s relative to the control. “*”
indicates a significant difference (p < 0.05) compared to the control. Data for each set is
presented as the mean ±SEM of four independent experiments.
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Figure 4.6. Changes in RyR1 channel activity parameters upon the addition of
STAC3SH3s. A) The mean open time (To) expressed as log relative To and is the average of
the differences between the log10 of To in the presence of STAC3SH3s and log10 of To in the
control. B) The mean close time (Tc) expressed as log relative Tc and is the average of the
differences between the log10 of Tc in the presence of STAC3SH3s and log10 of Tc in the control.
Open and close times were expressed as log relative in order to reduce the effects of variability
in control open probability. “*” indicates significant changes (p < 0.05) from the control. Data
for each set is presented as the mean ±SEM of four independent experiments.
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Figure 4.7. 10 nM STAC3SH3s had no effect on RyR1 channel activity. A) Control channel
activity at +40 mV followed by the addition of 10 nM STAC3SH3s. “C”- closed state of the
channel. “O”- maximum open state of the channel (n=4). B) Average open probability (Po) in
the presence of 10 nM STAC3SH3s relative to the control. Data for each set is presented as the
mean ±SEM of four independent experiments.
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4.4.2 Introduction of the NAM mutation in STAC3SH3s abolishes RyR1 channel
activity

The studies presented in Chapter 3 showed that the NAM mutant had different biophysical
characteristics when compared to the wild type. The Tm of the NAM mutant was significantly
lower than that of the wild type. In addition, secondary structure analysis revealed that the NAM
mutation resulted in a greater alpha helical content in the mutant compared to the wild type.
In order to determine the effects of the NAM mutation on the tandem SH3 domains ability to
activate the RyR1 channel, STAC3SH3s NAM was purified and added to the cytoplasmic (cis)
side of the bilayer containing the RyR1 channels. Channels were exposed to the different
protein concentrations for 4 to 5 minutes. RyR1 channel activity was recorded in the presence
of two different STAC3SH3s NAM protein concentrations, 100 nM and 1 µM.
Unlike the STAC3SH3s wild type, the NAM mutant lacks the ability to activate the ryanodine
receptor at +40 mV. The mean open probability (Po) in the presence of 100 nM STAC3SH3s
NAM was 0.01± 0.006 compared to a control mean open probability (Po) of 0.05± 0.01 (Figure
4.8 A). Similarly, the mean open probability (Po) in the presence of 1 µM STAC3SH3s NAM
was 0.03± 0.01 compared to a control mean open probability (Po) of 0.08 ± 0.03 (Figure 4.8
B). The small decrease observed in the mean open probability at both these concentrations was
not statistically significant (p > 0.05) (Figure 4.9 A-B). There was an increase in the mean close
time in the presence of 100 nM STAC3SH3s NAM, however, this increase was not statistically
significant (Figure 4.10).
When compared to the NAM mutant, wild type STAC3SH3s significantly increased the activity
of the ryanodine receptor at + 40 mV, at both protein concentrations (100 nM and 1µM). The
mean Po at 100 nM was 0.23 ± 0.01 for the wild type compared to 0.01± 0.006 for the NAM
mutant. Similarly, the mean Po at 1 µM was 0.26 ± 0.004 for the wild type compared to 0.03±
0.01 for the NAM mutant (Figure 4.9 C-D). This suggests that the NAM mutation significantly
alters STAC3’s ability to activate RyR1.
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Figure 4.8. STAC3SH3s NAM mutant has no effect on RyR1 channel activity. A) RyR1
channel activity at +40 mV before (control) and after the addition of 100 nM STAC3SH3s
NAM (n=4). B) RyR1 channel activity at +40 mV before (control) and after the addition of 1
µM STAC3SH3s NAM (n=4). “C”- closed state of the channel. “O”- maximum open state of
the channel.
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Figure 4.9. The effect of STAC3SH3s NAM on ryanodine receptor open probability at +40
mV. A) Average open probability in the presence of 100 nM STAC3SH3s NAM mutant relative
to the open probability in the control. B) Average open probability in the presence of 1 µM
STAC3SH3s relative to the open probability in the control. C) Average open probability of the
NAM mutant relative to the wild type, at 100 nM. D) Average open probability of the NAM
mutant relative to the wild type, at 1 µM. “*” indicates a significant difference (p < 0.05)
between the two groups. Data for each set is presented as the mean ±SEM of four independent
experiments.
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Figure 4.10. Changes in RyR1 channel activity parameters upon the addition of
STAC3SH3s NAM. A) The mean open time (To) expressed as log relative To and is the average
of the differences between the log10 of To in the presence of STAC3SH3s NAM and log10 of To
in the control. B) The mean close time (Tc) expressed as log relative Tc and is the average of
the differences between the log10 of Tc in the presence of STAC3SH3s NAM and log10 of Tc in
the control. Open and close times were expressed as log relative in order to reduce the effects
of variability in control open probability. Data for each set is presented as the mean ±SEM of
four independent experiments.
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4.4.3 STAC3 SH3_1 is required for RyR1 channel activation

In order to determine which of the SH3 domains of STAC3 was responsible for the RyR1
channel activity, the individual SH3 domains of STAC3 were purified and added to the
cytoplasmic side (cis) of the RyR1 channel in the lipid bilayer. RyR1 channels were exposed to
each protein concentration for 4 to 5 minutes. Experiments with the individual SH3 domains of
STAC3 were carried out at two different protein concentrations, 100 nM and 1µM.
Unlike the tandem SH3s domains of STAC3, the individual SH3 domains of STAC3 had no
significant effect on the activity of the ryanodine receptor at 100 nM (Figure 4.11). STAC3
SH3_1 had a mean Po of 0.05 ± 0.003 compared to a mean Po of 0.06 ± 0.01 in the control.
Similarly, STAC3 SH3_2 had a mean Po of 0.02 ± 0.01 compared to a mean Po of 0.04 ± 0.01
in the control (Figure 4.12 A).
Interestingly, increasing the concentration of STAC3 SH3_1 to 1µM led to an increase in the
activity of the ryanodine receptor (Figure 4.13 A). RyR1 channels had a mean Po of 0.17 ± 0.01
compared to a mean Po of 0.03 ± 0.01 in the control (Figure 4.12 B). This increase in channel
activity was due to a significant increase in the mean open time (To). A decrease in mean close
times (Tc) was also observed in the presence of 1µM STAC3 SH3_1. However, this decrease
was not significant (Figure 4.14 A-B). In contrast, increasing the concentration of STAC3
SH3_2 to 1µM had no significant effect on the activity of the ryanodine receptor (Figure 4.13
B), with channels having a mean Po of 0.05 ± 0.01 in the presence of 1 µM STAC3 SH3_2
compared to a mean Po of 0.03 ± 0.005 in the control (Figure 4.12 B). This suggests that the
first SH3 domain is crucial for the STAC3 mediated activation of RyR1.
Although STAC3 SH3_1 increased channel activity at 1 µM, it is important to note that the
mean open probability was still lower when compared to that of 100 nM and 1 µM
STAC3SH3s. Given that maximal RyR1 activation was observed only in the presence of
STAC3SH3s, this indicates that there might be some cooperativity between the two SH3
domains.
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A

B

Figure 4.11. The effects of the single SH3 domains of STAC3 on RyR1 channel activity at
100 nM. A) RyR1 channel activity at +40 mV before (control) and after the addition of 100 nM
STAC3 SH3_1 (n=4). B) RyR1 channel activity at +40 mV before (control) and after the
addition of 100 nM STAC3 SH3_2 (n=4). “C”- closed state of the channel. “O”- maximum
open state of the channel.
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B

Figure 4.12. Effects of the single SH3 domains of STAC3 on ryanodine receptor open
probability at +40 mV. A) Average open probability in the presence of 100 nM STAC3 SH3_1
and 100 nM STAC3 SH3_2 relative to the open probability in the control. B) Average open
probability in the presence of 1 µM STAC3 SH3_1 and 1 µM STAC3 SH3_2 relative to open
probability in the control. “ns” indicates not significant. “*” indicates a significant difference
(p < 0.05) between the two groups. Data for each set is presented as the mean ±SEM of four
independent experiments.
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B

Figure 4.13. Effects of the single SH3 domains of STAC3 on RyR1 channel activity at 1
µM. A) RyR1 channel activity at +40 mV before (control) and after the addition of 1 µM
STAC3 SH3_1 (n=4). B) RyR1 channel activity at +40 mV before (control) and after the
addition of 1 µM STAC3 SH3_2 (n=4). “C”- closed state of the channel. “O”- maximum open
state of the channel.
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B

Figure 4.14. Changes in RyR1 channel activity parameters upon the addition of the SH3
domains of STAC3. A) Log relative To is the average of the differences between the log10 of
To in the presence of the individual SH3 domains of STAC3 and log10 of To in the control. B)
Log relative Tc is the average of the differences between the log10 of Tc in the presence of the
individual SH3 domains of STAC3 and log10 of Tc in the control. Open and close times were
expressed as log relative in order to reduce the effects of variability in control open probability.
“*” indicates significant changes (p < 0.05) from the control. Data for each set is presented as
the mean ±SEM of four independent experiments.
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4.4.4 The interaction between STAC3 and RyR1 is isoform specific

In a recent study, Wong King Yuen et al, (2017) demonstrated that the interaction between
STAC3 and the DHPR II-III loop is conserved across the other STAC isoforms. To assess
whether the interaction observed between STAC3 and RyR1 was also conserved, RyR1 channel
activity was also measured in the presence of the tandem SH3 domains of STAC1 and STAC2.
As with STAC3SH3s, purified STAC1 and STAC2 was added to the cytoplasmic (cis) side of
the RyR1 channel in the lipid bilayer. Channels were exposed to the different protein
concentrations for 4 to 5 minutes. RyR1 channel activity was recorded in the presence of
STAC1 and STAC2 at two different protein concentrations, 100 nM and 1 µM. RyR1 channel
activity was recorded by Ms Emily Rowland at the John Curtin School of Medical Research,
ANU.
Interestingly, unlike STAC3SH3s, the tandem SH3 domains of STAC1 had no effect on RyR1
channel activity at both 100 nM and 1 µM. At 100 nM, STAC1SH3s had a mean Po of 0.01±
0.003 compared to a mean Po of 0.02±0.01 in the control. At 1 µM, STAC1SH3s had a mean
Po of 0.01±0.005 compared to a control mean Po of 0.02±0.01) (Figure 4.15 A-C). Similarly,
the tandem SH3 domains of STAC2 also had no effect on RyR1 channel activity. STAC2SH3s
had a mean Po of 0.01± 0.004 and 0.01± 0.003 at 100 nm and 1 µM, respectively, compared to
a control mean Po of 0.02 ± 0.005 (Figure 4.15 B-D). These preliminary findings suggest that
the interaction between STAC3 and RyR1 is isoform specific.
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D

Figure 4.15. The effect of STAC1 and STAC2 on ryanodine receptor open probability at
+40 mV. A) Average open probability (Po) of RyR1 in the presence of 100 nM STAC1SH3s
relative to the Po in the control. B) Average Po of RyR1 in the presence of 100 nM STAC2SH3s
relative to the control. C) Average Po of RyR1 in the presence of 1 µM STAC1SH3s relative to
the control. D) Average Po of RyR1 in the presence of 1 µM STAC2SH3s relative to the control.
Data for each set is presented as the mean ±SEM of four independent experiments.
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4.5

Discussion

EC coupling plays a central role in both skeletal and cardiac muscle contraction and is typically
mediated by two Ca2+ channels, namely the DHPR and RyR1. In skeletal muscle, these proteins
physically interact with each other to gate Ca2+ transients and muscle contraction. Whilst the
roles of skeletal DHPR and RyR1 are well characterized, the adaptor proteins that mediate this
key molecular interaction are poorly defined. Given that STAC3 plays a key role in skeletal EC
coupling and the introduction of the NAM mutation reduces EC coupling, much of the work
has been centred on trying to dissect the exact role of STAC3 in EC coupling. More importantly,
it is of great interest to understand whether STAC3 interacts with DHPR or RyR1, or whether
its interaction spans both DHPR and RyR1.
Initially, studies identified interactions between STAC3 and DHPR that were required for the
surface expression and voltage sensing of DHPR (Polster et al., 2015, Polster et al., 2016). More
recently, the C1 domain and first SH3 domain were identified as key sites required for STAC3’s
interaction with DHPR (Campiglio and Flucher, 2017, Wong King Yuen et al., 2017). However,
with subsequent studies showing that STAC3 localizes to the triads of dysgenic mice (lacking
DHPR), the research on STAC3 has taken a new dimension, with more focus on the interactions
of STAC3 with other key components of triad junction (Campiglio et al., 2018b). Given that
skeletal EC coupling is dependent on the DHPR-RyR1 interaction, it was hypothesised that
STAC3 could directly bind to and regulate RyR1 channel activity.
This study indicated that STAC3 interacts with RyR1 and that this interaction is required for
RyR1 mediated Ca2+ release. Single-channel bilayer studies revealed that STAC3 interacts with
RyR1, solely through the tandem SH3 domain. Notably, this study also showed that STAC3
mediates RyR1 channel activation in a concentration dependent manner, suggesting that the
concentration of STAC3 within the triads could define its interaction with other components of
the EC coupling machinery. To address whether the NAM mutation hinders this interaction,
channel activity was also recorded in the presence of STAC3SH3s NAM. Indeed, a significant
reduction in RyR1 channel activity was observed in the presence of STAC3SH3s NAM,
suggesting that this mutation affects STAC3’s ability to interact with RyR1. At this point, it
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remains to be determined whether the failure of RyR1 mediated Ca2+ transient is due to a
misalignment of the STAC3-RyR1 interface or a global structural change associated with the
NAM mutation. Given that the CD spectroscopy studies, presented in chapter 3, showed a
transition in the secondary structure between the wild type and NAM mutant, it is possible that
the mutation alters the RyR1 binding interface, resulting in a loss of EC coupling. Nonetheless,
structural insights into STAC3 wild type and NAM mutant will be required to answer this
unambiguously.
Due to the presence of two SH3 domains, the possible role of both these domains in RyR1
channel activation was also investigated. Bilayer experiments showed that the first SH3 domain
was required for RyR1 channel activation and that RyR1 channel open probability was
considerably reduced in the absence of the second SH3 domain. This suggests that the second
SH3 domain might be involved in stabilizing the first SH3 domain and that this co-operativity
is required for the maximal channel activation. Interestingly, the NAM mutation is located in
the first SH3 domain, indicating that the mutation destabilizes STAC3 from directly interacting
with RyR1. Recently, X-ray crystal structures of STAC2 showed that SH3_1 binds to the II-III
loop of the DHPR, with SH3_2 contributing to the binding (Wong King Yuen et al., 2017).
Given that SH3_1 of STAC3 was found to interact with RyR1 as well, it is possible that the
first SH3 domain of STAC3 interacts with both the DHPR and RyR1 and acts as the molecular
link that is required for voltage-gated Ca2+ release.
In conclusion, the results presented in this chapter demonstrate that STAC3 activates RyR1
through the SH3 domains and that this interaction is required for Ca2+ release. Furthermore, the
first SH3 domain is crucial for STAC3 mediated RyR1 activation. Due to the central role of EC
coupling in several muscular disorders (myopathies), these findings will certainly provide
greater insights into the pivotal role of STAC3 in skeletal EC coupling.
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Chapter 5

Identification of a novel RyR1 peptide sequence
involved in STAC3 binding

5.1

Introduction

Although it is well established that CaV1.1 (skeletal DHPR isoform) and RyR1 undergo
physical coupling in skeletal EC coupling, the underlying molecular basis of depolarisationinduced Ca2+ release via the RyR1 remains unclear. Studies have allowed the identification of
regions in both CaV1.1 and RyR1 that are critical for skeletal EC coupling (Takekura et al.,
2004, Grabner et al., 1999, Proenza et al., 2002, Sheridan et al., 2006). Chimeric studies of CaV
identified a 46 amino acid sequence in the cytoplasmic II-III loop of CaV1.1 that has the ability
to confer skeletal-type EC coupling to CaV1.2 (cardiac isoform) (Grabner et al., 1999, Kugler
et al., 2004). Similarly, RyR1/RyR2 chimeric studies have also identified regions in RyR1 that
are critical for skeletal EC coupling. In the absence of extracellular Ca2+, cardiac RyR2 channels
containing the skeletal RyR1 sequence 1635-3720 had the ability to restore skeletal EC
coupling (Protasi et al., 2002). Nonetheless, despite extensive biophysical studies, evidence of
a direct functional interaction between CaV1.1 and RyR1 is yet to be demonstrated, thereby
suggesting that other adaptor proteins could indirectly mediate this interaction.
Recently, Perni et al. (2017) demonstrated that CaV1.1, β1a, STAC3, RyR1, and junctophilin2,
(JP2) when co-expressed in of tsA201 cells, co-cluster to the membrane junctions and are
sufficient to support conformational EC coupling in these cells. While JP2 is required to
maintain the integrity of the junctional membrane, CaV1.1, β1a, STAC3, and RyR1 are all
required for EC-coupling mediated Ca2+ release. This study identified CaV1.1, β1a, STAC3,
RyR1, and JP2 as the fundamental molecular components required for skeletal EC coupling
(Perni et al., 2017). More importantly, CaV1.1 and RyR1 were found to be physically linked in
these cells, providing further evidence that this critical interaction could be mediated either by
β1a or STAC3 (Perni et al., 2017). Since studies have already indicated that the β1a subunit might
be directly involved in the arrangement of CaV1.1 into tetrads, a feature specific to skeletal EC
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coupling (Schredelseker et al., 2005, Schredelseker et al., 2009), recent focus has shifted
towards STAC3 and its potential ability to mediate a functional interaction between CaV1.1 and
RyR1.
In addition to playing a central role in skeletal EC coupling, studies have now identified two
distinct functional interactions linking STAC3 to CaV1.1. The C1 domain of STAC3 has been
shown to interact with the cytoplasmic C-terminal region of CaV1.1, while the first SH3 domain
of STAC3 has been shown to interact with the cytoplasmic II-III loop of CaV1.1 (Campiglio
and Flucher, 2017, Campiglio et al., 2018a, Niu et al., 2018b, Wong King Yuen et al., 2017).
Moreover, a recent study also showed that STAC3 colocalizes to the triads in dysgenic mice
(CaV1.1-null), thereby indicating that STAC3 could possibly interact with RyR1 (Campiglio et
al., 2018b). Collectively, these findings support the initial co-immunoprecipitation study, which
showed that STAC3 immunoprecipitated with both DHPR and RyR1 (Horstick et al., 2013).
More importantly, these findings are consistent with STAC3’s proposed role as a functional
linker between CaV1.1 and RyR1.
The single-channel bilayer experiments presented in chapter 4 indicate that STAC3 activates
RyR1 channel opening, suggesting a direct interaction between these proteins. Moreover, the
introduction of the NAM mutation (W284S) abolished RyR1 channel activity, thereby further
validating the physiological significance of this interaction. By employing mass spectrometry
and biomolecular interaction techniques, the functional interaction between STAC3 and RyR1
was further explored in this chapter.
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5.2

Aim

The aim of this chapter was to characterize the functional interaction between STAC3 and RyR1
and explore the potential binding site(s) of STAC3 on the RyR1 calcium channel.

5.3

Materials and Methods

5.3.1 Expression and purification of STAC3SH3s

STAC3SH3s expression and purification is described in Chapter 3. RyR1 vesicles preparation is
described in Chapter 4.

5.3.2 Sulfo-SBED chemical cross-linking

Purified STAC3SH3s WT and RyR1 were cross-linked using Sulfo-SBED cross-linking
reagent (Thermo-scientific) with slight modification to the manufacturer’s protocol. Briefly, 2
mg of STAC3SH3s was incubated with 0.6 mg of Sulfo-SBED on ice for 2 hours in the dark.
The reaction mixture was centrifuged and applied to a 5 mL desalting column equilibrated in
buffer (50 mM sodium phosphate, 500mM sodium chloride, pH 7.0). To facilitate conjugation,
Biotinylated STAC3SH3s WT was incubated with 2 mg of RyR1 at room temperature for 5
mins and photo-activated using a long-wave UV lamp (365 nm) for 15 minutes and desalted
(Figure 5.1).

5.3.3 Mass Spectrometry (MS)

The cross-linked mixture was incubated with 60 μg of Trypsin at 37 °C for overnight and later
bound to streptavidin beads. The beads were washed with PBS, resuspended in Milli-Q water
and heated at 90 °C for 10 minutes. The samples were subsequently centrifuged at 14000 g for
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5 mins and the supernatant was removed and lyophilized in a 0.5 mL protein non-binding
microcentrifuge tube. The lyophilized samples were each resuspended in 20 µl of 0.1%
trifluoroacetic acid by sonication in a sonicating bath for 5 minutes at room temperature
followed by centrifugation a 14000 g for 5 minutes. The supernatants were then transferred to
2 mL screw cap autosampler vials fitted with 350 µL low-volume glass inserts (Thermo
MacroVial, 350 µL Fused Insert, Amber; Product ID NTSC4000-LV2W). Samples were
analysed by liquid chromatography / tandem mass spectrometry (LC-MS/MS) on a Thermo
Fisher Orbitrap Elite mass spectrometer coupled to a Dionex Ultimate 3000 RSLCnano high
performance liquid chromatograph. Peptide samples were separated over a Thermo Fisher
Acclaim PepMap RSLC 75 µm x 50 cm nanoViper C18 chromatography column (Part number
164942) after being trapped on a 300 µm internal diameter x 5 mm long C18 PepMap100
precolumn trap cartridge with 5 µm particle size and 100 Å pore size. Liquid chromatography
conditions were as follows: Solvent A = MilliQ purified water with 0.08% formic acid; Solvent
B = acetonitrile with 0.08% formic acid. The loading pump was used to load the sample injected
by the autosampler (injection volume = 6 µL) onto the precolumn trap via a ten-port switching
valve at a flow rate of 15 µL min-1 using 100% solvent A with flow-through being directed to
waste. This trapping phase occurred for the first 4.9 minutes of the run, at which point the tenport valve was switched to place the trap between the nano pump providing the
chromatographic gradient and the chromatographic separation column. The chromatographic
parameters were as follows: constant flow rate of 0.4 µL min-1; column oven temperature 40
°C; start at 2% solvent B; linear ramp to 12% solvent B at 8 min; linear ramp to 30% solvent B
at 13 min; linear ramp to 90% solvent B at 15 min; hold until 25 min; linear ramp to 2% solvent
B at 25.1 min; hold from 25.1 to 40 min. The outlet of the chromatography column was coupled
to the mass spectrometer via a Nanospray Flex nano electrospray ion source using a conductive
stainless-steel emitter. Source parameters were: source voltage (positive mode) = 2.4 kV; lens
RF level = 60; capillary temperature 320 °C. The MS/MS was operated in data-dependent
MS/MS acquisition mode with profile mode MS1 survey scans from 250 to 2000 m/z being
made with the Orbitrap MS at the 120000-resolution setting and MS2 scans being made on the
ion trap with “rapid” scan rate and centroid mode. Settings for MS/MS were: minimum signal
threshold = 5000; Analyze top 15 peaks; Default charge state = 2; Isolation width = 2 m/z;
Normalized collision energy = 35; Activation type = CID; Activation Q = 0.25; Activation time
= 10 ms; Enable charge state screening = true; Enable monoisotopic precursor selection = true;
Reject charge states of z=1 only; Dynamic exclusion = on with repeat count =1, exclusion list
size = 500 and exclusion duration = 30 s; and both low and high exclusion mass width = 10
120

ppm. Other MS parameters were: Ion Trap MSn AGC Target = 1E4; FTMS Full AGC Target
= 1E6; Ion Trap MSn Microscans = 1; FTMS Full Microscans = 1; Ion Trap Max Ion Time =
100 ms; FTMS Max Ion Time = 50 ms; Predict ion injection time = true; Most intense ion if no
Parent Masses found = false.
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Figure 5.1. Schematic overview of the Sulfo-SBED cross-linking procedure as described
in section 5.3.2 and 5.3.3.
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5.3.4 Mass spectrometry data analysis

To search raw LC-MS/MS data for evidence of Sulfo-SBED crosslinked peptide pairs,
Spectrum Identification Machine software (version 1.5.1.17) was used (B. Lima et al., 2015).
Sulfo-SBED was set up as a custom cross-linker with XL-Mass Shift = 638.237878; reaction
sites = KN-TERM, KK, KR, KN, KD, KC, KE, KQ, KG, KH, KI, KL, KM, KF, KP, KS, KT,
KW, KY and KV; and reporter ions = none. Search parameters were: Cross-linker (XL) = SulfoSBED; precursor ppm = 2; fragment ppm = 800; Xrea threshold = 0.2; enzyme specificity =
fully specific; enzyme name = trypsin; deconvoluted MS/MS = false; fragmentation method =
CID; variable modifications = Oxidation of methionine; No. isotopic possibilities = 4; Min. AA
residues per chain = 4; Intra-link max charge = 4; Max. missed cleavages = 3; Peaks matched
cutoff = 0; Min. MH (linear peptides) = 600; Max MH (linear peptides = 3000).

5.3.5 Isothermal titration calorimetry (ITC)

STAC3SH3s was concentrated and dialysed in 50 mM sodium phosphate buffer (pH 7.0), 250
mM NaCl. Both the II-III loop peptide and the RyR1 peptide, which was identified via mass
spectrometry, were dissolved in the dialysis buffer and the pH was adjusted. Protein
concentrations were determined using a nanodrop 2000 spectrophotometer (280 nm)
(Thermofisher). Experiments were performed at 25 °C with the stirring speed of 400 rpm on
Nano ITC (TA instruments) by 22 injections with 2 μL volume. STAC3SH3s-II-III loop
titration was carried out by injecting 500 μM of II-III loop peptide into 30 μM of STAC3SH3s
with an interval of 250 seconds. STAC3SH3s- RyR1 titration was carried out by injecting 750
μM of RyR1 peptide into 30 μM of STAC3SH3s with an interval of 250 seconds. All data were
processed using Origin (Version 7.0) and isotherms were generated following an average
reference subtraction titration of the ligand into a buffer.

123

5.3.6 Surface plasmon resonance

Surface plasmon resonance (SPR) experiments were carried out at 20 °C on a Biacore 8000
instrument (GE healthcare) using HBS buffer (10 mM HEPES-HCl, pH 7.4, and 150 mM NaCl)
with 0.05 % P20 as a running buffer. The purified wild type STAC3SH3s and NAM mutant
were filtered and coupled (~750 RU) onto Ni-NTA sensor chip (GE healthcare) following the
procedure described by the manufacturer. Affinity measurements were carried out by passing
increasing concentrations of RyR1 wild type, RyR1 mutant and DHPR II-III loop peptide (up
to 400 μM) at a flow rate of 30 μL/minute. The final response unit was calculated by subtracting
the response unit obtained from the reference flow cell.

5.4

Results

5.4.1 Mass spectrometry

The single-channel studies presented in chapter 4 demonstrated that STAC3SH3s increases
RyR1 channel activity and that introduction of the NAM mutant significantly alters its ability
to activate RyR1. In order to identify and subsequently map the potential binding site of STAC3
onto the structure of RyR1, a cross-linking study was carried out between STAC3SH3s and
RyR1.
Both STAC3SH3s and RyR1 were cross-linked to each other using Sulfo-SBED linker
(Thermo-scientific) and digested with trypsin to generate peptide fragments. These fragments
were then analysed by mass spectrometry (MS). The cross-linking experiment between STAC3
and RyR1 was carried out to identify potential peptide sequences on RyR1 that could function
as a binding site for STAC3. These candidate peptides would then be sequentially screened in
order to validate their suitability as the binding site of STAC3 (Figure 5.2).
MS experiments, which were carried out at the Research School of Chemistry (RSC, ANU) by
Dr Adam Carroll, revealed a series of STAC3-binding peptide sequences on RyR1. The peptide
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sequences having the highest primary score, which is a measure of how well the MS/MS
spectrum matched the predicted spectrum, are shown in Table 5.1. All these peptide sequences
identified on the RyR1 need to be examined further in order to assess their suitability as a
binding site for STAC3 and their functional relevance.
In addition to having the highest primary score, the PARLSPAIPLEALRDK (residue 1795 to
1810) peptide also contained a PxxP motif that SH3 domains are known to recognize and bind.
Consequently, this RyR1 peptide sequence was selected for in vitro evaluation in this study
(Figure 5.3). Moreover, when mapped onto the recently solved cryo-EM structure of RyR1,
this PxxP motif containing sequence was located in a region that would be accessible to STAC3
in vivo, thereby further validating this sequence as a suitable binding site for STAC3 (Figure
5.4).
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STAC3-RyR1
cross-linking

Massspectrometry
analysis

Functional
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Peptide
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In vitro
evaluation (SPR)

Figure 5.2. Overview of the steps involved in the identification and characterisation of
potential STAC3 binding sites on RyR1.
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RyR1 peptide sequence

Position of residue Primary score

LSPAIPLEALRDKALR

1798

8.06

EEEEAPEGEKEDLEEGLLQMK

1910

7.9

EGTAKEGTPGGTPQPGVEAQPVR 1370

6.7

Table 5.1. List of the highest scoring RyR1 peptides and their corresponding
positions as identified via mass spectrometry.
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Figure 5.3. MS/MS signal from the cross-linked PARLSPAIPLEALRDK peptide
fragment identified on RyR1. Signals corresponding to STAC3SH3s peptide fragments

are shown in blue. Signals corresponding to the PARLSPAIPLEALRDK peptide fragments
are shown in red. MS experiments were carried out at the Research School of Chemistry (RSC,
ANU) by Dr Adam Carroll.
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A

B

Figure 5.4. Candidate STAC3-binding peptide sequences mapped onto the RyR1
cryo-EM structure. A) Top view. B) Side view. FKBP is shown in teal. The
LSPAIPLEALRDKALR

peptide

EEEEAPEGEKEDLEEGLLQMK

sequence
peptide

is

sequence

shown
is

in

shown

green.
in

red.

The
The

EGTAKEGTPGGTPQPGVEAQPVR peptide sequence could not be mapped as that
region of RyR1was still unassigned.
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5.4.2 Interaction between STAC3SH3s and DHPR II-III loop

Using isothermal calorimetry (ITC), Wong King Yuen et al, (2017) demonstrated that
STAC3SH3s binds to the DHPR II-III loop with micromolar affinity (~0.83 μM), thereby
providing evidence of a direct link between STAC3 and DHPR (Figure 5.5A). Therefore, in
order to establish a reference for subsequent STAC3 binding studies, this interaction was
investigated. Firstly, the binding affinity and stoichiometry between STAC3 and the II-III loop
was measured using ITC. Surprisingly, in this case, no definitive binding was observed (Figure
5.5B). Surface plasmon resonance (SPR) was also utilized to characterize this binding affinity,
however, similar to the ITC experiments, no detectable binding was observed between
STAC3SH3s and II-III loop (Figure 5.5C). Thus, based on two different experimental
techniques, no binding was detected between STAC3SH3s and the DHPR II-III loop.
To investigate this interaction further, titration experiments between STAC3SH3s and the
DHPR II-III loop were also performed using NMR spectroscopy. As described in Chapter 3
(section 3.4.5), NMR spectroscopy was identified as an alternative technique for the structural
determination of STAC3SH3s, with the individual amino acid peaks having been sequencespecifically assigned by Dr Dmitry Shishmarev. Amino acids involved in binding interactions
undergo changes in their local magnetic environment due to the new set of atomic interactions,
and these changes manifest as chemical shift perturbations on the HSQC NMR spectra
(Zuiderweg, 2002). As a result, peak shifts in the 1H-15N HSQC NMR spectrum of STAC3SH3s
upon addition of the II-III loop peptide would allow the identification of specific residues on
STAC3SH3s that are involved in the interaction.
A 1H-15N HSQC NMR spectrum of STAC3SH3s was recorded at 20 °C prior to the addition of
the II-III loop peptide, as a control. Subsequently, increasing concentrations of the II-III loop
peptide was titrated into the 15N-labelled STAC3SH3s, with a HSQC spectrum being recorded
at each concentration. When overlayed with the control STAC3SH3s spectrum, it is apparent
that addition of the II-III loop peptide induces chemical shift perturbations across a majority of
STAC3SH3s residues, thereby verifying the interaction between STAC3SH3s and the II-III
loop (Figure 5.6). Notably, comparable residues in STAC2 that interact with the II-III loop, as
shown in recent crystal structures, were found to undergo chemical shift perturbations in the
STAC3SH3s spectra upon the addition of the II-III loop, indicating that the interaction is likely
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conserved (Wong King Yuen et al., 2017). Since a majority of STAC3SH3s residues underwent
chemical shifts in the presence of the II-III loop, this suggests that STAC3SH3s undergoes a
conformational change upon binding to the II-III loop.
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Figure 5.5. No detectable binding was observed between STAC3SH3s and the DHPR IIIII loop. A) Figure of ITC experiment performed by Wong King Yuen et al, (2017), where 390
μM of CaV1.1 728-775 was titrated into 39 μM of STAC3 tandem SH3 domains. B) ITC
experiments conducted between STAC3SH3s and II-III loop (n=3). 500 μM of II-III loop was
titrated into 35 μM of STAC3SH3s. C) SPR sensogram of STAC3SH3s-DHPR II-III loop
peptide experiments (n=4). Up to 400 μM of II-III loop peptide was added to STAC3SH3s
coupled onto a Ni-NTA sensor chip.
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Figure 5.6. 1H-15N HSQC spectra of STAC3SH3s in the absence (black) and presence (red)
of 4-fold excess of the II-III loop. The most substantial chemical shift perturbations are
highlighted in the black boxes. The local chemical environment of these residues undergoes
significant changes upon the addition of the II-III loop. The spectra were acquired using the
600 MHz NMR spectrometer. Buffer conditions: 100 mM arginine, 100 mM glutamic acid, 150
mM NaCl, 50mM Na phosphate (pH 6.8), 10% D2O. Spectra recorded by Dr Dmitry
Shishmarev.
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5.4.3 Investigating the binding between STAC3SH3s and the RyR1 peptide
identified by mass spectrometry

As described in section 5.4.1, the interaction between STAC3 and RyR1 was investigated using
cross-linking/MS and a series of candidate sequences were identified on RyR1 as potential
binding sites for STAC3. In this study, the PARLSPAIPLEALRDK peptide sequence was
chosen for further investigation as it was located in a proline rich region, and contained a PxxP
motif (PAIP) that SH3 domains typically bind. This 16 amino acid sequence was synthesised
into a peptide for subsequent interaction studies (MIMOTOPES).
Firstly, SPR was utilized to evaluate the binding affinity of STAC3SH3s to the derived RyR1
peptide. The affinity was measured by passing different concentrations of RyR1 peptide onto a
Ni NTA sensor chip coupled with STAC3SH3s. The RyR1 peptide showed binding to the
tandem SH3 domains of STAC3, having a KD of ~11.52 ± 2.3 μM (4 independent experiments)
(Figures 5.7A and B). Notably, the sensogram indicates that the STAC3SH3s-RyR1 interaction
has a relatively slow on rate and fast off rate, a feature that is characteristic of weaker
interactions. Since the NAM mutation leads to in a reduction in EC coupling, the ability of this
mutant to interact with the RyR1 peptide was investigated. No interaction was detected between
the NAM mutant and the RyR1 peptide (Figure 5.7 D). This suggests that the mutation of
tryptophan to serine significantly hinders STAC3’s ability to bind to the RyR1 peptide, thereby
corroborating the single-channel bilayer experiments, which shows that introduction of the
NAM mutation abolishes RyR1 channel activity.
Typically, canonical SH3 domains are known to associate with proline rich sequences and
recognize sequence containing a PxxP motif. Thus, it was hypothesized that STAC3SH3s
interacts with the RyR1 derived peptide by directly recognizing the signature PxxP (PAIP)
motif. To test this, a mutant peptide was generated whereby Pro-1800 and 1803 in the PAIP
motif were both mutated to alanine. The binding affinity was then measured via SPR by passing
increasing concentrations of the mutant peptide onto a Ni NTA sensor chip coupled with
STAC3SH3s. The mutant peptide did not show binding to the tandem SH3 domains of STAC3,
indicating that STAC3SH3s binds to the RyR1 peptide via recognition of the PAIP motif
(Figure 5.7 C). This result also shows that the derived peptide is highly specific to recognition
by STAC3.
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Figure 5.7. STAC3SH3s interacts with RyR1 peptide. A) SPR sensogram of STAC3SH3s-RyR1
peptide experiments. Up to 400 μM of RyR1 peptide was flown over STAC3SH3s coupled onto a
Ni-NTA sensor chip. B) RyR1 peptide bound to STAC3SH3s with an affinity of ~11 μM (n=4). C)
SPR sensogram of STAC3SH3s- RyR1 mutant peptide experiments. Mutation of Pro-1800 and 1803
to alanine abolished binding. D) SPR sensogram of STAC3SH3s NAM- RyR1 peptide. No binding
was detected between STAC3SH3s NAM and the RyR1 peptide.
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5.4.4 Interaction between STAC3SH3s and RyR1 peptide requires SH3_2

As described in section 5.4.3, the tandem SH3 domains of STAC3 was found to interact with the
RyR1 peptide sequence (PARLSPAIPLEALRDK) identified using cross-linking/MS, whereas
introduction of the NAM mutation abolished binding. Moreover, STAC3SH3s failed to bind to the
mutant RyR1 peptide in which Pro-1800 and Pro-1803 were both mutated to alanine, thereby
suggesting that the tandem SH3 domains of STAC3 bind to this RyR1 peptide sequence via the
recognition of the PxxP (PAIP) motif. In order to identify the SH3 domain responsible for this
interaction, the binding affinity between the individual SH3 domains of STAC3 and the RyR1
peptide was measured using SPR.
Firstly, both SH3_1 and SH3_2 were coupled onto two different channels on a Ni NTA sensor chip.
The affinity was then measured by passing increasing concentrations of RyR1 peptide over both
these channels. No binding was detected between SH3_1 and the RyR1 peptide (Figure 5.8A).
However, SH3_2 showed binding to the peptide, with a KD of ~40 ± 5 μM (Figure 5.8B and C).
Notably, the sensogram indicates that the SH3_2 -RyR1 interaction has a relatively fast on/off rate.
The interaction between the SH3_2 domain and the RyR1 peptide was also verified using NMR. A
1

H-15N HSQC NMR spectrum of STAC3 SH3_2 was recorded at 20 °C, in the presence of the RyR1

peptide, and overlayed with a control STAC3 SH3_2 spectrum (data not shown). Modest chemical
shift perturbations were observed in a few residues of the SH3_2 domain in the presence of the
RyR1 peptide, indicating that the SH3_2 domain of STAC3 interacts with the RyR1 peptide. The
number and magnitude of these chemical shift perturbations were consistent with the weak binding
observed in the SPR experiments. Spectra recorded by Dr Dmitry Shishmarev and Ms Emily
Rowland.
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Figure 5.8. Interactions between the SH3 domains of STAC3 and the RyR1 peptide. A) SPR
sensogram of SH3_1 – RyR1 peptide experiments (n=3). No detectable binding was observed
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experiments (n=3). Up to 400 μM of the RyR1 peptide was flown over SH3_2 coupled onto a NiNTA sensor chip. C) SH3_2 of STAC3 showed binding to the RyR1 peptide, with a KD of ~40 μM.
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5.4.5 The SH3 domains of STAC3 interact with each other

From the CD data presented in chapter 3, it is apparent that the secondary structure of the individual
SH3 domains of STAC3 varies significantly when compared to the corresponding domains of
STAC1 and STAC2. Furthermore, recently solved crystal structures of the tandem SH3 domains of
STAC1 and STAC2 show that the individual SH3 domains interact at the interface.
To examine whether the individual SH3 domains of STAC3 also interacts at the interface, the
binding affinity between the two domains was measured using SPR. SH3_2 was coupled to a Ni
NTA sensor chip and the affinity was measured by passing increasing concentrations of SH3_1.
Indeed, the two SH3 domains were found to interact with each other, having a KD of ~40 μM (4
independent experiments) (Figure 5.9). From the sensogram, it is apparent that the SH3_1 – SH32 interaction has a relatively slow on rate and fast off rate and suggests that the two SH3 domains
of STAC3 interact with weak affinity.
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Figure 5.9. The SH3 domains of STAC3 interact with each other. A) Sensogram of the binding
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5.4.6 Functional characterisation of the RyR1 peptide identified by mass
spectrometry

From the affinity measurements described in section 5.4.3, the tandem SH3 domains of STAC3
bound to the MS identified RyR1 peptide sequence (PARLSPAIPLEALRDK) with a KD of ~11.52
± 2.3 μM, while no binding was detected between the NAM mutant and the RyR1 peptide.
Moreover, the RyR1 mutant peptide (PARLSAAIALEALRDK) did not show binding to the tandem
SH3 domains of STAC3, indicating that STAC3SH3s binds to the RyR1 peptide via recognition of
this PAIP motif. In order to test the physiological relevance of this peptide sequence, a double
proline mutant (PPAA) was generated in full length rabbit RyR1. Subsequently, cDNAs encoding
either RyR1 WT or RyR1 PPAA were injected into the nuclei of dyspedic myotubes. Ca2+ transients
induced either by electrical stimulation or the application of 4-chloro-m-cresol (4-CMC) (RyR1
agonist) were then measured in these myotubes loaded with the ratiometric Ca2+ dye, Indo-1. These
preliminary experiments were performed by Linda Groom at the University of Rochester in the
laboratory of Professor Robert Dirksen.

Electrically-evoked Ca2+ transients were slightly increased in dyspedic myotubes expressing the
RyR1 PPAA mutant compared to myotubes expressing RyR1 WT. However, this increase was not
significant (p=0.218) (Figure 5.10A). 4-CMC-induced peak Ca2+ release was slightly reduced in
RyR1 PPAA mutant but this was not statistically significant (Figure 5.10B). In addition, the total
releasable Ca2+ store content, which was measured during the application of the Ca2+ release cocktail
consisting of ionomycin, cyclopiazonic acid, and EGTA (ICE), was found to be similar in both
RyR1 WT and RyR1 PPAA expressing myotubes (Figure 5.10C).
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Figure 5.10. Functional characterisation of the RyR1 peptide. The RyR1 PPAA mutant does not
significantly alter peak Ca2+ transients induced by either A) Electrical stimulation or B) the
application of 4-CMC. C) Total releasable Ca2+ store content, measured by the application of the
Ca2+ release cocktail ICE (ionomycin, cyclopiazonic acid, and EGTA), was found to be similar in
both RyR1 WT and RyR1 PPAA expressing myotubes. Corresponding N values are shown in the
graphs. Experiments performed by Linda Groom at the University of Rochester.
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5.5

Discussion

In the previous chapter, it was established that STAC3SH3s wild type increases RyR1 channel
activity and that the first SH3 domain is required for this activation. Furthermore, introduction of
the NAM mutation was shown to abolish STAC3 mediated RyR1 activation, thereby suggesting
that the mutation disrupts the interaction between SH3_1 and RyR1. This chapter further examined
the interaction between STAC3 and RyR1. Given the significance of this interaction in the
functional context of skeletal EC coupling, it was important to identify and map the RyR1 residues
that are required for this interaction with STAC3. By using chemical cross-linking and mass
spectrometry, the putative binding interface on RyR1 was investigated, by firstly identifying
potential candidate sequences and then validating the sequence in vitro using affinity measurements
(surface plasmon resonance).
The peptide identified via mass spectrometry is located on the cytoplasmic region of RyR1, thus
making it a plausible binding site for STAC3. Several adaptor proteins that are involved in EC
coupling and Ca2+ signalling bind to the cytoplasmic region. Some of these proteins include FKPB
12/12.6, calmodulin (CaM) and protein kinase A and they are known to play a crucial role in RyR1
regulation (Lanner et al., 2010). Specifically, the RyR1 peptide residue spans between amino acids
1795 to 1810, a region rich in proline. Most notably, the RyR1 derived peptide contains a PxxP
motif (PAIP), a “signature” motif that SH3 domains are known to interact with. Interestingly, the
identified region also harbours the binding site for Homer, an adaptor protein that increases RyR1
open probability (Feng et al., 2002, Pouliquin and Dulhunty, 2009). Homer proteins are known to
interact with polyproline ligands through their N-terminal EVH1 domain, by recognising a PPxx
motif (Barzik et al., 2001, Tu et al., 1998).
The affinity studies show that STAC3 binds to the RyR1 peptide with a low micromolar affinity,
suggesting a transient interaction with RyR1. Since recent studies have also shown that STAC3
binds to the DHPR II-III loop with low affinity, this raises the possibility that STAC3 interacts with
both RyR1 and DHPR. In this study, although no detectable binding was observed between
STAC3SH3s and the DHPR II-III loop, using ITC and SPR, the interaction was verified using NMR
spectroscopy. It is possible that coupling of the His-Ub tagged STAC3SH3s onto the SPR Ni-NTA
chip occludes the binding site of the II-III loop. ITC experiments were performed on a Nano ITC
(TA instruments) having a maximum stirring speed of 400 rpm, while ITC experiments conducted
by Wong King Yuen et al. (2017), used a stirring speed of 750 rpm. As the stirring speed plays an
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important role in the heat transfer step and consequently, ITC peak shapes, this could be a possible
explanation for the lack of binding observed in the ITC experiments (Di Trani et al., 2017).
The findings presented in this study are consistent with the putative role of STAC3 in mediating a
physical link between the DHPR and RyR1. The modest binding of STAC3 to DHPR/RyR1 might
enable it to switch between binding partners as a result of depolarisation and engage in a specific
role. Since the NAM mutant failed to bind the RyR1 peptide, this suggests that the W284S mutation
alters the structural integrity of the binding interface. This is not surprising given that the recent
crystal structure of STAC2 in complex with II-III loop peptide shows Trp- 284 to be involved in
several key interactions with residues within the binding pocket as well as residues with the II-III
loop peptide (Wong King Yuen et al., 2017). Additionally, in order to verify the specificity between
STAC3 and the RyR1 peptide, the prolines in the PAIP motif were both mutated to alanine. As
expected, the tandem SH3 domains of STAC3 failed to bind to the mutant peptide, indicating that
these prolines play a central role in this interaction.
Recently solved crystal structures of STAC1 and STAC2 have provided some structural insights
into the STAC family of proteins (Wong King Yuen et al., 2017). However, the structure of STAC3
still remains elusive. From the crystal structure of STAC1 and STAC2, it is evident that the two
SH3 domains interact at the interface. In case of STAC3, the CD spectrum of STAC3SH3s and its
individual SH3 domains indicates a significant difference in secondary structural elements when
compared to the other isoforms. This study also investigated whether structural differences in the
sequence would hinder the interaction between the two SH3 domains of STAC3. Despite these
structural variations to other isoforms, SPR revealed that the two SH3 domains of STAC3 also
interact with each other, having an affinity of ~40 μM. With the domain structures of STAC1 and
STAC2 now available, it was possible to compare and identify residues that are likely responsible
for this interaction. Notably, Arg-57 in SH3_1 is involved in a van der Waals interaction with Glu62 in SH3_2. Similarly, Leu-9 in SH3_1 and Ileu-87 in SH3_2 also forms van der Waals mediated
interactions. Given that these residues are conserved across all STAC variants, it was expected that
the interaction between the SH3 domains of STAC3 would be conserved as well. However, Gln-56,
which is involved in a network of van der Waals interactions in both STAC1 and STAC2, is replaced
by an Ile in STAC3. Consequently, the SH3 domains of STAC3 might display a weaker affinity at
the interface compared to STAC1 or STAC2. The affinity between the SH3 domains of STAC1 and
STAC2 will be investigated in future experiments.

143

The SPR data presented in this chapter shows that SH3_2 binds to the RyR1 peptide (~40 μM),
whereas SH3_1 showed no detectable binding. Moreover, this binding was weaker compared to the
tandem SH3 domains (~11 μM), suggesting that the first SH3 domain likely contributes to the
overall binding, either by altering the structural conformation of the protein or by providing an
additional binding site for the peptide. Likewise, using ITC, Wong King Yuen et al., (2017) recently
demonstrated that the tandem SH3 domains of STAC2 bind to the DHPR II-III loop peptide with a
greater affinity than the SH3_1 domain alone. Furthermore, the crystal structure of STAC2 in
complex with the DHPR II-III loop revealed several interactions between the II-III loop peptide and
the SH3_2 domain that could contribute to the overall affinity (Wong King Yuen et al., 2017).
However, the results from the affinity studies were in contrast to the single-channel experiments
presented in chapter 4, which showed that SH3_1 activated RyR1 in a concentration dependent
manner. One possible explanation for this finding is that STAC3-mediated RyR1 activation via
SH3_1 occurs through a different binding site on RyR1. The interaction observed between RyR1
and SH3_2 could likely function as an anchor for STAC3, allowing its incorporation into the triads.
This is supported by a recent study, which showed that STAC3 co-localizes to the triads with RyR1,
even in the absence of the DHPR, thus providing evidence of an interaction between STAC3 and
RyR1 (Campiglio et al., 2018b). SH3 domains are protein interaction domains of ~ 60 amino acids
that are commonly found across a range of different proteins. Furthermore, SH3 domains mediate
specific protein-protein interactions by recognizing PxxP motifs in the sequence of target proteins
(Buraei and Yang, 2010, Mayer, 2001). Interestingly, crystal structures revealed that interactions
between STAC2 and the DHPR II-III loop predominantly involves the first SH3 domains and that
the canonical binding site on SH3_2 remains unoccupied (Wong King Yuen et al., 2017).
Consequently, this would allow the second SH3 domain to have an additional interaction with the
RyR1, thereby enabling STAC3 to functionally link the DHPR and RyR1.
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Chapter 6

General Discussion

Due to the potency of Ca2+ as a secondary messenger, both DHPRs and RyRs are part of a large
macromolecular complex that tightly regulates Ca2+ release from the SR. Consequently, the
regulation and function of these Ca2+ channels are likely to be governed by interactions with adaptor
proteins and other molecules within the complex (Van Petegem, 2015, Lanner et al., 2010). While
the functional roles of DHPR and RyR1 in skeletal EC coupling are well characterized, the
functional role of adaptor proteins underpinning this key interaction remains elusive. With the recent
identification of STAC3 as a potential link between DHPR/RyR1 and the functional importance of
STAC3 in skeletal EC coupling, much of the work has been centred on trying to understand the
molecular basis behind how STAC3 may mediate an interaction between the DHPR and RyR1.
Although studies have shown that STAC3 interacts with the II-III loop and the C-terminus of CaV1.1
via the first SH3 domain and C1 domain, respectively, there is yet to be a direct confirmation of an
interaction between STAC3 and RyR1 (Wong King Yuen et al., 2017, Campiglio et al., 2018a,
Polster et al., 2018a, Niu et al., 2018a). Using a series of biophysical techniques, this study provides
direct evidence of a functional interaction between STAC3 and RyR1, and provides a strategy to
identify the regions involved in this interaction.

6.1

Interactions between STAC3 and RyR1

Given that STAC3_SH3 domains were previously shown to modulate the functional outcome of
skeletal EC coupling, it was postulated that STAC3 interacts with RyR1 through its tandem SH3
domains. Indeed, single-channel bilayer studies suggested that STAC3 interacts with RyR1 via its
SH3 domains and that this interaction is crucial for producing sufficient RyR1 channel activation.
Specifically, the physical interaction between STAC3 and RyR1 resulted in an increase in channel
open probability. This is congruent with a recent study showing that STAC3 colocalizes with RyR1
in dysgenic muscle (CaV1.1-null) and is required for voltage-induced Ca2+ release from the RyR1
(Campiglio et al., 2018b). Notably, STAC3-mediated activation of RyR1 was found to be
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concentration dependent, with lower concentrations of STAC3 having no effect on RyR1 channel
activity.
Since the NAM mutation (W284S) in STAC3 perturbs skeletal EC coupling, it was reasoned that
this failure was due to its inability to recognize RyR1. Indeed, the NAM mutant failed to interact
with RyR1 as evidenced by the loss of channel activity. As a result, it is hypothesized that
introduction of the NAM mutation induces a global structural change that disrupts the STAC3-RyR1
binding interface and results in STAC3’s inability to mediate RyR1 channel activation. This is
supported by CD-spectroscopy studies (chapter 3), which shows a significant change in the
secondary structural elements between STAC3 wild type and NAM mutant. Interestingly, an
increase in the proportion of α-helix was observed in the NAM mutant. Previously, mutations in
SH3 domains that introduce non-native helical elements have been shown to be less stable (Prieto
et al., 1997). Likewise, in case of the NAM mutant, a significant reduction in the melting
temperature (Tm) was observed when compared to the wild type, suggesting that the NAM mutant
is considerably less stable. Since the mutated tryptophan residue is involved in numerous
interactions within the STAC binding pocket, it provides an explanation as to why the W284S
mutation leads to defective EC coupling (Wong King Yuen et al., 2017). It is likely that the
introduction of a serine residue in place of a tryptophan results in a substantial energetic penalty that
de-stabilizes the protein and affects its functional outcome.
In addition, the roles of the individual SH3 domains in RyR1 channel activation were also
characterized in this study. Interestingly, single-channel bilayer experiments revealed that the
SH3_1 domain of STAC3 is required for RyR1 channel activation and that RyR1 open probability
is significantly reduced in the absence of SH3_2. Consequently, it can be postulated that SH3_2 is
solely involved in the stabilization of SH3_1 and that this mutual co-operativity is required for
maximal channel activation. Interestingly, similar results were obtained in regards to the STACCaV1.1 II-III loop interaction. Wong King Yuen et al. (2017) found that the SH3_1 domain of
STAC2 also has a significantly lower affinity towards the II-III loop compared to the tandem SH3
domain construct of STAC2. Given that the NAM mutation is located in the first SH3 domain, these
findings highlight the importance of the first SH3 domain in skeletal EC coupling. Since the
interaction between DHPR and STAC was conserved across all three STAC isoforms, the ability of
STAC1 and STAC2 to activate RyR1 was also investigated. Preliminary studies showed that RyR1
channel activity remained unaltered in the presence either STAC1 or STAC2. This was surprising
given that the STAC isoforms were reported to share a similar structural topology (Wong King Yuen
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et al. 2017). Given that calcium is a critical component of EC coupling, it is possible that the
sequence specific interaction between STAC3 and RyR1 is required for a tighter regulation of
RyR1-mediated calcium release.

6.2

Structural and functional insights into STAC3

Not surprisingly, NMR based structural studies on STAC3SH3s and STAC3SH3s NAM showed
that the introduction of the W284S mutation leads to significant chemical-shift perturbations in
residues near the mutation site (282-287). Interestingly, the mutation also resulted in chemical-shift
perturbations across a secondary set of residues between 258-267, which forms part of the RT loop
on the first SH3 domain. From the crystal structures of STAC2 in complex with DHPR II-III loop
(PDB code 6B27), it is apparent that residues within the RT loop form several interactions with the
II-III loop. Hence, it is likely that disruption of the RT loop structure, as seen in the NAM mutant,
significantly alters the functional interaction between STAC3 and DHPR/RyR1. More importantly,
these studies suggest that residues 258-267 might play a critical role in the structure and function of
STAC3. Since STAC3 has been shown to facilitate the membrane expression and organization of
DHPR at the triads, the reduced stability of the mutant may also explain why the distribution of
DHPR particles and tetrad formation is significantly reduced in STAC3 null fibres expressing
STAC3 NAM (Polster et al., 2015, Wu et al., 2018, Linsley et al., 2017).
Since a physical link between STAC3 and RyR1 was postulated, the putative STAC3 binding
interface on RyR1 was then examined via cross-linking/ mass spectrometry, with the aim to identify
a series of STAC3-binding peptide sequences on RyR1. These potential peptide sequences could
then be sequentially screened in vitro and in vivo to better understand the functional relevance of
the interaction between STAC3 and RyR1. In this study, the PARLSPAIPLEALRDK peptide,
spanning from residue 1795 to 1810 of RyR1, was selected for further evaluation as it had the
highest primary score and was situated in a region highly rich in prolines. This is of particular
interest since SH3 domains are typically known to bind regions that are enriched in proline residues.
More importantly, the derived peptide also contains a canonical PXXP motif (PAIP), a “signature”
motif that SH3 interaction domains are known to recognize (Mayer, 2001). When mapped onto the
RyR1 cryo-EM structure, this PxxP motif containing sequence formed part of the cytoplasmic
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handle domain or domain 3 of RyR1. Interestingly, the handle domain includes the binding sites for
FKBP12, apoCaM and CaCaM (Ca2+- bound CaM), adaptor proteins that are known to regulate
RyR1 channel activity (Samso, 2017). Additionally, the adaptor protein Homer and the Ca2+ binding protein S100A1 also binds to RyR1 near the identified region and activates RyR1 channel
activity (Feng et al., 2002, Pouliquin and Dulhunty, 2009, Treves et al., 1997).
As described in Chapter 5, SPR experiments showed that the tandem SH3 domains of STAC3 binds
to the RyR1 derived peptide with low micromolar affinity. Moreover, alanine mutagenesis of Pro
1800 and 1803 abolished binding, thereby validating the specificity of this interaction. This modest
affinity might allow STAC3 to switch between its cognate partners and engage in a number of
interactions. Interestingly, however, the affinity studies indicated that STAC3 interacts with the
RyR1 peptide predominantly via the SH3_2 domain. Thus, it is plausible that the interaction
observed between the RyR1 peptide and the SH3_2 domain functions as an anchor for STAC3 and
is responsible for its incorporation into the DHPR/RyR1 triadic complex. This would be in
agreement with a recent study, which showed that STAC3 incorporates into the triads in the absence
of DHPR (Campiglio et al., 2018b). Furthermore, this is also supported by the fact that the canonical
binding site on SH3_2 remains unoccupied (Wong King Yuen et al., 2017).

6.3

The interactive role of STAC3

Previous studies relating to the functional interaction of STAC3 have given rise to several
conflicting findings. Initially, STAC3 was found to co-immunoprecipitate with both the DHPR and
RyR1, raising the prospect that STAC3 could link the DHPR and RyR1 (Horstick et al., 2013).
Subsequently, however, the identification of two distinct interactions between STAC3 and DHPR
indicated that STAC3 predominantly interacts with DHPR. The C1 domain of STAC3 was found to
interact with the C-terminal tail of CaV1.1 and mediate Ca2+ dependent inactivation, while the first
SH3 domain of STAC3 was found to interact with the II-III loop and regulate skeletal EC coupling
(Campiglio et al., 2018a, Polster et al., 2018a, Niu et al., 2018a, Wong King Yuen et al., 2017,
Polster et al., 2018b). Recently, however, evidence that STAC3 colocalizes to the triads with RyR1,
in the absence of DHPR, has once again raised the possibility that STAC3 could mediate a link
between the DHPR and RyR1 that is central to skeletal EC coupling (Campiglio et al., 2018b). The
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results presented in this thesis indicate that STAC3 indeed could interact with RyR1 and activate
channel opening, predominantly via the SH3_1 domain. Conversely, the RyR1 peptide identified
via mass spectrometry displayed affinity towards the SH3_2 domain of STAC3, but not the SH3_1
domain. Thus, like the STAC3-DHPR interactions, these findings indicate that STAC3 could also
have two distinct interactions with RyR1. Given that the SH3_2 domain failed to activate RyR1
channel opening, the interaction observed between STAC3 SH3_2 and the RyR1 peptide could
function as an anchor, facilitating the incorporation of STAC3 into the triads and thereby allowing
the SH3_1 domain to bind and activate RyR1. This is consistent with the ability of the SH3_1
domain of STAC3 to activate RyR1 channel opening, suggesting that this additional interaction is
essential for voltage-induced Ca2+ release from the SR. Future studies should now focus on
identifying the SH3_1 domain interaction site on the RyR1.
Although affinity measurements indicated that STAC3SH3s binds to the RyR1 derived peptide via
the second SH3 domain, the physiological relevance of this interaction is unclear. Both electricallyevoked Ca2+ release and 4-CMC-induced Ca2+ release was not significantly altered in dyspedic
myotubes expressing the RyR1 PPAA mutant (PAIP mutated to AAIA). There is a possibility that
the introduction of the PPAA double mutation produces subtle changes in the kinetics or the voltagedependence of L-type Ca2+ currents, however, these need to be tested in primary dyspedic myotubes
using voltage-clamp studies. While the mutation of both Pro 1800 and Pro 1803 to alanine abolished
binding in vitro, it is possible that these corresponding mutations are not sufficient to disrupt the
binding of STAC3 to full-length RyR1 in myotubes, due to the high local concentration of STAC3
tethered to the DHPR.
In vitro affinity measurement techniques, such as SPR, used to characterise binding between
STAC3SH3s and the RyR1 peptide, are an isolated system containing only the proteins of interest.
In contrast, the in vivo system is complex and dynamic, consisting of several additional proteins
that are essential to the skeletal EC coupling machinery. Consequently, these proteins might
facilitate functional interactions between STAC3 and RyR1 in myotubes. Alternatively, it is also
possible that the interaction between STAC3 SH3_2 and RyR1 has no effect on Ca2+ release. This
would be in agreement with the single channel bilayer studies, which showed that the first SH3
domain of STAC3 is required for RyR1 channel activation. Instead, the SH3_2 domain might play
an important role in maintaining the structural and functional integrity of STAC3 SH3_1 via
additional interactions, since maximal RyR1 channel activation was only seen in the presence of
both SH3 domains.
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Crystal structures of STAC2 in complex with the II-III loop have indicated that this interaction
predominantly involves the SH3_1 domain (Wong King Yuen et al., 2017). Since the SH3_1 domain
of STAC3 was also found to increase RyR1 channel activity in this study, it is evident that STAC3
directly interacts with both the DHPR II-III loop and RyR1. This finding is also consistent with the
initial co-immunoprecipitation study (Horstick et al., 2013). As mentioned above, the interaction
identified between STAC3 SH3_2 – RyR1 could function as an anchor, enabling the incorporation
of STAC3 into the DHPR-RyR1 triadic complex. This would then allow the first SH3 domain of
STAC3 to have two distinct functional interactions with the DHPR II-III loop and RyR1. The
modest binding of STAC3 to DHPR/RyR1 might enable the SH3_1 domain to switch between its
binding partners as a result of depolarization and engage in a specific role, thereby acting as a
“molecular switch”. Thus, the SH3_1 domain of STAC3 appears to have a highly interactive and
dynamic role in the skeletal EC coupling machinery.
While studies have highlighted the significance of STAC3 in skeletal EC coupling, it is important
to consider the essential role that other adaptor proteins play in regulating voltage-mediated Ca2+
release. In a recent study, Perni et al. (2017) demonstrated that the expression of CaV1.1, β1a,
STAC3, RyR1 and junctophilin2 (JP2) is sufficient to confer conformational EC coupling in tsA201
cells, thereby identifying the minimum set of proteins required for the functional coupling of CaV1.1
to RyR1. Consequently, in addition to STAC3, both β1a and JP2 play a critical role in mediating a
functional interaction between CaV1.1 and RyR1. Though the β1a subunit is known to be required
for the arrangement of CaV1.1 into tetrads (Schredelseker et al., 2005, Schredelseker et al., 2009),
studies have also identified interactions between the β1a subunit and the RyR1. A 35-residue
fragment from the C-terminal tail of the β1a subunit has been shown to interact with and activate
RyR1 channel activity (Rebbeck et al., 2011). Consistent with this finding, another study has shown
that a shorter 19-residue fragment from the C-terminal tail of β1a activates RyR1 channel activity
(Hernandez-Ochoa et al., 2014). In regards to JP2, it is required for the formation of plasma
membrane (PM)-endoplasmic reticulum (ER) junctions in tsA201 cells (Perni et al., 2017).
Additionally, studies have also shown that JP interacts with both L-type Ca2+ channels and RyRs.
Co-immunoprecipitation assays have demonstrated that both JP1 and JP2 interact with a stretch of
12 amino acid residues within the C-terminal tail of CaV1.1. Furthermore, mutations within this
region significantly reduced Ca2+ transients in myotubes, thereby indicating that this interaction is
required for the functional coupling between CaV1.1 and RyR1 (Nakada et al., 2018). Similarly, coimmunoprecipitation studies have also shown that JP1 physically interacts with RyR1 in a
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conformation-sensitive manner (Phimister et al., 2007). Thus, it is evident that the adaptor proteins
β1a and JP, together with STAC3, form part of a dynamic macromolecular complex that regulates
the functional interaction between CaV1.1 and RyR1 that is central to skeletal EC coupling.

6.4

Conclusion

This study provides the first evidence of a direct interaction between the adaptor protein STAC3
and the RyR1 calcium release channel. STAC3 was found to activate RyR1 whereas introduction
of the NAM mutation abolished RyR1 activation. Furthermore, the NAM mutation alters the
secondary structure of STAC3 and significantly reduces protein stability. Single-channel bilayer
experiments indicate that the first SH3 domain of STAC3 is likely required for RyR1 activation.
Using mass spectrometry, however, a second interaction was identified between RyR1 and the
second SH3 domains of STAC3. The STAC3 SH3_2 binding site was mapped onto a cytoplasmic
region of RyR1, containing a PxxP motif. Furthermore, mutation of these proline residues to alanine
abolished binding, thereby indicating that the interaction is sequence specific.
Taken together, we conclude that STAC3 is a bona fide interacting partner of RyR1, having two
distinct functional interactions. The results presented in this thesis indicate that STAC3 docks onto
the cytosolic side of RyR1 via the SH3_2 domain, and mediates RyR1 channel activation and Ca2+
transient through the SH3_1 domain. This is supported by a recent study, which showed that STAC3
incorporates into the triads in the absence of DHPR (Flucher and Campiglio, 2018). More
importantly, these findings are in agreement with STAC3’s proposed role as a molecular link
between DHPR and RyR1. It remains to be investigated whether the identified sequences on RyR1
holds the key to STAC3 mediated EC coupling. Nonetheless, owing to its pivotal role in skeletal
EC coupling, this study will certainly help provide a better understanding of STAC3 and its role in
skeletal muscle contraction.
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6.5

Future directions

While the structure of STAC3 remains elusive, a recent study has provided insights into the structure
of the tandem SH3 domains of STAC1 and STAC2. Crystal structures indicated that both these
isoforms have a similar domain orientation, with the domains interacting via an extensive
interdomain interface. Moreover, the crystal structure of STAC2 in complex with the DHPR II-III
loop revealed the peptide interaction site on the first SH3 domain. Given its importance in skeletal
EC coupling, the structure of STAC3 needs to be investigated, as it will provide a better
understanding of the overall domain arrangement. More importantly, it will also indicate whether
the binding interface is conserved across all three STAC isoforms. Preliminary studies have
indicated that the STAC3 domain interface is less rigid, thereby allowing for dynamic movement
between the two SH3 domains. Whether this dynamic motion between these two domains has any
functional implications remains to be tested. This study also identified a novel RyR1 peptide as
another potential binding partner of STAC3. This interaction needs to be investigated further, as
structural studies of STAC3 in complex with this peptide will help identify the region of STAC3
responsible for this interaction. Moreover, it is yet to be determined how the presence of the Nterminal PKC C1 and glutamic acid rich domains affect the overall structure and function of STAC3.
Thus, in future studies it will also be important to test the effects of full-length STAC3 on RyR1
channel activation.
In this study, by cross-linking STAC3 and RyR1, a series of peptide sequences were identified on
the RyR1 that could function as a potential binding site for STAC3. The RyR1 peptide sequence
PARLSPAIPLEALRDK (residue 1795 to 1810), identified by mass spectrometry, was selected for
further evaluation as it contained a PxxP motif that SH3 domains are known to recognize and bind.
Affinity studies showed that STAC3SH3s bound to this peptide sequence with a low micromolar
affinity, whereas introduction of mutations within the PxxP motif abolished binding, thereby
validating the specificity of this interaction. However, the functional relevance of this peptide
sequence could not be verified, as electrically-evoked Ca2+ release was unaltered in dyspedic
myotubes expressing the RyR1 mutations. It is possible that the introduction of two, proline to
alanine, point mutations is not sufficient to disrupt the interaction in vivo. Thus, it will be important
to test whether mutating a larger stretch of residues, within this identified region, has any effect on
Ca2+ release in myotubes.
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Likewise, other identified MS peptide sequences need to be sequentially screened. Firstly, the
affinity between these peptides and the various constructs of STAC3 needs to be investigated.
Subsequently, the critical amino acid residues identified within these sequences can be mutated in
full-length rabbit RyR1 and then expressed in myotubes (as per Section 5.4.6), to determine their
physiological relevance. Together, these studies will help identify the binding site of STAC3 on
RyR1 and further elucidate the functional importance of this interaction in skeletal EC coupling.
Alternatively, given that the first SH3 domain of STAC3 is required for RyR1 channel activation,
the RyR1 cross-linking/MS experiments could be performed with the first SH3 domain of STAC3.
The candidate sequences can be tested in vitro and in vivo, to isolate the region on RyR1 that is
essential for STAC3- mediated Ca2+ release. Since the SH3_1 domain of STAC3 has also been
shown to interact with the DHPR II-III loop, this will provide greater insights into the dynamic role
of STAC3 in the skeletal EC coupling machinery.
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Appendix A

Figure A1. Plasmid map of the pJ411 expression vector from ATUM BIO. The plasmid map
shows the T7 polymerase promoter region (T7), the STAC3SH3s gene of interest and the restriction
enzyme sites within the multiple cloning site (MCS). All STAC3 genes were digested with BamHI
and EcoRI and transferred to the pHUE expression vector. Vector map obtained from ATUM BIO.
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Figure A2. The effect of STAC3SH3s and STAC3SH3s NAM on ryanodine receptor open
probability at + 40 mV. Scatter plot of the individual channel recordings, showing RyR1open
probability in the presence of STAC3SH3s relative to the control (above). Scatter plot of the
individual channel recordings, showing RyR1open probability in the presence of STAC3SH3s
NAM relative to the control (below).
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Figure A3. The effect of the individual SH3 domains of STAC3 on ryanodine receptor open
probability at + 40 mV. Scatter plot of the individual channel recordings, showing RyR1 open
probability in the presence of STAC3 SH3_1 relative to the control (above). Scatter plot of the
individual channel recordings, showing RyR1open probability in the presence of STAC3 SH3_2
relative to the control (below).
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Appendix B
A.1

Buffers and Solutions

1. 2xYT Media per litre
16 g Tryptone (Bacto Laboratories)
10 g Yeast extract (Bacto Laboratories)
5 g NaCl
1.7 g/L Yeast-nitrogen base (YNB)
0.01 μM Iron (III) Chloride
1 g Ampicillin
2. 1.5% LB amp agar per litre
15 g Agar (Bacto Laboratories)
10 g Tryptone
5 g Yeast extract
5 g NaCl
1 g Ampicillin
3. MDG Media
1.7 g/L Yeast-nitrogen base (YNB)
25 mM Sodium Phosphate
25 mM Potassium Phosphate
0.5 % Glucose
50 mM Ammonium Chloride
5 mM Sodium Sulphate
2 mM Magnesium Sulphate
0.01 μM Iron (III) Chloride
0.25 % Aspartic acid
0.2 mg/mL Ampicillin
4. Minimal Media
1.7 g/L Yeast-nitrogen base (YNB)
25 mM Sodium Phosphate
25 mM Potassium Phosphate
50 mM Ammonium Chloride
5 mM Sodium Sulphate
2 mM Magnesium Sulphate
0.05 % Glucose
0.25 % Aspartic acid
0.2 mg/mL Ampicillin
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5. Lysis Buffer/Protein Purification Buffer
50 mM Sodium Phosphate pH 7.0
500 mM Sodium Chloride
30 mM Imidazole
6. Elution Buffer
50 mM Sodium Phosphate pH 7.0
500 mM Sodium Chloride
500 mM Imidazole
7. Nuclear Magnetic Resonance (NMR) Buffer
50 mM Sodium Phosphate pH 6.8
100 mM Arginine
100 mM Glutamic acid
150 mM Sodium Chloride
8. Circular Dichroism (CD) Buffer
10 mM Potassium Phosphate pH 6.5
50 mM Sodium Fluoride
9. Isothermal Titration Calorimetry (ITC) Buffer
50 mM Sodium Phosphate pH 7.0
250 mM Sodium Chloride
10. Surface Plasmon Resonance (SPR) Buffer
10 mM HEPES-HCL pH 7.4
150 mM Sodium Chloride
0.05 % Tween20
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